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1. Introduction

1.1. Localization of deformations

In the engineering community, the yielding of reinforcing bars in reinforced concrete (RC)
structures is generally considered a positive behavior. It places a limit on the flexural strength of RC
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elements, which in turn caps the demand on actions with brittle failure modes during exceptional
loadings such as seismic events. However, there’s a trade-off: yielding localizes deformation to
specific sections. This localization results in significant strain on the rebars, and the compatibility of
deformation with concrete leads to wider cracks.

Localization if comes together with softening in the response could lead to size effect, for example
in the case of punching shear failure. That makes prediction of failure load a challenging issue (e.g.
[1]). In fact, in RC elements one of the main aims of using rebar is to avoid localization of cracks in
concrete. The same concept also applies for different measures to reinforce for example soil [2].

Indeed, the localization of yielding in reinforced concrete structures has significant implications.
One direct consequence is the increased need for repair of affected elements. As localization
becomes more pronounced, the level of required repair work rises, potentially compromising the
overall resilience of the structure.

To control the degree of deformation localization, various design codes recommend introducing a
minimum value for the ratio of the ultimate strength of the rebar (f,) to its yield strength (f,). For
instance, in ACI 318-19 [3], this limit is expressed as f./f,>1.25, and a similar criterion is adopted in
AISC 341-16 [4] as £,/f,>0.8. By imposing this limit, the localization length increases, resulting in
lower strain demands on both the rebar and the concrete. In other words, a larger modulus of
elasticity for the rebar at large deformations can lead to less localized deformation. When it comes
to fiber-reinforced polymer (FRP) tensile response, the absence of yielding isn’t necessarily as
detrimental as engineers often assume. A large modulus of elasticity for the rebar during significant
deformations can mitigate localization effects and enhance the overall behavior of the structure.

There are two ways to limit this localization.

a. The first method involves debonding the rebar from the concrete. This process increases the
localization length, which subsequently reduces the localized strain demand on both the
concrete and the rebar. As a result, the resilience of the reinforced concrete (RC) element is
enhanced. A straightforward approach to achieve this is by using a collar steel tube around
the rebar at the location of the plastic hinge. Further details will be covered in subsection
1.2.

b. The second method involves adopting rebars with a large modulus of elasticity during large
deformations (rebar strains above 0.002). This can be achieved by using fiber-reinforced
polymers (FRPs) instead of traditional steel rebars. Further details will be discussed in
subsection 1.3.

In the following subsections these methods will be discussed with greater details.

1.2. Debonding

Various researchers have explored the use of rebar restraining collars or steel tubes to prevent the
buckling of longitudinal bars in reinforced concrete (RC) elements at plastic hinge locations.
Ruangrassamee and Sawaroj [5] investigated the impact of steel tubes on the monotonic and cyclic
response of RC columns. They observed a 17% increase in ductility and no buckling of the
longitudinal bars when steel tubes were used. In another study, Mitra and Bindhu [6] explored the
effect of steel tubes on the hysteretic response of short columns designed according to current state
practices. They reported improvements in load-carrying capacity, energy dissipation, and stiffness
degradation. Additionally, Mitra and Bindhu [7] studied the seismic response of RC columns. They
found that using steel tubes with the same ductility allowed for a 33% increase in the spacing of
shear reinforcement.
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Besides preventing the buckling of longitudinal rebars, introducing steel tubes also results in rebar
debonding. When rebars are bonded, a large portion of elongation occurs at the crack location, with
minimal contribution from other sections. This localized strain leads to a significant increase in
crack width, especially after rebar yielding. However, in the case of debonded rebars, elongation is
uniformly distributed along the debonding length, resulting in reduced rebar strain. Debonding not
only minimizes strain localization but also lowers repair costs and increases the fatigue life of
rebars subjected to large inelastic demands.

In their study, Kawashima et al. [8] investigated the impact of full and partial debonding of
longitudinal rebars in bridge columns subjected to cyclic lateral loads. They observed that the strain
on a debonded longitudinal bar was significantly smaller than that on a standard longitudinal bar.
Similarly, Aviram et al. [9] explored this concept in circular columns and found that developing a
rocking response and reducing damage was challenging with short debonding lengths. Nikoukalam
and Sideris [10] applied debonding to full-scale columns of special moment frames and discovered
that it effectively decreased rebar strain localization.

Debonding has become a standard practice to enhance the ductility of anchor bars at the column-
foundation interface, as specified by ACI 318-19 (Chapter 17). The code defines the debonding
length as a stretching length, with a minimum requirement of 8 times the bar diameter.

Indeed, using steel tubes is a well-established technique for preventing buckling of longitudinal bars
at plastic hinge locations in reinforced concrete (RC) elements. However, this adoption introduces
debonding between the concrete and the rebar. This debonding increases the effective anchorage
length and reduces the strain demand on the concrete and the rebar. Consequently, it enhances the
repairability of the element and contributes to its overall resilience. Interestingly, while the anti-
buckling effect of steel tubes has received significant attention, their impact on debonding remains
relatively understudied.

1.3. GFRP rebars

Fiber-reinforced polymer (FRP) rebars have a lower modulus of elasticity [11] than steel rebars,
resulting in larger deflections. Simultaneously, their rupture strain (typically between 0.02 and 0.03)
exceeds the yield strain of steel rebars (approximately 0.002), but remains much smaller than the
steel rebar’s strain at ultimate strength (usually between 0.1 and 0.2) [12]. Although the elastic
modulus of elasticity of steel rebars is much larger than GFRP rebars, after yielding of steel rebars it
is GFRP rebars with a larger modulus of elasticity. As will be discussed in the following sections,
this leads to interesting consequences.

The prime reason for using fiber-reinforced polymer (FRP) rebars instead of steel rebars is to
enhance the strength and corrosion resistance of RC elements. Research [13] on the long-term field
performance of glass fiber-reinforced polymer (GFRP) rebars consistently confirms their superior
performance compared to steel rebars, especially in adverse environments.

Considering lack of ductility in the GFRP rebars, excluding works on the development length of

these bars, research on GFRP-RC elements can be categorized into two main groups.

e Research studies that primarily focused on the strength and crack patterns of GFRP-RC
elements. Habib and Ashour [14] explored the ultimate response of beams reinforced with
GFRP rebars, with a particular emphasis on the impact of the amount of GFRP rebars on the
overall performance. Their findings indicated that an increase in the quantity of GFRP rebars led
to improved crack patterns and enhanced ultimate strength.
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Nguyen et al. [15] conducted research on the crack patterns and strength of RC beams
reinforced with a combination of GFRP and steel rebars (hybrid rebars). They also considered
toughness in their analysis and identified an optimal percentage of rebars. Additionally, they
assessed the effect of using hybrid rebars on crack patterns.

e Research efforts that focused on enhancing the ductility of GFRP-RC elements. Hadi et al. [16]
conducted tests on RC columns reinforced with GFRP rebars and found that the ductility of
GFRP-RC elements is comparable to that of S-RC ones. Reni¢ and Kisicek [17] proposed a
theoretical treatment to enhance ductility in FRP-RC elements by confining the concrete
compression zone. Their findings indicated that confinement could significantly increase the
ductility of these elements. Amirabad et al. [18] experimentally investigated the impact of
confinement on the ductility of GFRP-RC elements using precast confined blocks. They
observed a substantial improvement in ductility when the compression concrete was confined.
Reni¢ et al. [19] explored ductility enhancement by using hybrid rebars. Their analytical
treatment highlighted that the position of FRP rebars plays a crucial role in controlling ductility.
Araba and Ashour [20] experimentally studied the flexural response of beam elements
reinforced with GFRP rebars, steel rebars, and hybrid rebars. They assessed the accuracy of an
analytical model and code equations.

Regarding the ultimate response of RC elements with GFRP rebars, there are two points with
different consequences on the ultimate response of GFRP-RC elements.

e GFRP rebars have a significantly smaller rupture strain compared to steel rebars. As a result,
research in the literature has primarily focused on improving the ductility of GFRP-RC
elements. Researchers have explored various methods to enhance ductility. One approach
involves providing some form of confining reinforcement to the compression concrete. Through
this method, they have demonstrated that the ductility of GFRP-RC elements can be comparable
to that of S-RC (Steel-Reinforced Concrete) elements. Another strategy is using hybrid rebars,
which combine GFRP and steel rebars.

e GFRP rebars exhibit a substantially larger modulus of elasticity at strains above 0.002
(corresponding to the yielding of steel rebars). This property results in much smaller crack
widths for elements with GFRP rebars during ultimate deformations and prevents crack
localization, which occurs in the case of steel rebars, especially after yielding. Consequently,
repair costs for GFRP-RC elements could be reduced in the event of large displacements
(deflections), such as those caused by seismic loading.

Interestingly, the superior behavior of GFRP-RC elements specifically their better resilience has not

received adequate attention in the existing literature.

1.4. The need for this research

This study investigates how by mitigating local strain demand in the longitudinal rebars we could
increase the repairability of reinforced concrete flexural elements. For this purpose, efficacy of: a)
conventional design with steel rebars, b) conventional design with debonded-steel rebars, ¢) a
specimen with GFRP rebars, is investigated through an experimental program.

2. The experimental program

The reduction of local strain demand in longitudinal reinforcements significantly impacts the
repairability of an element after an earthquake. This study evaluates the effects of two options in
achieving this reduction: the use of deboned-steel/ GFRP rebars.
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Considering limitations in the laboratory facility, the following factors are considered in the design
of the specimens

As discussed in the previous section, rebar buckling initiates at smaller displacements in
elements with larger depth. Therefore, considering jack loading limitation, for the specimen in
this study, a depth of 500 mm was chosen.

Various modes of failure can limit the load-carrying capacity of a specimen. To ensure that rebar
buckling is the dominant failure mode controlling the specimen’s performance, the ratio of
transverse reinforcement spacing to longitudinal bar diameter (s/dp) was carefully selected.
Specifically for specimen No. 1 and 2, the s/d) ratio was approximately 9, and for specimen No.
3, this ratio was about 12.5. These values significantly exceed the limits typically considered for
ductile flexural elements (usually set at 6). Maintaining a higher s/d) ratio, guarantees that rebar
buckling is the primary failure mechanism.

The experimental program includes three specimens:

Specimen No. 1 (conventional design with steel rebars): This specimen is reinforced with
longitudinal steel rebars, without any steel tube at the location of plastic hinge, representing
conventional design adopting current state of practice. The steel bar diameter is 12 mm, and the
resulting s/dp is about 9.

Specimen No. 2 (conventional design with debonded-steel rebars): This is the same as specimen
1, however it has steel tube at the location of plastic hinge.

Specimen No. 3 (specimen with GFRP rebars): This specimen has the same dimension as that of
specimen 1, however its longitudinal rebars are GFRP bars with bar diameter of 8.5 mm. The
resulting s/dy for this specimen is about 12.5 that is much larger of the value for the specimen
No. 1 and 2.

Table 1 gives the material properties of the steel/GFRP rebars, and concrete. Maximum aggregate
size is 25 mm and fineness modulus for sand and gravel is 2.9 and 6.8, respectively. The specimens
are blanket-cured for 7 days. Cement, sand and coarse aggregate are used in the ratio of 1:2.5:3.3,
and water cement ratio is limited to 0.35.

Table 1. Steel and GFRP material properties.

Material Material Property MPa/% Unit
Yield stress 488 MPa
Yield strain 0.0024 %
Ultimate stength 625 MPa
Steel Rebar
] 5dp 0.29 %
Fracture elongation 10d, 026 o
measured on
200 mm 0.21 %
Ultimate stress 996 MPa
GFRP .
Rupture strain 0.024 %
Steel Tube Yield stress 457 MPa
28 days compressive strength 25 MPa
Concrete o
Modulus of elasticity 28500 MPa

The considerations for determining the required length of the steel tube includes:

Stretching length requirement (ACI 318-19): According to ACI 318-19, the length of the steel
tube should be at least 8 times the diameter of the rebar.
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e Plastic hinge length: The steel tube length should be at least equal to the plastic hinge length.
In this case, the plastic hinge length of the specimen is approximately 250 mm.

e Buckling considerations: Considering that the buckling length of the rebar could exceed the
spacing of the transverse reinforcements, it’s common practice to use a steel tube length
approximately two times the spacing of the transverse reinforcements. This results in a
minimum steel tube length of about 220 mm.

Steel tube used in this study has length of 300 mm, with inner and outer diameters of 16.7 and 21.3
mm, respectively. It’s yield stress is reported in Table 1.

To assess the impact of reinforcement type on the seismic performance of the specimen, the third
specimen incorporates longitudinal GFRP rebars. These rebars have limited deformation capacity
but significantly higher uniaxial strength. Unlike steel rebars, the GFRP rebar exhibits limited
tensile strain before rebar failure. Compared with the specimen No. 1 and 2, specimen No. 3 will
show the adverse effects of cyclic yielding.

The test setup, which includes a stub column, is based on the work by Panagiotou et al. [21]. This
setup is primarily used to evaluate the potential for rebar buckling in large reinforced concrete (RC)
special moment frame beams. The dimensions and reinforcement of the stub column are carefully
designed to ensure that nonlinear deformation occurs exclusively in the beams and at their juncture
with the stub column. No nonlinear deformation takes place within the stub column itself. The
boundary condition for the beams is simply supported, preventing any vertical movement at the
supports.

Tests are carried out at the infrastructure research center of the Urmia University using a universal
jack of 1000 kN capacity.

Fig. 1 presents photographs of the specimen reinforcement and a specimen positioned in the testing
setup, accompanied by a schematic view of the test configuration. Specifically, Fig. 1(a) shows the
installation of a steel tube on the longitudinal rebars at the juncture of the beam and stub column.
Fig. 1(b) shows the rebar cage before concrete placement. Fig. 1(c) depicts the specimen placed
within the test setup.

Additionally, Fig. 2) provides further insight into the specimen’s schematic view and reinforcement.
The loading protocol was developed to meet the requirements outlined in ACI 374.2R [22] for
cyclic tests on structural elements simulating seismic loading (see Fig.3). To account for the
degrading response of the specimens and in alignment with ACI 374.2R recommendations for
degrading elements, we modified the loading protocol. Instead of using two cycles for each
increment, we now employ three cycles for each deformation cycle.
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(b)

Fig. 1. The specimens, a) rebar cage with steel tube, b) the complete rebar cage, ¢) the specimen place in the
test setup.

3. Experimental results

In this section, first, we will present and discuss the experimental results for each specimen. Finally,
we will compare the results of all the specimens to assess the effect of debonding and rebar type. It
is important to note that due to the weight of the specimen, the hysteretic response is asymmetric.

The loading protocol was developed to meet the requirements outlined in ACI 374.2R [22] for
cyclic tests on structural elements simulating seismic loading (see Fig.3). To account for the
degrading response of the specimens and in alignment with ACI 374.2R recommendations for
degrading elements, we modified the loading protocol. Instead of using two cycles for each
increment, we now employ three cycles for each deformation cycle.
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3.1. Specimen No.1: conventional design with steel rebars

The specimen has steel longitudinal rebars, without steel tube. The s/dj ratio for the transverse
reinforcement at the plastic hinge location is about 9, well above code requirements for ductile
flexural elements. Considering Fig. 4, which shows the hysteretic response of the specimen, the
main observations could be listed as follows:

The maximum positive (point A) and negative (point B) displacements are about 70 mm,
corresponding to 3.5% drift. Between these displacements the hysteretic response is stable, with
small pinching effect due to crack closure in the reloading regions.

By averaging maximum resisting moments in the positive and negative direction, it is possible
to remove the effect of specimen weight. The resulting average moment at the beam section at
the stub column interface is about 10 kN.m. The corresponding moment at the beam and stub
column juncture will be about 9 kN.m. Considering the material properties of Table 1, the beam
section flexural capacity is 9.5 kN.m. This agrees with the average flexure moment capacity
observed in the test.

At the end of the ninth load cycle (displacement of 70 mm, i.e., drift of 3%), buckling of the
longitudinal initiates (Fig. 5 and Fig. 6(a) and Fig. 6(b). this triggers substantial strength
degradation in the subsequent loading steps. As could be seen, at this load step the slop of the
load-deflection diagram becomes negative. In other words, there is softening in the response. It
is well known that in the case of softening (or in-cycle strength degradation [23]) damage
localizes on some sections, and this is a good example this localization.

Damage localization as could be seen in Fig. 5 of the paper, when the cracks on either side of
the damaged section reaches together could trigger sliding shear failure. Also, it is widely
recognized that damage localization could lead to rebar fracture or at much lower strains low
cycle fatigue failure of the rebar.

Significant loss of strength starts at tenth cycle of loading at point C. Points D, E and F depicts
consecutive fracture of first, second and third longitudinal rebars in the top side of beam (Fig.
6(c)), that occurs at tenth step of loading protocol. At point F the test is terminated.

The yield displacement of the specimen is about 14 mm. Therefore, the displacement ductility
of the specimen is about 5. This corresponds to a drift of about 3.5%.

Specimen No. 1 experienced complete failure after 2 hours and 37 minutes, at the end of the first
cycle of the tenth loading step.

150

100 Beam 1 A

Load (kN)

-100

125 -100 75 50 25 0 25 50 75 100 125
Displacement (mm)

Fig. 4. Hysteresis response of specimen No. 1.
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N
Fig. 5. Specimen No. 1 at the end of cycle 9, with a d1splacement of 70 mm (drlft of 3.5%).

(b)
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(c)

Fig. 6. State of specimen No. 1 at different stages of test: a) buckling of bottom reinforcement, b) buckling of

top reinforcements, c) fracture of longitudinal rebars.

3.2. Specimen No. 2: conventional design with debonded-steel rebars

This specimen is the same as specimen No. 1, but there are collar steel tubes around steel rebars.
These steel tubes debonding the rebars from concrete also enhance the buckling resistance of the
longitudinal bars. Considering the hysteretic response of the specimen (Fig. 7), the main
observations are:

The maximum positive (point A) and negative (point B) displacements are about 98 and 70 mm
(drift of 4.9% and 3.5%), respectively. This shows slightly larger maximum displacements for
the positive displacements than the specimen No. 1.

Slight but not meaningful increase in the strength could be observed for this specimen compared
to the specimen No. 1.

Significant degradation in the response starts at the end of ninth load cycle at the same
displacement observed for the specimen No. 1. This is mainly due to start of rebar buckling as
could be seen in Fig. 9. As can be observed in this figure buckling starts at the stub column
cover. It suggests that we could expect further improvement in the response if the steel tube
penetrates the column cover rather than terminating at the column face.

Fracture of the longitudinal bars due to low cycle fatigue starts at the second cycle of the tenth
load step. Points D, E and F depicts consecutive fracture of first, second and third longitudinal
rebars in the top side of beam (Fig. 9), and points G, H and I denotes the same points for rebars
on the opposite side of the beam.

Comparing the pattern of cracks at displacement of 70 mm (drift of 3.5%) in Fig. 5 and Fig. 8,
significant localization of deformation could be observed for the specimen No. 1 compared to
the specimen No. 2. These could be attributed to anti-buckling and debonding actions of steel
tube.

Considering yield displacement of 14 mm, the positive and negative displacement ductility of
the specimen are about 7 and 5. A slight increase in the displacement ductility for the positive
direction could be noted.

At the end of test, except cover spalling there is no significant crack at the beam in the plastic
hinge region (Fig. 10).

Failure of specimen No. 2 occurred in the plastic hinge zone, after 2 hours and 52 minutes, in the
second cycle of the tenth loading step.
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Fig. 7. Hysteresis response of specimen No. 2.
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Fig. 9. Buckling state of the longitudinal rebar in specimen No. 2 with steel tube. Note that the rebar
buckling start in the cover of stub column.
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3.3. Specimen No. 3: Specimen with GFRP rebars

In specimen No. 3, the GFRP rebars have been substituted with steel ones. While the diameter of
the steel rebars in specimens No. 1 and 2 is 12 mm, the diameter of GFRP rebars is only 8.5 mm.

This leads to a much larger s/dp ratio for this specimen (about 12.5). The main observations

regarding the performance of this specimen, considering Fig. 11, are

The maximum resistance of beam 3 in the positive direction of loading is 100 kN, which
occurred at a displacement of 106 mm (point E corresponding to 5.3% drift). Also, in the
negative direction of loading, the maximum resistance is 136 kN, which occurs in the
displacement of 122 mm and drift of 6.1% (point H).

At the first cycle of the 12% step, a fracture of one of the longitudinal reinforcements happens
(point G). The experiment was terminated due to the failure of one more reinforcement in the
third cycle of the 12 step (point J).

Even at much larger displacements, compared to the specimen No. 1 and 2, the extent of
damage and crack width are much smaller (Fig. 12 and Fig. 13).

While there is no significant increase in the strength, a substantial increase in the maximum
displacement and ductility of the specimen compared to that observed for the specimen No. 1
and 2 is observed. At the same time, there is significant pinching in the hysteretic response,
which means less desirable energy dissipation behavior.

The specimen can withstand drifts as much as 6.1%.

Failure of specimen No. 3 with GFRP reinforcements occurred after 5 hours and 31 minutes, in the

third cycle of the 12% loading step.
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Fig. 11. Hysteresis response of specimen No. 3.
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Fig. 12. State of the specimen No. 3, a) at displacement of 70 mm (drift of 3.5%), b) at displacement of 98
(drift of 4.9%)), c) at displacement of 106 (drift of 5.3%), d) at displacement of 122 mm (drift of 6.1%).
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the plastic hinge region.

Fig. 13. Closer look at the damaged state of the specimen No. 3 in
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3.4. Comparison of the behavior of the specimens

Fig. 14 presents a pairwise comparison of the hysteretic response of three specimens. Table 2
compares the performance of the specimens. The moment capacity of specimens with steel/GFRP
rebars was calculated based on ACI 318-19/ACI 440.1R-15 [24]. Notably, there is a good
correlation between experimental results and code predictions.

Additionally in Table 2, the rebar strain at the start of rebar buckling was evaluated. For specimens
No. 1 and 2, rebar buckling occurs at a drift of 3.5%. We compared this rebar strain with the
predictions from Rodriguez et al.'s model [25] for rebar buckling, assuming a double modulus with
an effective length factor of 0.75 and s/d»=9. Remarkably, there is excellent agreement in this
regard.

Extending the applicability of the Rodriguez model to specimens with GFRP rebars, the best
prediction of the model for rebar strain at the initiation of rebar buckling (for s/dy=12.5) is 0.01.
Interestingly, no rebar buckling is observed in this specimen, highlighting another beneficial effect
of GFRP rebars, which is their large modulus of elasticity at large strains.

Finally, the damage state of the specimens at a drift of 3.5% was compared. Specimen No. 1
exhibited the worst performance, while specimen No. 2 performed the best.

Table 2. Comparing experimental results with code predictions and evaluating strain and damage state at
drift of 3.5%.

) State at drift of 3.5%
Moment capacity

(kN.m) Assumed
. plastic Buckling Max Cause of
specimen . : .
ACI31s.  hinge length ri;l;u:::i strain based ~ crack ~ Damage failure
] 19/ACI (mm) on Rodriguez ~ width state
Experiment 440.1R- et al. model (mm)
15
Rebar
1 9.0 9.5 250 0.035 0.032 35 poor buckling
Rebar
2 9.0 9.5 300 0.029 0.032 1 good buckling
3 9.0 8.8 300 0.029 0.01 3 acceptable  Rebar
rupture

The following points could be drawn from these comparisons:

e Although specimen No. 1 and 2 have the same maximum displacement capacity, specimen No.
2 has much better energy dissipation with a much smaller pinching effect (Fig. 14(a)).

e Noting that the only difference between the specimen No. 1 and 2 is the use of steel tube in the
latter one, at same displacement demand (120 mm) the damage extent in the specimen No. 2 is
much less than that for the specimen No. 1 (comparing Fig. 5 and Fig. 8). This also means better
repairability and resilience of the specimen No. 2.

e Asseen in Fig. 9, buckling of the steel rebars in the specimen No. 2 starts at spalled cover of the
stub column. It is anticipated that further improvement in the response of the specimen No. 2
could be provided if the steel tube terminated not at the stub column face but at its core
interface.
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Fig. 14. Comparison of different specimens: a) specimen No. 1 versus 2, b) specimen No. 1 versus 3, c)
specimen No. 2 versus 3.
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e It is well known that rebar buckling is related to the maximum plastic strain experienced by the
rebar. In the case of the specimen No. 2, it seems that debonding action of the steel tube by
reducing local strain demand on the longitudinal rebars reduces the probability of buckling and
increases fatigue life of the rebar.

e Comparing specimens No. 1 and 3 shows the adverse effect of the rebar plastic strain on the
rebar buckling (Fig. 14(b)). While s/d, for these specimens are 9 and 12.5, respectively,
specimen No. 3 could withstand much larger displacements, with no rebar buckling.

e The energy dissipation of specimen No. 3 compared to the other specimens is poor and shows
significant pinching.

e Specimen No. 2 exhibits the best performance, featuring favorable energy dissipation
characteristics and a damage pattern that facilitates effective repairability.

4. Conclusions

This study investigates the importance of mitigating local longitudinal rebar strain on the energy
dissipation and repairability of concrete beams reinforced by steel or GFRP rebars. To this end,
three specimens were experimentally tested. The first one is an ordinary reinforced concrete beam
with steel rebars (conventional design). In the second test steel tubes are place around the
longitudinal bars at the location of plastic hinges (debonded conventional design). The final test
employs GFRP rebars rather than steel ones. The following conclusions could be drawn from this
set of experiments.

4.1. Crack width and repairability

When comparing the performance of different specimens at a drift of 3.5%, it can be concluded that
employing debonded-steel/GFRP rebars significantly leads to a distributed pattern of small cracks.
In conventional designs, there is a localized crack with a width of 35 mm, but in the debonded-
steel/GFRP specimens, there is a pattern of distributed cracks with a width of at most 3 mm. This
indicates that using debonded-steel/GFRP rebars can significantly reduce the need for repairs in
elements with significant plastic hinge rotation.

4.2. Localization effect on rebar buckling

The prediction of rebar buckling by the Rodriguez et al. model at a drift of 3.5% for specimens with
conventional design and debonded-steel rebar aligns precisely with the experiment. Extending the
application of the Rodriguez model to the specimen with GFRP rebars predicts rebar buckling at
much smaller drifts (due to the larger s/dj ratio), while in the experiment, no rebar buckling occurs
for this specimen. This could be attributed to the larger modulus of elasticity for GFRP rebars at
large strains.

4.3. Failure mode and energy dissipation

While rebar buckling leads to the failure of specimens with steel rebar at a drift of 3.5%, rebar
rupture is the cause of failure for the specimen with GFRP rebar at a much larger drift of 5.5%.
Compared with the specimen with conventional design, there is an increase in energy dissipation for
the specimen with debonded-steel rebars at large drifts. The energy dissipation of the specimen with
GFRP rebars is lower compared to those with steel rebars. No dissipation occurs in GFRP rebars,
and on the other hand, there is no energy dissipation in compression concrete.
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4.4. Application in practice

The usual way to improve repairability is by designing for a larger base shear or smaller lateral
drift. However, the results of these tests show that by following the current state of practice and
simply inserting a collar steel tube, it is possible to improve the repairability and resilience of RC
elements.

4.5. Misjudgment about GFRP rebars

Due to the lack of yielding in the behavior of GFRP rebars, the engineering community commonly
concludes that they are unsuitable for seismic design. This study shows that the larger modulus of
elasticity of GFRP rebars at large strains prevents the localization of cracks, which is the main
reason for rebar buckling. On the other hand, researchers have shown that to provide better energy
dissipation in RC elements with GFRP rebars; options include confining concrete and using hybrid
rebars. This shows that RC elements with GFRP rebars could be used for seismic design in the near
future.
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