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ABSTRACT: The use of external reinforcement to improve or enhances the flexural capacity of a member
depends on the transfer capacity, and the failure behavior of the composite between the reinforcement, the
epoxy resin and the concrete. The most influencing factor is the bond-shear capacity between the rod and
the epoxy, and the epoxy to the concrete. Fiber Reinforced Polymer (FRP) rods are the latest alternate for
fulfilling the external reinforcement scheme. In the field, the mandated embedment depth as outlined by
the ACI 440 code, could customary not be achieved since factors such as the depth of the concrete cover,
and presence of stirrups limits the space. This study is aimed to evaluate the effect of FRP rod configurations
with respect to the concrete surface, to the effectiveness of external reinforcement. The study looked into
the bond-shear capacity as well as the mode of failure, influence by the rod attachment depth. It was shown
that the embedment depth significantly influenced the failure mode, and therefore the strain transfer
capacity from the concrete to the rods.
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INTRODUCTION

Reinforced concrete flexural members depend highly on the transfer of tensile strains in the
flexural tension area, to the reinforcement. Since concrete from its nature is very weak in tension,
the reinforcing steel situated in these tensile zones are crucial in determining the capacity and
ductility performance of a member in bending. Conventional steel bars are customarily situated
within the section, and the tensile strain from the concrete to these reinforcing steel members is
transferred through the bond between the steel bars and the concrete. A significant concrete cover
in combination with densely compacted concrete in the steel vicinity will guaranty the
compatibility of the member under monotonic, as well as cyclic loading.

In certain situations, such as alteration of building codes, or enhancement in load carrying
capacity requirements due to an increase in users demands, it will become necessary to reinforce
flexural members externally. This method is not only time effective, but from the economical
point of view, this option always presents a better solution then demolishing and re-construction
the members. External reinforcements provided in the past decades are synthetically produced
components attached to the concrete by an epoxy resin matrix [1-5]. These materials are known
as Fiber Reinforced Plastics (FRP). FRPs are carbon, glass, aramid or basalt fibers in a polymer
matrix. The latest introduction by the FRP industry is rods. These FRP rods are light but extremely
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strong, their tensile strength measuring up to 3000 MPa [6-8]. The rods are produced with a
diameter of 8 mm and 10 mm.

The product manual mandates an embedment depth of at least 1.5 of the rod diameter; this
depth must be achieved to provide sufficient bond for transferring the tensile strain from the
cracked concrete to the rods. In practice, this depth target is frequently difficult to realize, since
the minimum concrete cover depth is limited due to the presence of stirrups. Field experiences
learned that sometimes a groove with a depth of only the rod diameter; is the maximum that can
be accomplished.

The relative position of the FRP rods to the concrete surface influences the failure mechanism
and stress concentrations in the surrounding concrete material [9]. This experimental study looked
into the effect of FRP rods embedment depth to the shear-bond capacity and failure mode of 8
mm FRP rods embedded in a 36 MPa cylindrical compression strength concrete.

RESEARCH METHODOLOGY AND EXPERIMENTAL SET-UP
Test set up
The test set up was designed based on the previous tests on FRP sheets [10]. This direct tensile
testing method is widely used to investigate the strength and failure mechanism of bond [11-14].
The aim of the research was to determine the ultimate failure load of a symmetrical assemblage
of two rods attached to two concrete blocks (Fig. 1).

Stirrups @8-100

Size in mm FRP rod @8 Unbonded FRP RP rod 28
Bonded FRP Reinforcement 4D13 /_‘ Stirrups
28-100
Tensile pull-off bar ¢
[ | | D25 - Steel bar
Ll L [ i i i D25
2 e H I e —— —Steel bar
B H [ I [ [ [ 4D13
\ \ \ \
""""" [ ]
| | | | | |
120 ‘ 250 ‘20L3(»}—100 ‘ 120 i 190 | 150 |

Fig. 1. Experimental test set up for FRP rod bond behavior

Based on the assumption that the bond of FRP rods closely approaches the bond of identical
sized steel reinforcing bars, the set-up was designed so that the bonded FRP rod will fail due to
bond loss. The designed bond-length was set to 100 mm. To anticipate the high-stress
concentration in the edges of the concrete specimens, a plastic tube was used to prevent the
unbonded part of the FRP rod, measuring 30 mm, to bond to the concrete. Test results on the
effect of FRP rod bond-lengths were conducted by Caro et al. (2017) [15], the bond-length was
found to be one of the significant factors influencing the failure mode.

During casting, the tensile pull-off bar with a diameter of 25 mm was arranged as one solid
element. This method would ensure that the test specimen is stable, and the applied tensile force
was centric (Fig 2a and Fig 2b). When the grips of the universal testing machine (UTM) were
securely set, the pull-off bar was cut, and precision instruments were placed (fig 2c). The UTM
applied a centric tensile load to the 25 mm bars; the increment load was set at 20 N/sec. The
bonded FRS rods were closely observed during the monotonic increment loading.
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b. FPR rod

c. Cutting of pull-off bar
Fig. 2. Assemblage and pull-off bar cutting

a. Setup

FRP rod configurations

The embedded depth of the rods influences the bond between the rod and the epoxy resin,
and the epoxy resin to the concrete. The relative position of the rods to the concrete surface also
affects the stress distribution in the concrete. The larger stresses are induced near the end of the
rod, as a result of an accumulation of strains during the tensile test [16]. The probable failure
modes are concrete failure in shear, bond loss in the interface between the concrete and the epoxy,
or the failure in the interface between the rod and the epoxy. The failure of the FRP rod in tension
was not considered in the experiment since the very high tensile strength of the material. The
position of the FRP rods relative to the concrete surface were distinguished into three types (Fig
3a, 3b and 3c).
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Fig. 3. Specimen classification

Specimens RTF that are applied in accordance to the ACI 440 code [17], had an embedded
depth of 14 mm. This code mandates a depth of at least 1.5 of the rod diameter. Specimens RTE
had a contact area of 75% with a groove depth of 10 mm while specimens RTH had an interface
of one-half the rod circumference, with a groove measuring 6 mm in depth. For each category,
four (4) specimens were prepared.
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Placement of FRP rods

The concrete specimens were moist cured for 25 days. A groove was prepared on opposite
sides of the concrete block using a diamond, water cooled saw. The block was dried and the
groove securely cleaned from all remaining cement debris with a sandblast, and filled with the
epoxy (Fig 4a). The position of the rods was carefully monitored to ensure that its arrangement
was in accordance to the design (Fig. 4b). Finally, a layer of epoxy was attached to seal the gaps
between the rod and the epoxy (Fig. 4c).

a. Epoxy application b. rod placement c. finalization
Fig. 4. Rod assembling

The RTH specimen was only filled on both sides of the rod. The attachment of the epoxy to
the rod was prevented by covering the half rod with a duct tape (Fig. 5).

Fig. 5. RTH assemblage

RESULTS AND ANALYSIS
RTH specimen failure mechanism and strength

The specimen type RTH had an embedment depth of 6 mm. The specimens’ failure modes
were distinguished by bond failure between the rod and the epoxy, and concrete failure. No
eccentrical loading was observed during the process, and all the specimens failed in the shorter
part of the attached FRP rod. Table 1 shows the recorded loads at ultimate and the stress in the
corresponding failure area. The interface area between the rod and the epoxy was taken as A=xr/
[11,13], were r is the rod radius equal 4 mm, and | is the bond length of the bonded rod measuring
100mm. As for the concrete failure, the angle of fracture was measured to be approximately 23°.
The failure surface was taken as a half cone with a height of 1+30.
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Table 1. Failure load and stresses for specimens RTH

S e Bond stress = Mode of failure

Code (kN) (MPa)

RTH; 22.5 2.3 Concrete in shear-bond

RTH; 22.0 175 Failure in the rod-to-epoxy
interface

RTH;3 21.6 2.4 Concrete in shear-bond

RTH. 21.3 16.1 Failure in the rod-to-epoxy
interface

Specimens RTH: and RTHjs failed due to concrete fracture in shear, as can be seen in Fig 6.
The stress in the concrete at failure was calculated to be 2.4 MPa, this could be assumed being
the shear strength of the concrete at fracture.

Fig. 6. Concrete failure inspens RTH

Specimens RTH; and RTH, failed due to bond loss in the interface between the rod and the
epoxy. The very limited contact area of only one-half of the rod, drastically increased the stresses
in the interface. As seen in Fig. 7, at failure the stresses in this area measured up to 16 MPa (Fig.
7). The bond between the epoxy and concrete, however remained intact.

The findings underlined the research work of Barbieri et al. (2016) [14] conduction pull-off
tests on a variation in size and shapes of FRP reinforcements in direct tension.
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Fig. 7. ITZ bond loss in specimens RTH

RTE specimen failure mechanism and strength

All RTE specimens failed in the concrete area adjacent to the rod. Table 2 represents the
results.

Table 2. Failure load and stresses for specimens RTE

Specimen  Ultimate load Bond stress t Mode of failure
Code (kN) (MPa)
RTE; 26.8 2.7 Concrete in shear-bond
RTE 26.1 2.7 Concrete in shear-bond
RTE; 24.7 2.6 Concrete in shear-bond
RTE, 26.1 2.7 Concrete in shear-bond

It was observed that the bond stresses at failure were slightly higher when compared to the
RTH specimens, resulting in an average shear strength of 2.7 MPa at failure. This 15% increase
is due to the fracture plane that moved inwards, to the concrete block. It is suggested that in the
center of the block, a denser concrete is present. Another explanation is that the rise in strength is
due to the effect of the Poisson ratio, and a confinement strain in the direction perpendicular to
the load strains was created [15].

RTF specimen failure mechanism and strength

The failure mode of all RTF specimens was identical to the RTE specimens. The failure was
unmistakable in the concrete area. Underlining the previous conclusion on the increase in bond
strength upon fracture, it was also shown that the shear strength at failure was slightly higher
when compared to the RTE specimens. The average shear strength was calculated as 2.8 MPa.
Table 3 represents the results.
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Table 3. Failure load and stresses for specimens RTF

Specimen Ultimate load Bond stress t Mode of failure
Code (kN) (MPa)
RTF, 28.2 2.7 Concrete in shear-bond
RTF, 29.6 2.8 Concrete in shear-bond
RTF; 31.1 2.8 Concrete in shear-bond
RTF4 30.1 2.8 Concrete in shear-bond

The shifting from the edge position of the rod to the center of the groove didn’t significantly
increase the shear strength. Fig. 8 represents the failure pattern of both RTE and RTF.

Fig. 9 graphically represents the stresses at failure for all three categories. The specimens that
failed in the ITZ bond have a very high stress level due to the small area of the interface.
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Fig 9. Failure stresses comparison

To evaluate the effect of embedment depth to the stresses in the concrete at failure, the average
strengths were plotted against the embedment-to-rod diameter ratio, as can be seen in Fig. 10.
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Embedment depth-to-rod diameter ratio
Fig 10. Rate of stress increase as a function of embedded rod depth

The increase rate followed a parabolic, convex path, suggesting that a convergent state exist. The
increase is more pronounced when the rod’s position is shifted from the outer concrete layers when
compared to the arrangement inside the concrete itself. This result suggested that placing the rod
deviating from the codes could still provide a good bond, and the assembling of these rods could be
optimized.

CONCLUSION

The embedment depth of 8mm FRP rods significantly affects the failure mechanism of
concrete. The rods that are attached on the surface with only one half of its surface area attached
to the concrete through the epoxy resin, very likely will fail in debonding of the interface between
the rod and the epoxy. The test results suggested, however that 50% of all specimens in this
category showed concrete failure. When applying the rod near the surface, a very thorough and
accurate application is required. The bond strength of the interface between the rod and the epoxy
was approximately 16 to 17 MPa.

All full embedded rods, including the type where the rod was placed parallel the concrete
surface, resulted in concrete shear failure. The stresses at ultimate increased, as a function of
embedment depth, suggesting that the thicker the concrete cover, the higher the shear strength of
concrete becomes. This enhancement is most probably originated from the better density of the
concrete, farther away from the surface layers, and the strain in the direction perpendicular to the
load-strain, resulting in confinement in compression.

The application of the groove and epoxy is crucial to the effectiveness and final result, the
bond between the epoxy and the concrete is on average much higher than the bod in the interface
of the rod adjacent to the resin. The test was conducted with plain rods, a deformed shape would
result in a larger bond area, and most probably yield in the failure of concrete, even for a half
embedded rod.
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