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Received 09 December 2021 Abstract: In this paper, an experimental program was developed in order to evaluate the structural behavior

Accepted 23 June 2022 of RC beams rehabilitated with CFRP sheets and crack injections. The specimens’ stiffness before and after
structural rehabilitation was assessed through vibration tests. Bending tests were employed to obtain load-
deflection curves and evaluate failure modes. Results indicate that all beams displayed higher stiffness values
after structural rehabilitation. The CFRP sheet fostered an increase of the specimens’ ultimate load. Crack
injections influenced stiffness but did not affect the ultimate load.

Keywords: structural rehabilitation; NDT; RC beam; reinforcements with CFRP; crack injection.

Resumo: Neste trabalho, foi desenvolvido um programa experimental com o objetivo de avaliar o
comportamento estrutural de vigas de concreto armado reabilitadas com manta de CFRP e inje¢des de fissuras.
A rigidez dos modelos antes e depois da reabilitagdo estrutural foi avaliada por meio de ensaios de vibragao.
Foram realizados ensaios de flexdo para obter curvas de carga-flecha e avaliar modos de falha. Os resultados
indicam que todas as vigas apresentaram valores de rigidez mais elevados apds a reabilitagdo estrutural. A
manta de CFRP promoveu um aumento da carga final dos modelos. As inje¢des de fissura influenciaram a
rigidez, mas ndo afetaram a carga final.
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1 INTRODUCTION

According to the fib Model Code for Concrete Structures [1], a structure is considered durable when it meets
performance requirements throughout the lifespan specified in its project. In cases where these requirements are not
met, structural rehabilitation procedures must be conducted if the structure is to remain operational. According to Souza
and Ripper [2], these procedures can be used to meet service and durability conditions (repair) or to increase or
reestablish the structure’s bearing capacity (reinforcement), which requires additional materials.

In the case of reinforced concrete members subject to bending, the cracking process, albeit inevitable, may influence
the structure’s performance. von Fay [3] states that excessive cracking can expose the reinforcement bars to the action
of external agents and reduce the element’s stiffness. According to this author, cracks with openings between 0.05mm
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and 6.3mm should be injected with epoxy resins for structural repair purposes. These resins react with the concrete,
producing very resistant solids with a relatively high modulus of elasticity. Al-Nu’man and Al-Sahlani [4] present
studies from several authors who affirm that a structure restored with crack injection can show an ultimate resistance
and stiffness equivalent to that of the earlier undamaged monolithic structure.

In order to increase or reestablish the ultimate resistance of a structure subject to bending, Beber [5] cites that
reinforcing with CFRP is a good option, especially due to their mechanical properties. CFRP presents a large
resistance/self-weight ratio, performing well at high temperatures. Juvandes and Figueiras [6] highlight that the fibers
possess linear elastic behavior and brittle failure, with ultimate strength at 3500 MPa, modulus of elasticity varying
between 150 GPa and 600 GPa, and maximum elongation at approximately 1.5%. CFRP reinforcement work like
tensioned steel for reinforced concrete elements. The analysis and design of elements reinforced with CFRP subject to
bending can be done using the same regular hypotheses applied to reinforced concrete elements, with an additional
verification limiting the fiber’s strain to avoid debonding [7], [8]. According to Salgado et al. [9] although CFRP
reinforcements improve an element’s ultimate resistance, they exert little influence over its stiffness.

In order to know the residual characteristics of structural elements, which are necessary for decision-making in the
structural rehabilitation process, non-destructive testing (NDT) is often conducted, as pointed by Helal et al. [10].
Salawu [11] presents studies demonstrating that vibration analysis has been widely employed to obtain information
about the mechanical characteristics of structures. The modal parameters of a given structure (natural frequencies, mode
shapes, and modal damping) are sensitive to alterations in the structure’s physical parameters (mass and stiffness). Any
alteration in a structural element’s stiffness is directly related to a change in its natural vibration frequencies, depending
also on boundary conditions and support stiffness. With the aid of vibration analyses and conventional bending tests,
the increase in stiffness and ultimate resistance of reinforced concrete beams rehabilitated with CFRP and crack
injection can be assessed.

The purpose of this paper is to evaluate the stiffness of beams rehabilitated with CFRP, with and without crack
injection, in order to provide a more realistic evaluation of their structural behavior. Currently there are no
recommendations regarding which stiffness percentage is acceptable in the evaluation of the behavior of rehabilitated
structural elements. Moreover, most of the research on beams reinforced with CFRP employed test specimens that were
perfectly whole. The rehabilitation of damaged elements adopted in this work resembles real situations of structural
rehabilitation more closely. This can contribute to a better understanding of the behavior of reinforced structures.

2 MATERIALS AND EXPERIMENTAL PROGRAM

2.1 Specimens

This study employed nine specimens that were initially produced in the context of Lima’s [12] research. The
dimensions of all beams were 9 x 18 x 180 cm. The beams’ concrete had a water/cement ratio of 0.60 and three different
steel reinforcement ratios, resulting in three different groups of three specimens with the same reinforcement ratio in
each group. Figure 1 displays general schematics of the beams.
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Figure 1. Schematics of original undamaged specimens. Dimensions in centimeters unless otherwise specified.
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The original models were subjected to bending tests, with a vertically induced load from top to bottom, causing
tensile stress on the element’s lower surface. In these tests all models failed due to steel yielding. The tests also
caused permanent deflection in all models. The models were displayed with the surface that suffered tension
turned upwards to facilitate the observation of deflections and cracks as shown in Figure 2. The beams’ state of
degradation after the bending test performed by Lima [12] — before rehabilitation procedures — can also be seen
in this figure.

(@) (b)

Figure 2. Original specimens after mechanical d’+amage (a); detail of cracking and permanent deflection (b).

A preliminary inspection of the damaged beams was conducted in order to select which materials and procedures
should be adopted for the rehabilitation. Table 1 contains a summary of the general characteristics of the beams used
in this work. Codes 50, 63, and 80 represent beams with positive reinforcements of 2¢5.0, 2¢6.3, and 2¢8.0,
respectively. Codes R1, R2, and R3 represent specimen numbers.

Table 1. Specimen characteristics.

Series 50 63 80
Specimen R1 R2 R3 R1 R2 R3 R1 R2 R3
Es (MPa) 210000 210000 210000
Jfe (MPa) 50.2 50.2 50.2
8 feum (MPa) 3.6 3.6 3.6
= Ec (MPa) 26880 26880 26880
fo Ultimate load (kN) 19.61 19.43 19.82 26.64 2640 2566 4396 4775  48.06
8 EI x 105 (Nm?) - Initial 9.71 10.52 10.87 9.84 9.61 9.89 9.80 9.91 10.34
% EIx 10° (Nm?) - Final 4.12 3.80 437 5.62 5.43 5.60 5.66 4.95 5.20
& Biggest crack (mm) 0.70 0.83 0.77 0.90 0.60 0.70 0.63 0.70 0.53
Smallest crack (mm) 0.23 0.20 0.20 0.20 0.40 0.30 0.30 0.40 0.13

Permanent deflection (mm) 4.81 4.62 4.62 4.35 4.61 4.67 7.11 11.17 8.10

The three beam specimens of each group, which had the same reinforcement ratio, underwent different structural
rehabilitation procedures. The first specimen did not undergo crack injection. The cracks on the second specimen were
injected with resin type 1, recommended for cracks larger than 0.3 mm. The cracks on the third specimen were injected
with resin type 2, recommended for cracks larger than 0.1 mm. After the injection procedure, all specimens were
reinforced with a CFRP sheet. Table 2 shows the nomenclature used to identify each specimen in relation to its
characteristics. The prefix CR represents the reinforcement with the carbon fiber sheet (CFRP sheet). The number next
to the prefix represents the diameter of the rebars. The suffix indicates which injection process was adopted: NI (no
injection), I1 (injection with resin type 1), and 12 (injection with resin type 2).
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Table 2. Specimen IDs according to structural rehabilitation process.

Rehabilitation Process

Reinforcement .
Injection
. ID

Carbon Reinforcement Resin type 1 Resin type 2

1 (mm) 0.3 mm) ¢ 0.1 mm)
5.0 X CR50-NI
5.0 X X CR50-11
5.0 X X CR50-12
6.3 X CR63-NI
6.3 X X CR63-11
6.3 X X CR63-12
8.0 X CR80-NI
8.0 X X CR80-11
8.0 X X CR80-12

CR-##— CR50 - 2¢5.0, CR63 - 2¢:6.3; CR80 - 2¢8.0.
NI — No injection; I1 — Injection with resin type 1; 12 — Injection with resin type 2.

2.2 Crack injections

Table 3 displays the physical and mechanical characteristics of the two different resins used in the crack injections.

Table 3. Characteristics of resins

Epoxy resin Penetration £ Vise. Yooy Hrse €max —E
(g/cm?) (mPa-s) (MPa) (MPa) (MPa)
Type 1 >0.3 mm 1.08 300 70 30 6.0% 2600
Type 2 >0.1 mm 1.07 145 75 65 4.5% 3000

Due to the models’ small size, surface packers were utilized in the injection process (Figure 3), same procedure
utilized by Ekenel and Myers [13], Nikopour and Nehdi [14] and Griffin et al. [15]. The alternative would be to employ
borehole packers, which is an invasive procedure that could cause damage to the models and undermine the final
rehabilitation process.

Figure 3. Surface packers.

For one single crack, epoxy resin manufacturers usually recommend a distance between surface packers smaller
than the structural element’s thickness. In the models employed in this study, the cracks spanned the entire width of the
transversal section, which was small. For this reason, only one surface packer was placed over each crack, contributing
to the resin’s penetration. The packers were secured with a nail after being glued to the specimen. The placement of the
surface packers is displayed in Figure 4.
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Figure 4. Surface packers secured with nails.

After the beams were cleaned, the cracks were sealed and the surface packers were glued with an epoxy adhesive
and secured with nails. In Figure 5 one can observe the gluing of the surface packers and the superficial sealing of each
crack, which extended through the entire lateral section. All cracks visible to the naked eye on the surface of the model
that underwent tension were injected.

Figure 5. Gluing of surface packers (a); sealing the cracks (b).

The cracks received epoxy resin injections after the sealing adhesive finished curing. The bicomponent resin was
mixed and all cracks were injected as shown in Figure 6.
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Figure 6. General schematics of crack injection in the models (a); crack injection procedure (b)

The entire injection process was performed with pressures varying between 35 bar and 100 bar, values below the
200 bar recommended by the manufacturer as the maximum pressure for crack injection. The injection procedure of
each crack was finished when the injected material overflowed.

2.3 Reinforcement with CFRP sheet

The structural reinforcement with the CFRP sheet was done after the beams’ cracks were injected. All surface
packers were removed before the structural reinforcement with CFRP was carried out. The adhesive employed in the
sealing of cracks and gluing of surface packers was also removed with a grinding machine.

The flexural reinforcement was designed according to the ACI 440.2R [8]. The ultimate load reached in each
specimen of Lima’s [12] work was adopted as design criteria. All elements were reinforced with a single layer of CFRP.
For specimens CR63 and CR80, where ultimate loads surpassed that of specimen CR50, a transverse anchorage was
necessary in order to meet criteria established in the ACI 440.2R [8]. Figure 7 displays the schematics of beams
reinforced with CFRP. Table 4 indicates the physical and mechanical characteristics of materials employed in the
reinforcement.

Series CR50 il
o
~CFRP Sheet |~ CFRP Sheet
) 160 ] 3
, 150 }
Series CR63 and CR80
w15 s B 9
e o
CTFRP Sheet T =
6.5) I L6.5 - T PO
: o | CFRP Sheet
180

f

Figure 7. Schematics of beams reinforced with CFRP sheet. Dimensions in centimeters.
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Table 4. Characteristics of materials employed in reinforcements with CFRP

c Ytrac. Yader. E Cmax t

(g/m?) (MPa) (MPa) (MPa) (%) (mm)

CFRP sheet 300 3600 - 230000 2.1 0.166
Thixotropic adhesive 1.33 - 14 4700 - -
Laminating resin 1.12 - 14 3000 - -

The regions where CFRP sheets were attached (lower part and the sides that received anchorage) were sanded with
a grinder in order to expand the concrete’s pores and contribute to its bonding to the thixotropic adhesive. Subsequently,
the concrete’s surface was cleaned in order to remove dust particles, grease, or any other contaminant that might hinder

adherence.

The lamination resin was applied after the thixotropic adhesive finished curing, with the sheet already attached. A
foam paint roller was used to drench the CFRP sheet in the lamination resin, ensuring that the carbon fiber sheet was
completely soaked with resin. Figure 8 shows part of the beam specimens after the rehabilitation process, highlighting

the lower faces where the CFRP sheet was applied.

(b)

Figure 8. Beams reinforced with CFRP without anchorage (a), and with anchorage (b).

2.4 Bending test

The bending test followed the same procedure employed in the reference experiments conducted by Lima [12]. The
Stuttgart Test configuration was adopted, with four load application points. Loads were applied 55 cm away from

supports and were 60 cm apart, as shown in Figure 9.

170
180

Figure 9. Bending test structural model. Dimensions in centimeters
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The load was applied continuously with displacement control at a rate of 0.01 mm/s. The steel reaction beam was
strategically placed over the universal testing machine in order to provide a 170 cm span for the specimens.

Two displacement transducers (DT) were installed in the center of the span in order to measure displacements.
Additionally, two strain gauges were employed, both placed on the piece’s central axis. One of the strain gauges was
placed on the top of the element (SG_TOP) and the other at the bottom (SG_BOT) to measure deformations in the
concrete and in the carbon fiber, respectively. A 200kN load cell was placed between the load transmission device and
the actuator’s spherical seating in the universal testing machine. Figure 10 displays the bending test’s assembly
schematics.

—LC_200kN LC_200kN
- 0 SG_TOP
SG_BOT — Nk DT
33 B . . —
m DT L. - 1r ‘\—;/.. -
Dl | i L =
| T —5G_TOP
$G_BOT —]
Sude view

Front view

Figure 10. Bending test assembly schematics. Dimensions in centimeters.

The beam specimens were subjected to progressive load stages where displacement and deformations were
measured. At the end of each stage the load was completely removed, the actuator having been suspended,
reestablishing the beam’s original simply supported condition. This procedure restores the element’s elastic
deformation while maintaining the inelastic deformation resulting from each stage.

2.5 Vibration test

The beams were instrumented as shown in Figure 11, with an accelerometer in position 1. The beam was struck
with a rubber hammer in position 2 so that its fundamental frequency could be obtained.

51 @
15 o [ ﬂ
ik
S albali . LIS Nk ¥ F St s a k. Ry £ s Pl
i T

(1) Accelerometer placement point

(Z) Impact application point

Figure 11. Accelerometer placement and impact application point in the vibration test.
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The vibration test of specimens was performed before and after rehabilitation procedures. In both cases, the beam
was simply supported. The fundamental frequency of each specimen was determined through the Fast Fourier
Transform (FFT) applied to acceleration and time data.

After the fundamental vibration frequency was obtained, with the simply supported boundary condition maintained,
the stiffness was calculated according to Equation 1 [16].

_ L2(em?)’ e 1
El =—=55 &)

where: f'= fundamental vibration frequency (Hz); L = span (m); p = beam’s specific mass (kg/m?); 4 = cross-section
area (m?); f* = constant dependent on boundary conditions (9.869).

3 RESULTS AND DISCUSSION

3.1 Stiffness after the rehabilitation process

Based on acceleration and frequency values obtained in the vibration tests, the stiffness before and after structural
rehabilitation was estimated through Equation 1. Figure 12 displays the stiffness of each beam specimen before and
after rehabilitation, as well as the stiffness values of the original undamaged beams obtained by Lima [12].

10.34
CR80-12

9.88
CRO3-12

10.87
CR50-12
pEEN 7.5%

CR80-T1

CR63-11

CR50-11

CR80-NI

CROG3-NI

CR50-NI

105 x EI (Nm?)

Original beams (Lima [11]) Before rehabilitation u After rehabilitation
CR-## — CR50 - 2¢:5.0, CR63 - 2¢:6.3; CR80 - 2¢8.0.
NI - No injection; Il — Injection with resin type 1; I2 — Injection with resin type 2.

Figure 12. Estimated stiffness of the beams.

After structural rehabilitation, elements that went through the injection process and were reinforced with CFRP
(CR##-11 and CR##-12) displayed an average stiffness of 74% of the original beams’ stiffness, as observed in the results
shown in Figure 12. In contrast, elements that were only reinforced with CFRP and were not injected (CR##-NI)
displayed an average 55% of the original specimens’ stiffness. Therefore, in both cases (with and without crack
injection) stiffness was higher than the estimated stiffness of damaged specimens before rehabilitation. It is also evident
that specimens with crack injection (CR##-11 and CR##-12) displayed a stiffness superior to those only reinforced with
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CFRP (CR##-NI). These results confirm what was observed by Salgado et al. [9] and by Al Nu’man and Al-Sahlani
[4] regarding the influence of the rehabilitation process in the element’s stiffness.

Resin type 2 (less viscous) was expected to re-establish a higher degree of the element’s original monolithic
configuration since, unlike resin type 1, it would also fill cracks with openings between 0.1 mm and 0.3 mm. However,
stiffness results did not corroborate this expectation as seen in Figure 12. Based on the estimated stiffness after injection,
beam stiffness results for both resins fell in the same range.

Figure 13 displays load-deflection curves obtained in the bending tests. In addition to test curves, one extra curve
has been plotted based on the analytical model proposed by Branson [17], which considers the CFRP sheet in the same
way as the reinforcement bars for purposes of cross-section homogenization.

40 50

= 25 e
225 - Z10 | | -~
%’20 W g% /

= 7 32
2
S1s - “=CROO-NL 520 ~&-CR63-NI
o / -=-CR50-11 15 -=-CRG3-11
CRS0-12 10 | CR63-12
s —CR50_BRANSON 5 —CR63_BRANSON
0 o '
0 5 0 15 20 23 0 s 10 15 20 25 30
Deflection (mm) Deflection (mm)

a) b)

70

60 |

w
=]

§

&

=

§ 30 -8~ CR80-NI
20 -#-CR80-11

CR80-12
— CRAB80_BRANSON

=]

o

0 5 10 15 20 25 30
Deflection (mm)

©)

Figure 13. Load-deflection curves obtained in the bending test for beams: a) CR50; b) CR63; ¢) CR80. Load (kN) represents the
sum of the loads (2P) applied to the beam.

By observing curve slopes in Figure 13, one can note a difference in element stiffness during initial load stages.
This difference is related to the adoption of the structural rehabilitation process. Non-injected beams (CR##-NI) had a
lower initial stiffness than injected beams, except for beam CR63-NI. This lower initial stiffness in non-injected
specimens is consistent with the results obtained with vibration tests, displayed in Figure 12. Moreover, the difference
in stiffness becomes less pronounced during load application and the stiffness decay level tends to be the same in all
beams in stages with more elevated loads.

When experimental results and analytically estimated results are compared, it is evident that Branson’s analytic
model [17] predicts a higher initial stiffness. This model considers that the parts are uncracked at the beginning of the
test. However, according to what has been observed in the vibration tests, in the case of rehabilitated elements, not even
parts that underwent crack injections with epoxy resins displayed a stiffness level equal to that of uncracked parts.
Therefore, the difference in stiffness during initial load stages that can be seen in the load-displacement curves is due
to a degradation already present in all elements.

3.2 The structural behavior of rehabilitated beams

Figure 14 displays load-displacement curves obtained through the bending test. The deflection relative to each load
stage corresponds to the deflection obtained in the test added to the residual deflection measured prior to testing,
according to figures presented in Table 1. The average curve of the original undamaged specimen tests obtained by
Lima [12] is also displayed with each group of beams with the same reinforcement ratio. This allows for the comparison
of the original specimens’ behavior as tested by Lima [12] and after structural rehabilitation.
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Figure 14. Load-deflection curves comparing rehabilitated beams with the original undamaged beams tested by Lima [12]: a)
CR50; b) CR63; ¢) CR80. Load (kN) represents the sum of the loads (2P) applied to the beam.

Based on Figure 14, one can note that non-injected elements (CR##-NI) presented a stiffness like that of the original
beam in State II (# MED). In contrast, the stiffness of beams that underwent the crack injection procedure (CR##-11
and CR##-12) was lower in comparison to the original beam in State I (## MED), but higher in State II. After the
injected beams’ (CR##-11 and CR##-12) cracking load was reached, which is evident in the inclination change seen in
the load-displacement curve, their stiffness remained close to that of the original beams in State II (## MED) and to
that of the non-injected reinforced beams (CR##-NI).

Figure 15 displays ultimate load values reached in the testing of the original undamaged beams and of the reinforced beams,
as well as the ultimate load estimated according to design specifications in the ACI 440.2R [8]. The three specimens in each
group, which had the same rebars and received reinforcements, displayed similar ultimate loads, indicating that the injection
procedure did not influence the ultimate load level. CFRP sheet reinforcements significantly increased ultimate load, especially
in the CR50 beams, which displayed an increase in resistance of 84% in comparison to the original undamaged specimens.
Moreover, all ultimate loads in the tests surpassed those predicted by design specifications in the ACI 440.2R [8].

60
50
’E‘ 40
= 30
g
~ 20
10
CRS0- | CR50-
NI I1
Original beams  19.61 | 19.43
mACI 440.2R-08 26.44 | 26.34
m Tests 35.97 | 35.94

CR50-
2
19.82
26.54
36.15

CR63- | CR63- | CR80- | CR80- | CRS80-
1 12 NI 8l 2
26.40 | 2566 4396 4775  48.60
32.81 | 3244 4639 | 47.56  48.44
4268 | 3973 51.84 | 58.72  57.94

Figure 15. Ultimate loads obtained for the original beams based on design specifications in the ACI 440.2R [8] and through tests.
Load (kN) represents the sum of the loads (2P) applied to the beam.
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Beams with the same reinforcement ratio displayed similar failure modes. The maximum values reached for load,
deflection and deformation can be seen in Figure 16, along with a sketch exemplifying the failure mode of each beam.
Note that concrete deflection and deformation results include residual values already present before the test.

Failure Mode - CR50-NI Failure Mode - CR63-NI
Il L 4 &
*2 73 T H3uy
Load Deflection CFRP Strain  Conc. Strain Load Deflection CFRP Strain Conc. Strain
(kN) (mm) (%o) (%o) (kN) (mm) (%o) (%o)
35.97 22.26 7.78 -2.65 43.66 24.00 8.63 -3.07
Failure Mode - CR50-1 Failure Mode - CR63-11
l i b )
OEr o B—T
Load Deflection CFRP Strain Conc. Strain Load Deflection CFRP Strain Conc. Strain
(kN) (mm) (%0) (%o) (kN) (mm) (9b0) (%o)
35.94 23.09 8.61 -2.98 42.68 26.49 9.03 -3.09
Failure Mode - CR50-12 Failure Mode - CR63-12
b 4 b 4
*2 43 3
Load Deflection CFRP Strain Conc. Strain Load Deflection CFRP Strain Conc. Strain
(kN) (mm) (%) (%) (kN) (mm) (%) (%)
36.15 22.55 8.41 -2.82 39.73 21.55 7.93 -2.86
Failure Mode - CR80-NI
] * |
Load Deflection CFRP Strain  Conc. Strain
(kN) (mm) (%o} (%o)
51.84 24.76 7.06 -3.62
Failure Mode - CR80-H
Load Deflection CFRP Strain  Conc. Strain
(kN) (mm) (%a) (%o)
58.72 23.88 7.97 -4.27
Failure Mode - CR80-12
A
/
*3
Load Deflection CFRP Strain Conc. Strain
(KN} (mm) {%o) (%o)
57.94 24.91 8.10 -4.44

Note:

*1 — Concrete crushing

*2 — Rupture of reinforcement bars
*3 — Rupture of CFRP sheet

*4 — Debonding of CFRP sheet.

Figure 16. Failure modes displayed by the specimens. Load (kN) represents the sum of the loads (2P) applied to the beams.
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All CR50 beams displayed reinforcement bar failure associated to the rupture or debonding of the CFRP
reinforcement. This indicates that the reinforcement bars ruptured first, causing the entire traction load to fall upon the
CFRP reinforcement, causing its failure (Figure 17).

Figure 17. Failure of specimen CR50-NI (a); Detail of the specimen’s failure location (b);
Detail of the rupture of the CFRP sheet and positive reinforcement (c).

CR63 beams displayed failure due to the rupture of the CFRP sheet combined with its debonding from the concrete
surface. A horizontal failure surface and a high cracking level were evident, characterizing failure due to the
reinforcement’s sudden peel off caused by shear cracks. The detachment of concrete parts previously joined to the
reinforcement was also observed (Figure 18).

Figure 18. Failure of beam CR63-NI (a); Detail of the rupture and debonding of the CFRP sheet (b); Detail of the non-rupture of
the positive reinforcement (c).
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All beams in the CR80 series displayed the same failure mode, which was the crushing of the compressed concrete.
Figure 19 displays the failure mode seen in specimen CR80-12. In all cases, the concrete’s deformation was greater than
3.5%o, corroborating its behavior. Moreover, CR80 beams showed a 20% difference in ultimate load in comparison to
the ultimate load predicted by the ACI 440.2R [8], while for the other beams this difference was approximately 30%.
This may be related to the failure mode, which occurred in the tensioned region in CR50 and CR63 elements and in the
compressed region of CR80 elements.

Figure 19. Failure of beam CR80-12 (a); Detail of the crushed concrete and of the CFRP sheet rupture (b); Magnified detail of the
crushed concrete (c).

Non-injected beams suffered an increase in already-present cracks and the emergence of new cracks throughout the
element. Specimens that received epoxy resin injections reached failure with a cracking pattern similar to that of non-
injected specimens, but only displayed cracks that spawned during testing. Injected cracks did not reopen and new
cracks appeared in the surroundings of those that had been injected, as shown in Figure 20. In some cases, the new
cracks crossed previously injected cracks, confirming the efficacy of the injection process and the successful recovery
of monolithism in the previously cracked region.

Figure 20. Detail of a new crack next to an injected crack (a); Detail of a new crack crossing an injected crack (b).
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5 CONCLUSIONS

This work employed vibration tests, a non-destructive test (NDT), in order to evaluate the structural behavior of
reinforced concrete beams rehabilitated with CFRP and crack injection. The main conclusions reached in this study are
presented below:

(1) All specimens displayed an increase in their fundamental vibration frequency and, consequently, in their stiffness
after the structural rehabilitation process. The crack injections with epoxy resins were responsible for this increase
in stiffness. Beams that received crack injections (CR##-11 and CR##-12) displayed an average stiffness of 74% of
the original undamaged beams’ (## MED) stiffness, while non-injected beams (CR##-NI) displayed around 55%
of the original beams’ stiffness. Additionally, there were no significant changes regarding the stiffness increase in
beams injected with the resin indicated for cracks larger than 0.3 mm (type I1) and in those injected with the resin
indicated for cracks larger than 0.1 mm (type 12).

(2) The curve based on the analytical model proposed by Branson [17] displays an initial segment with more inclination
than the one obtained experimentally, since this model considers that parts are perfectly monolithic at the beginning
of the test. It was evident, however, that even parts subjected to crack injections do not display the same stiffness
of the original parts.

(3) Rehabilitated beams displayed an increase in their ultimate load when compared to the original specimens. It is
noted that the crack injection process did not influence the ultimate load reached by beams in the bending test.
However, non-injected beams (CR##-NI) display a stiffness very similar to the original beams’ State II (## MED).
In contrast, the initial stiffness of injected beams (CR##-11 and CR##-12), remained between that of the original
beams’ (## MED) State I and State II. After reaching cracking load, the injected beams’ (CR##-11 and CR##-12)
stiffness was very close to that of the original beams’ State II (## MED) and to that of the non-injected beam
(CR##-NI).

(4) The failure modes of beams with the same reinforcement ratio were similar. All CR50 beams displayed
reinforcement bar failure along with the rupture or debonding of the CFRP sheet. CR63 beams displayed failure
due to the CFRP’s rupture combined with its debonding from the concrete surface. In these cases, a detachment of
concrete parts that were previously joined to the rebars also occurred. All CR80 beams displayed failure due to the
compressed concrete’s crushing. It is noted that in all cases the ultimate load value was superior to the value
predicted by the ACI 440.2R [8].
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