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Abstract

One of the common causes of damage to the concrete structures close to the sea line is corrosion on the steel reinforcement
in the concrete, which may cause spalling on the concrete cover. This paper presents the results of the simulation of the
corroded reinforced concrete beams, which were repaired using the grouting method and FRP strengthening. The concrete
cover of the beam specimens on the tensile side was filled with grouted concrete instead of filled with normal concrete to
simulate the repair of concrete spalling. Three types of beam specimens were prepared and tested under a monotonic
loading. BG and BPF were the specimens for beams with grouting only and beams with grouting and flexural strengthening
using FRP sheets, respectively. Flexural strengthening using FRP sheets was carried out to restore the flexural capacity.
As a comparison, control beams were also prepared in the form of normal reinforced concrete (BN). The results showed
that the BG beam had a capacity of only about 50% compared to the control beam (BN). However, applying flexural
strengthening using FRP sheet as on the type BGF beams showed that it had approximately the same capacity as BN
specimens. This indicated that the repair method using grouting on damaged concrete covers and strengthening using FRP
sheets was an effective alternative to repairing the corroded reinforced concrete beams.
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1. Introduction

The development progress of a country is mainly determined by the development of its infrastructure. One type of
construction that is widely used in infrastructure development is reinforced concrete (RC) structures because it has
economic advantages and durability. However, the massive development of infrastructure, especially RC structures, has
the potential to cause environmental impacts if the infrastructure has to be demolished. Concrete materials generally
produce highly alkaline leachates [1]. In some developed countries, such as America, it was estimated that 15 to 30% of
solid waste disposed of in landfills was construction waste; even in European countries, more than half of solid waste
was construction waste [1-3]. Figure 1 shows the demolition waste of RC structures that have no longer been able to
continue their service lives. To minimize the impact on the environment, the service life of the structure needs to be
optimized, for example, by strengthening weakened structures or repairing damaged structures, either due to disasters
or aggressive environmental attack.
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Figure 1. Solid waste from construction demolishing

Reinforced concrete structures in coastal areas have a very high risk of damage due to the aggressive marine
environment. Although concrete is a relatively durable construction material, it is not enough to guarantee the durability
of the construction as a system if the steel reinforcement as a structural component experiences corrosion. The marine
environment, which contains elements of salt, can seep through the pores of the concrete and penetrate the concrete
reinforcement [4]. As a result, the steel reinforcement in the concrete may experience corrosion and loss due to the
infiltration of chloride ions in the seawater environment. The chloride ion is corrosive and can attack the calcium silicate
binding system [5-7]. Figure 2 shows a photo of a steel-reinforced concrete beam experiencing corrosion on the
reinforcement. The corroded reinforcement may expand and cause longitudinal cracks and spalling in the reinforced
concrete cover, which results in a decrease in the strength and service life of the structures. Beams that have been
corroded on the steel reinforcement due to the influence of chloride attacks from the marine environment or due to the
carbonation process will expand and cause longitudinal cracks around the concrete cover, resulting in spalling, as
illustrated in Figure 3. This causes a decrease in the nominal moment capacity of reinforced concrete beams [8-11].

(a) Longitudinal crack (b) Corrosion of steel rebars

Figure 2. Deterioration of Reinforced Concrete beams due to corrosion of steel rebars
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Figure 3. Corrosion propagation due to Carbonation and Chloride attack
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In some construction projects in coastal areas, it is difficult to avoid the corrosion of steel reinforcement. However,
with consideration of the environmental impact and the high cost of new construction, structures that have been corroded
should not always end in demolition. The deteriorated structures should be considered to be repaired to extend the service
life of the structure. Alternative solutions are needed to minimize construction waste by developing a repair concept for
existing structures that have experienced premature deterioration so that demolition can be avoided. Grouting concrete
material is a material that is often used for repairs to concrete structures, such as crack repairs and porous concrete
repairs.

Repairing or strengthening the reinforced concrete beams has been proposed by some researchers to extend the
service life of the structures. Wrapping grout with metallic connectors was developed to increase the flexural capacity
of concrete beams [12-15]. A repair alternative to rehabilitate corrosion-defected reinforced concrete (RC) beam-
column members has been developed using new mortar on damaged concrete covers [8]. The jacketing method in
repairing the damaged RC beams resulted in an increase in the flexural strength of the repaired beams [16]. A research
focus on repairing spalled reinforced concrete structures using a polymer-modified cementitious mortar has also been
developed [17]. Patching using grouting has also been applied to repair corrosion-defected reinforced concrete beam-
column members [10]. Following the introduction of advanced materials, several strengthening techniques have been
developed, in particular by utilizing advanced fiber-reinforced plastic (FRP) materials [18-20]. Masoud & Soudki [19]
conducted an experimental study on the corrosion activity of reinforced concrete beams repaired with fiber-reinforced
polymer (FRP) sheets. The corroded beams were repaired with FRP sheets. Results indicated that mass loss of the main
reinforcing bars due to corrosion was reduced by up to 16% because of the effect of the existing FRP sheet as a protector
as well as the strengthening materials. The field of structure repair is growing with the presence of advanced FRP
materials. The use of FRP, often also referred to as a composite material, is an advanced material that is currently
increasingly popular for use in various applications, especially in the field of construction improvement [20-23].

FRP has the advantage of being a material that is more resistant to extreme environmental conditions and has good
mechanical properties [24-26]. Research related to repair techniques using FRP materials is growing more widely.
Figure 4 shows a photo example of repairs with grouting and structural repairs using FRP sheet material. Research in
the repair of corroded concrete structures has been studied. Most research was conducted on repairing with grouting
mortar or strengthening with FRP separately. Canaval et al. [13] have conducted an investigation on reinforced concrete
beams strengthened by wrapping grouting mortar with metallic connectors. Alwash et al. [15] studied the efficiency of
patch repair to rehabilitate corrosion-defected reinforced concrete (RC) beam-column members when exposed to
bending moments and axial forces. He concluded that the corroded reinforced concrete beams showed a significant
deterioration in their structural performance and integrity. This may reduce the ultimate capacity, stiffness,
serviceability, and ductility of the beams. The results indicated that the flexural capacity of the strengthened beams
increased by about 44%, and the failure was due to shear. Do-Dai et al. applied CFRP laminate to strengthen corroded
concrete beams [27]. The research focuses on the repair of corroded reinforced concrete beam structures using grouting
concrete combined with FRP strengthening. Research in this field has not been carried out comprehensively. There are
still very limited discussions about the repair of corroded concrete beams in combination with grouting and FRP
strengthening. This paper introduces an alternative method for repairing corroded reinforced concrete beam structures
using grouting concrete combined with FRP strengthening.

—

(a) Repairing using concrete grouting (b) Strengthening using CFRP Sheet
Figure 4. Repairing and Strengthening of Reinforced concrete beams

The concept of this method is that the spalling or cracking concrete cover is repaired by the grouting method, whereas
the reduced moment capacity due to mass loss of the steel reinforcement area is recovered using external strengthening
with FRP sheet material attached to the outer side of the tensile section (outer surface of grouting). It is noted here that
the shear forces that arise at the joints (cold joints) between the existing concrete and the grouted concrete are an
important factor in ensuring good integrity (full-bonded). The integrity of the bonding surface has an influence on the
bending mechanism's ability to produce optimal flexural capacity. In order to ensure the bonding capacity, it was done
by using an adhesive (bonding agent) on the cold joint, followed by surface roughening to produce a wider bonding
area. Figure 5 presents a flow chart to briefly show the process of the repair methodology.
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Figure 5. Process of the Repairing methodology

2. Experimental Program
2.1. Specimens

The dimensions of reinforced concrete beams for laboratory testing were 150 x 200 mm with a length (L) of 3300
mm. Two types of beam specimens were prepared, which are BG and BGF. The BG was a repaired beam without FRP
reinforcement (only grouting concrete), and the BGF was a repaired beam with FRP sheet strengthening, respectively.
In addition, BN specimens were also prepared as a control beam. Table 1 shows the variations of the specimens, and
Figure 6 shows the details of the beam specimens. The specimens for control beams (BN) were designed to use 3D13
mm (three bars of 13 mm diameter) as tensile reinforcement with a concrete strength of f'c = 25 MPa. The control beams
were designed to have a theoretical moment capacity of 15 kNm. For beam specimens of BG and BGF, steel
reinforcements of 3D10 were used as tensile reinforcement with the same arrangement and configuration as the BN
beams. A smaller diameter of tensile reinforcement on BG and BGF was used to simulate a mass loss due to the corrosion
of tensile reinforcement. In this case, it was assumed that the initial cross-section of steel reinforcement with a diameter
of 13 mm (D13) decreased to 10 mm (D10), or 40% of its original cross-section. Details of the specimens are shown in
Figure 6.

Table 1. Type of specimens

No. Type of Specimen Specimen Name Number of Specimen Purposes

1 BN
2 BG

Control Specimen 3 Control specimens

Beam with grouting 3 Investigate the effectiveness of repairing using only grouting.

Beam with grouting and
FPR strengthening

Investigate the effectiveness of repairing using grouting and

3 BGF strengthened by FRP sheet

3
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Figure 6. Detail of Specimens
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Prior to casting, several strain gauges were installed on the steel reinforcement to measure the strain. The casting of
concrete was carried out in the opposite direction, where the bottom of the beams was on the upper side, for convenience
in grouting the concrete cover. BN specimens were cast as on the regular reinforced concrete beam. On repaired beams
(BG and BGF), the casting process was divided into two steps. Firstly, the normal concrete material was casted up to
the tension reinforcement level (as a simulation of the concrete cover spalling), and it was cured in wet conditions for
two weeks at room temperature and humidity conditions. When the first step of concrete casting had hardened, the
second step was conducted by casting grouting concrete as thick as the concrete cover (a simulation of repairing the
spalled concrete cover). Prior to grouting, the concrete surface was cleaned with a wire brush. A bonding agent was used
to increase the bonding interaction between normal concrete and grouted concrete. The grouting process was carried out
on the entire length of the beam. The grouted concrete was cured for 7 days to harden the grout. Figure 7 shows the
sequences of the grouting process for beam specimens.

Beams to be Mixing of grouting Layering of Ap;blying of
grouted concrete Bonding agent grouting concrete

&
Grouted beams

Figure 7. Grouting Process of the Beams

Only the beam specimen of BGF (repair and strengthening) was attached to the FRP sheet according to the
attachment standards recommended by the manufacturer. Glass fiber-reinforced polymer sheet (GFRP sheet) was used
for flexural strengthening of beams. The specimens were cured for 3 days until the FRP adhesive had hardened and
bonded perfectly with the concrete surface. Table 2 shows the properties of the materials used in this study.

Table 2. Mechanical Properties of Materials

Material Name Tensile Strength (MPa) Compressive Strength (MPa) Modulus of Elasticity (GPa)

Normal Concrete - 2351

Grout Concrete - 31.75
Steel bar D10 417 - 200
Steel bar D13 430 - 200
GFRP* 983 - 57

* Based on data sheet of manufacturer.

2.2. Test Setup

Figure 8 shows the test setup for beam specimens. The specimens were loaded under flexural loading with a four-
point loading system monotonically using static test equipment with a capacity of 150 tons. Prior to testing, the
horizontal and vertical lines with a spacing of 50 mm were drawn at one side of the beam specimens for cracking
observation.

Figure 8. Test Setup
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Strain gauges were attached on the outer side of the compression section (upper side of the beam) and also on the
side of the beam section to measure the strain that occurs during the loading process. The strain gauges on the sides of
beams were attached to evaluate the distribution of strain that occurs on the compressive section of the beam. The beam
specimens were placed on the support as a simple beam. The Linear Variable Displacement Transducer (LVDT)
deflection gauge with an accuracy of 0.01 mm was placed under the beam at the mid-span point and at the point of
loading. The load was applied gradually under displacement control at a rate of 0.2 mm/sec. The applied load was
monitored through a load cell with a capacity of 200 kN and an accuracy of 0.1 kN. All the instruments were connected
to a data logger. A computer connected to a data logger was used to show the measured value at each load step. During
the loading simulation process, observations were made on the increase in load and strain that occurred, including the
deflection of the beam. During the loading, the appearance of cracks was observed as well as the failure mode.

3. Results and Discussions
3.1. Flexural Capacity

Table 3 shows a summary of the flexural capacity of the specimens. For the control beam (BN), the average load
causing initial cracking occurred when the load reached 4.15 kN, or M, equal to 3.28 kNm. The tensile reinforcement
reached the yield stress when the load reached 25.93 kN, or My equal to 16.35 KNm. The ultimate beam capacity was
achieved when the load reached 28.98 kN, or M, equal to 18.18 kNm. It should be noted here that the estimated moment
capacity of the test beam (My.est) was 15.00 kN. The ultimate moment capacity M, of the beam was relatively higher
than the estimated ultimate moment (My.est) with a ratio of 1.26.

Table 3. Summary of Flexural Capacity of Specimens

Specimen Name  Py(kN)  My(kN.m)  Py(kN)  My(kKN.m)  Py(kN)  My(KN.m)  Mue(kN.m)  My/MUes

BN#1 521 3.92 26.51 16.70 27.86 17.51 15.00 1.17
BN#2 5.38 4.02 27.63 17.37 28.44 17.86 15.00 1.19
BN#3 1.86 191 23.66 14.99 30.64 19.18 15.00 1.28
Average 4.15 3.28 25.93 16.35 28.98 18.18 15.00 1.21
BG#1 3.46 2.87 11.98 7.98 14.72 9.63 11.56 0.83
BG#2 1.08 1.44 12.61 8.36 14.38 9.42 11.56 0.83
BG#3 2.61 2.36 11.92 7.95 14.05 9.22 11.56 0.84
Average 2.38 2.22 12.17 8.10 14.38 9.42 11.56 0.82
BGF#1 6.05 4.42 21.95 13.98 28.51 17.90 20.18 0.89
BGF#2 6.07 4.44 22.51 14.30 32.24 21.34 20.18 1.06
BGF#3 7.05 5.02 20.25 12.94 27.58 17.34 20.18 0.86
Average 6.39 4.63 21.58 13.74 30.11 18.86 20.18 0.93

On BG specimens (repaired by grouting concrete), the average load causing initial cracking occurred when the load
reached 2.38 kN, or M equal to 2.22 kNm. The tensile reinforcement reached the yield stress when the load reached
12.17 kN, or My equal to 8.10 kNm. The ultimate beam capacity was achieved when the load reached 14.38 kN, or My
equal to 9.42 kNm. It should be noted here that the estimated moment capacity of the test beam (My-est) Was 11.56 kN.
The ultimate moment capacity M, of the beam was relatively lower than the estimated ultimate moment (My.est) with a
ratio of 0.82. This was caused by premature damage to the interface between the existing concrete and the grouted
concrete in the form of horizontal cracks. This horizontal crack indicated that the interface bond capacity was relatively
smaller than the shear bond stress that occurred at the interface. Interface damage caused a decrease in the ultimate
flexural capacity.

On BGF specimens (repaired by grouting concrete combined with FRP strengthening), the average load causing
initial cracking occurred when the load reached 6.39 kN, or M equal to 4.63 kNm. The tensile reinforcement reached
the yield stress when the load reached 21.58 kN, or My equal to 13.74 KNm. The ultimate beam capacity was achieved
when the load reached 30.11 kN, or M, equal to 18.86 kNm. It should be noted here that the estimated moment capacity
of the test beam (My.est) was 20.18 kN. The ultimate moment capacity M, of the beam was relatively lower than the
estimated ultimate moment (My.est) With a ratio of 0.93. Similar to the BG specimens, this was caused by premature
damage to the interface between the existing concrete and the grouted concrete in the form of horizontal cracks.
However, the interface failure occurred at a relatively higher load than the BG specimens due to the existing FRP
strengthening. However, if the interface failure does not occur, then the beam capacity will be closer to the predicted
value. The bonding interaction between the existing concrete and the grouting concrete also affected the strengthening
effectiveness of FRP. The interaction between grouting and concrete was also affected by the surface treatment [9]. It
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should be noted here that the surface treatment was only the removal of the cement dust and the application of a bonding
agent before filling the concrete grout. The premature failure of bonding interaction due to shear stress caused the
grouting layer to fail, and existing concrete was no longer in the form of composite interaction. Canaval et al. [13] have
reported that an investigation of the reinforced concrete beams strengthened by wrapped grouting mortar with metallic
connectors indicated shear failure.

Further observation, the BGF specimen showed that the flexural capacity of repaired beams (grooving and
strengthening with GFRP) was still not significantly increased compared to the control specimen (BN). In estimating
the flexural capacity of each type, it was designed that the specimens of BGF type had a flexural capacity of 35% above
the control specimens. However, the flexural capacity between BGF and BN was relatively the same, or there was only
a relatively small increase of 4%. Figure 9 shows the flexural capacity ratio compared to the BN-type specimens. Due
to the longitudinal cracks that occurred on the interface between existing concrete and grouting concrete, the flexural
action tended to behave as a non-bond. This may be illustrated in Figure 10. The failure of bonding interaction caused
a decrease in the performance of the FRP sheet to strengthen the beam. The separation of the grouting layer and existing
concrete, which was indicated by horizontal cracks, caused the FRP sheet to not fully interact with the compression
concrete.

160% -

140% | o# 243 O#

120% A

100% -

80% -

60% -

Ratio 0Of Momen Capacity

40% -

20% -

0% —k . .
BN Type BG Type BGF Type
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Figure 9. Ratio of Flexural Capacity Compared to Control Beam (BN)
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Full-bonded Un-bonded
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M (Full-bonded) > M (Un-bonded)
Figure 10. Full-bonded and Un-Bonded Flexural Action
The maximum flexural capacity may be achieved if grouted concrete and existing concrete have perfect bonding
between each other, as illustrated in Figure 10. In the un-bonded condition, the layers of grouted concrete move each

other in the area of contact. The full bond could be developed if the contact surface has enough shear capacity to resist
shear stress. The shear stress at the contact surface may be obtained as follows:

=2 6

Ib

where V is shear force, S is first moment of area of the grouted concrete, | is moment of inertia of the entire cross section
and b is the width of beam cross section.

It should be noted here that Equation 1 applies to uncracked elastic beams and is only an approximation for cracked
concrete beams. The ACI Code gives an alternative of calculating the horizontal shear stress, as follows:
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)
v, = @
where V| is the shear force acting on the cross section of the beam as obtained from a shear-force diagram for the beam,
b is width of the beam cross section, d is effective depth of cross section.

3.2. Load-Deflection Relationship

Figure 11 shows the load and deflection relationship at the mid-span of beams. Typical of the behavior of reinforced
concrete beams, cracks occurred at relatively low applied loads when the ultimate stress of concrete had been reached.
On the BG beam, the initial cracks occurred earlier than in the BN and BGF specimens. This occurred because the steel
strain in the BG beam was relatively higher than that in the BN and BGF beams. It should be noted that the cross-section
of the reinforcement in BG type was smaller to simulate a reduction of the steel reinforcement cross-section due to
corrosion. In the BGF beam, although it used the same cross section of tensile reinforcement as the BG type, this
specimen was strengthened with GFRP sheet, which contributed to delaying the achievement of the rupture stress in the
concrete. The occurrence of initial cracks in the beam caused a decrease in beam stiffness. The BN beam experienced a
change in initial stiffness from 3.88 kN/mm to 1.54 kN/mm. The BG beam experienced a change in initial stiffness from
1.77 KN/mm to 0.64 kN/mm, and the BGF beam experienced a change in initial stiffness from 4.65 kN/mm to 1.10
kN/mm. The biggest change in stiffness occurred in the BGF-type beam. This was due to the smaller GFRP modulus of
elasticity (95 GPa) compared to steel reinforcement (200 GPa). After the steel strain reached the yield strain and entered
the plastic phase, a change in the stiffness of the beam occurred again. The BN beam experienced a change in stiffness
to 0.099 kN/mm.
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Figure 11. Load-Deflection Curve

The BG beam experienced a change in stiffness to 0.047 kN/mm, and the BGF beam experienced a change in
stiffness to 0.282 kN/mm. As it can be observed, after the steel reinforcement was yielded, the change in stiffness of the
BGF beam was relatively smaller compared to the other beams. This is because the BGF beam was still strengthened
using the GFRP sheet.

3.3. Cracks Pattern and Failure Mode

Figure 12 shows the crack pattern of all specimens. In general, the first cracks occurred on the tension side of the
beam (the bottom side of the beam) when the stress exceeded the concrete rupture strength. Cracks propagated from the
tension side to the compression side as the applied load increased. For BN beams, the crack propagated to the
compression section as on regular reinforced concrete beams. However, for BG and BGF beams, a layer of grouted
concrete on the bottom side of the beam with a thickness of about 50mm showed a different crack pattern. At the
beginning of loading, the vertical cracks appeared in a similar case with regular reinforced concrete beams. As the load
increased, the vertical cracks continued to propagate, but they were also followed by the appearance of horizontal cracks.
These horizontal cracks occurred at the interface between normal concrete and grouted concrete. The occurrence of
horizontal cracks disrupted the bending interaction between the reinforcement on the tension side and the concrete on
the compression side. This caused a reduction in the moment capacity. For BGF beams, a similar phenomenon also
occurred. With the appearance of horizontal cracks, the GFRP sheets as reinforcement cannot interact effectively
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anymore in resisting moments. This caused a decrease in momentary capacity. It can also be observed from Figure 12
that the repaired concrete beams (BG and BGF beams) had a smaller crack density in the span of the loading point (zero
shear span) compared to the BN specimens. The crack density (number of cracks per unit length) of the BN type is 1.2
per meter. Meanwhile, the BG and BGF beams were 0.83 per meter and 0.65 per meter, respectively.

P/2 P/2
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J_1 50]_ 1200 J_ 600 l 1200 115(1
T T T T T
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NN ] e

D | BeType
T ]| sertwe

Figure 12. Crack Pattern of all beams

Figure 13 shows the modes of failure that occur on specimens. For the BN specimen, the mode of failure that occurred
was similar to the general failure mode of regular reinforced concrete beams. The ultimate load was determined by the
crushing of the concrete on the compression side after yielding the steel reinforcement on the tension side. Following
the elongation of the tensile reinforcement due to the increased tensile force as an interaction with the compressive force,
the number and length of cracks also increased. This mechanism continued until the concrete reached its crushing
strength.

~ Crushing

(a) Failure of BN Type (b) Failure of BG Type

(c) Failure of BGF Type

Figure 13. Failure Mode of Beam Specimens
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For BG and BGF type beams, a 50-mm grouted concrete layer on the tension side showed a different failure
mechanism. For BG-type beams, cracks begin to occur in the grouted concrete when the stress exceeds the rupture stress
of the grouted concrete. As the load increased, the cracks increased in both number and length. When the cracks reached
the interface between grouted concrete and normal concrete, the horizontal cracks appeared. The appearance of
longitudinal cracks indicates that the bonding stress or shear stress between the grouted concrete and the normal concrete
was unable to maintain the monolith integration for longer. This caused the beam to tend to behave as a non-bonded
sandwich beam. This phenomenon was indicated by the appearance of non-continued cracks in the beam, as may be
observed in Figure 13.

The cracks propagated independently on grouted concrete and on normal concrete. The cracks in the normal concrete
section moved towards the compression beam section. The BG beam reached its ultimate load when the concrete had
reached its compressive strength. On BGF beams, crack propagation could be delayed due to the presence of GFRP
sheet reinforcement on the bottom of the beams (the side of the grouted concrete surface). The GFRP sheet, together
with steel reinforcement, resisted tensile forces due to the flexural action of the beam. After further loading, the bonding
stress between the GFRP sheet and the grouted concrete surface reached its limit, and then debonding of the GFRP sheet
occurred, followed by spalling of the grouted concrete. This caused a sudden decrease in the bending capacity of the
beam.

4. Conclusion

Repairs of corroded steel-reinforced concrete beams using concrete grouting required strengthening using FRP
sheets to restore the bending capacity of the beams. Strengthening the GFRP sheet on the simulated beams increased
the flexural capacity close to that of the control beams. The failure mode on beams with grouting concrete was
initiated with longitudinal cracks at the interface between existing concrete and the grouting concrete. This indicated
that the interaction between the existing concrete and the grouting concrete was still relatively weak. The
effectiveness of FRP sheet strengthening may be optimized when the occurrence of longitudinal cracks can be
postponed or avoided. The premature failure of bonding interaction caused the grouting layer, and existing concrete
was no longer in the form of composite interaction. The separation of the grouting layer and existing concrete, which
was indicated by horizontal cracks, caused the FRP sheet to not fully interact with the compression concrete.
Applying a special treatment to the surface and/or applying a mechanical anchor may be necessary to increase the
bonding capacity of the grouting layer. However, this study has shown that the repairing method using concrete
grouting on damaged concrete covers combined with strengthening using FRP sheets was an effective combination
in repairing the corroded reinforced concrete beams.
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