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Abstract

The effectiveness of externally applied Carbon Fiber-Reinforced-Polymer (C-FRP) sheets for
the retrofitting of damaged Reinforced Concrete (RC) beam-column connections is experimen-
tally investigated. Two real-scale exterior RC beam-column connection specimens are tested
under reverse cyclic deformation. The damaged specimens have been repaired using C-FRP
sheets superficial placed as surface reinforcement after the sealing of the developed cracks with
high strength resin paste. The retrofitted joints re-tested under the same reverse cyclic defor-
mation loading. The retrofitted specimens in comparison with the original ones exhibited more
or less similar load capacity and stiffness level with respect to the original ones.
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1 INTRODUCTION

Structural repair and upgrading of Reinforced Concrete (RC) beam-column joints in dam-
aged RC frame structures after seismic excitations is a common problem in seismic prone re-
gions. Researchers have published during the last decades valuable research on the post-
earthquake rehabilitation procedures of damaged beam column joints [1], [2]. Many efforts
have been done so far for the introduction and the establishment of techniques that are based
on the promising material of Fiber-Reinforced Plastics (FRP) sheets [3], [4], [5], [6], [7].

A well-known efficient rehabilitation technique of RC beam-column joints damaged during
earthquake excitations is the application of FRP sheets in combination with resin injections. It
includes thin resin infusion under pressure in the cracks of the damaged area prior to the appli-
cation of FRP sheets on the damaged body. The efficacy of this combined procedure of resin
injection and FRP sheets for the strengthening of damaged beam-column connections has also
been the subject of the experimental project by Karayannis and Sirkelis (2008) [4] and Tsonos
et al (2017) [2]. Nevertheless, the increasing interest in the use of FRP sheets, due to the imme-
diate and easy-to-apply nature of the required intervention, was the main motive behind the
simplification of the rehabilitation technique by omitting the use of resin injections prior to the
application of the FRP sheets [8]. Addressing the issue of the efficiency of any strengthening
technique it is important to remember that the seismic behavior of reinforced concrete connec-
tions involves the interaction of complex phenomena such as bond, shear, confinement, fatigue
which have not been yet well understood [9], [10], [11]. Since many unanswered questions
remain about the traditionally reinforced connections it is justifiable to consent for a certain
measure of uncertainty for the mechanics of joints with superficially applied C-FRP sheets as
external strengthening reinforcement [12], [13]. Despite all the uncertainties and based on the
justified thought that a structural member can adequately be re-designed and strengthened to
resist seismic loading even without full knowledge of all the involving interacting phenomena,
this easy-to-apply technique is experimentally investigated.

This simplified technique is usually adopted in areas after damaging earthquakes due to the
fast and easy-to-apply required procedure. This treatment of the damaged beam column joints
has been mainly based on the generally accepted concept that in all reported cases the applica-
tion of FRP sheets has been proved rather successful. In this direction, the experimental study
presented herein investigates the efficacy of the rehabilitation of damaged beam-column con-
nections using FRP sheets after a meticulous but superficial repair of the cavities and cracks of
the damaged area using resin paste. The investigation presents experimental results of 4 real-
scale beam column specimens; two original specimens and two retrofitted ones. The original
two joint specimens first were subjected to cyclic loading and then repaired with C-FRP sheets.
The reteofiited specimens were re-subjected to the same cyclic loading and the observed results
are used for the evaluation of the efficiency of the applied repair technique.

2 CHARACTERISTICS OF THE SPECIMENS

Cross-sections, dimensions, materials and reinforcement arrangements of the specimens
were chosen in the way that the first specimen (BJB-S1) represents common RC buildings de-
signed according to earlier codes without the proper shear reinforcement in the joint body (only
one stirrup in the joint area) whereas the second specimen (BJB-BX) represents cases with X-
type reinforcement in the joint without stirrups.

The maximum joint shear that can be developed in the joint body by the steel bars of the
beam is 0.32 MN and consequently shear stress equal to 3.67MPa. The ratio XM¢/~Mp is almost
1.40 (a little higher) and therefore cracks are expected to be developed both in the joint body
and the part of the beam near the joint (ACI 318).
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Geometry and Reinforcement (in mm)

Name Joint area Beam Column
Steel Cross-section Steel Cross-section  Steel

BIB-SI @8 (4B 14 up ) (4214 |
{350x250} ~ 14D14 bot, {350:350} | zg/100 ¢

BIB-SI-R @8 +  FRP 98/100 | i )

BJB-XV  X2&12 (4312 up | 4214
{350x250} {4912 bot 13502250} { grg/100 |

BIB-XV-R X2Z12 + FRP 98/100 |

Table 1: Geometrical and reinforcement characteristics of the tested exterior beam-column joint specimens.

The total length and cross-section of the column are 3.0m and 350/250cm, respectively,
whereas the free length and the cross-section of the beam are 1.875m and 350/250cm, respec-
tively. The list of the tested beam column specimens, their names, the geometrical characteris-
tics and the reinforcement arrangements are presented in Table 1.

Figure 1: Damage of the joint (a, b). Cleaning (c) of the damage area and removal of loose material.

2.1 Application of the C-FRP sheets

The FRP sheets are applied to the body of the damaged joints after a superficial repair of the
damage. First, cleaning and removal of the loose concrete material takes place (Figure 1). Right
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after, meticulous filling of the cavities and the developed cracks is performed with high strength
resin paste (Figure 2). Prior to the application of the C-FRP sheets abrasion of the surfaces is
absolutely necessary (Figure 2c).

(b)

Figure 2: Filling of the developed cavities and cracks with high strength resin paste (a, b) and meticulous abra-
sion of the surfaces (c) prior to the C-FRP application.

The positions of the applied C-FRP sheets are schematically shown in Figure 3a and appli-
cation works in Figures 3b and c. As presented in Figure 3a the C-FRP sheets are placed round
the joint body and round the critical parts of the upper and down column and the beam.

2.2 Materials

The concrete’s cylinder compressive strength was 34MPa whereas the yield tensile strength
of the longitudinal steel bars and the stirrups was 550MPa. The type of the fiber-reinforced
plastics sheets was Carbon FRP sheets. The characteristics of the used C-FRP sheets as given
by the manufacturer were: Thickness of the sheets 0.168mm, tensile strength 4300MPa and
tensile modulus of elasticity 240GPa.

2.3 Loading procedure and test setup

The loading procedure of the specimens includes full reverse cyclic deformations that are
applied near the free end of the beam. The examined beam column subassemblages are sub-
jected to seven loading steps and each step comprised three full cycles as shown in Figure 4.
The used loading program permits the evaluation of the structural performance parameters of
the specimens.

The experimental setup and the instrumentation are shown in Figure 5. Each beam-column
joint specimen is placed after 90° counter clockwise rotation in the way that the column is in
the horizontal direction whereas the beam is in the vertical direction. The specimen is supported
by rotational devices that allow rotation to simulate the inflection points of the real columns in
the middle of their heights.

Compressive axial load equal to 150kN is applied to the horizontally placed column element
throughout the testing procedure. This loading is almost equal to 5% of the nominal strength of
the concrete section of the column (0.05Acfc).
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Figure 3: Schematic application of the C-FRP sheets (a) and application works of the C-FRP sheets (b, c).
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Figure 5: Test setup.

3 TEST RESULTS AND DISCUSSION

For the evaluation of the efficiency of the studied retrofitting procedure the overall perfor-
mance of each original beam column joint is examined and compared to the performance of the
corresponding retrofitted one in terms of hysteretic responses and energy dissipation curves.

3.1 Hysteretic responses - Load carrying capacity

The hysteretic responses of the original joint BJB-S1 and the corresponding retrofitted one
BJB-S1-R are presented in Figures 6a and 6b, respectively. Further, the cracking patterns of
these specimens at the end of the loading sequence are presented in Figures 6¢ and 6d, respec-
tively. For comparisons purposes the envelope curves for the three full cycles per loading step,
of these two tested specimens, BIJB-S1 and BJB-S1-R, are shown in Figures 7a and 7b, respec-
tively. The comparison of the hysteretic curves and the envelope curves obtained from the orig-
inal joint and the corresponding ones obtained from the testing of retrofitted joint indicates that
the application of C-FRP sheets restored the capacity values of the damaged joint in respect to
those of the original specimen, to a great degree.

The hysteretic responses of the original joint BJB-XV and the corresponding retrofitted one
BJB-XV-R are presented in Figures 8a and 8b, respectively. Further, the cracking patterns of
these specimens at the end of the loading sequence are presented in Figures 8c and 8d, respec-
tively. For comparisons purposes the envelope curves for the three full cycles per loading step,
of these two tested specimens, BJB-XV and BJB-XV-R, are shown in Figures 9a and 9b, re-
spectively. The comparison of the hysteretic curves and the envelope curves obtained from the
original joint and the corresponding ones obtained from the testing of retrofitted joint indicates
that the application of C-FRP sheets restored the capacity values of the damaged joint in respect
to those of the original specimen, to a great degree.

Nevertheless, from the observations it is concluded that there are some reservations for the
efficiency of the technique in the restoration of the load bearing capacity in cases of high levels
of loading or high levels of initial damage.
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Figure 6: Hysteretic response (a) of the specimen BJB-S1 and hysteretic response (b) of the corresponding re-
paired specimen BJB-S1-R and cracking pattern at the end of loading of the same specimens (c, d).
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Figure 7: Envelop curves of the hysteretic responses (a) of the specimen BJB-S1 and (b) of the corresponding
repaired specimen BJB-S1-R.
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Figure 8: Hysteretic response (a) of the specimen BIB-XV and hysteretic response (b) of the corresponding re-
paired specimen BJB-XV-R and cracking pattern at the end of loading of the same specimens (c, d).
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Figure 9: Envelop curves of the hysteretic responses (a) of the specimen BJB-XV and (b) of the corresponding
repaired specimen BJB-XV-R.
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3.2 Dissipated energy capacity

A measurement for the assessment of the efficacy of the applied retrofitting technique can
be the observed dissipated energy capacity in terms of the area of the hysteresis loops. Energy
dissipation is an indication of the structural element capacity to be strained and it defines the
energy that can be absorbed before the loss of the system stability.

The dissipated energy at 1st, 2nd and 3rd cycles of each loading step as measured in terms
of the area of the corresponding hysteresis loops of the original specimen BJB-S1 are presented
in Figure 10a. Further, the dissipated energy at 1st, 2nd and 3rd cycles of each loading step as
measured in terms of the area of the corresponding hysteresis loops of the retrofitted specimen
BJB-S1-R are presented in Figure 10b. Comparing the diagrams of retrofitted specimen with
the corresponding diagrams of the original specimen it is deduced that the applied technique
can rather adequately restore the energy dissipating capacity for the specimen designed accord-
ing to earlier codes without the proper shear reinforcement in the joint body (only one stirrup
in the joint area).

Dissipated Energy at 1st cycles Dissipated Energy at 2nd cycles Dissipated Energy at 3rd cycles
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(b) Dissipated energy — Specimen BJB-S1-R

Figure 10: Energy dissipation per each loading step (a) of the specimen BJB-S1 and (b) of the corresponding ret-
rofitted specimen BJB-S1-R.

The dissipated energy at 1st, 2nd and 3rd cycles of each loading step as measured in terms
of the area of the corresponding hysteresis loops of the original specimen BJB-XV are presented
in Figure 11a. Further, the dissipated energy at Ist, 2nd and 3rd cycles of each loading step as
measured in terms of the area of the corresponding hysteresis loops of the retrofitted specimen
BJB-XV-R are presented in Figure 11b. Comparing the diagrams of retrofitted specimen with
the corresponding diagrams of the original specimen it is deduced that the applied technique
can rather adequately restore the energy dissipating capacity for the specimen with X-type re-
inforcement in the joint (without stirrups).

However, from Figures 9 and 10 it can be observed that there are reservations about the
efficiency of the technique in the restoration of the energy dissipation capacity in high levels of
loading or high degree of initial damage.
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Figure 11: Energy dissipation per each loading step (a) of the specimen BJB-XV and (b) of the corresponding
retrofitted specimen BJB-XV-R.

4 CONCLUSIONS

The efficacy of using C-FRP sheets for the retrofitting of damaged external beam column
joints after seismic excitations is experimental studied. In the repair technique under investiga-
tion in this work, the C-FRP sheets are applied after a meticulous filling of the developing
cavities and cracks but without the infusion of thin resin into the cracking system of the dam-
aged area.

From the comparisons of the hysteretic responses of the original specimens with the hyster-
etic responses of the retrofitted ones it is deduced that in both cases the load bearing capacity
values of all the retrofitted joints were almost equal to the ones of the original specimens in
every loading step of the loading history.

Further, from the comparisons of the dissipated energy at 1st, 2nd and 3rd cycles of each
loading step of the original specimens with the dissipated energy at 1st, 2nd and 3rd cycles of
each loading step of the corresponding retrofitted ones it is deduced that the applied technique
has rather adequately restored the energy dissipating capacity in the examined cases.

Finally, there are reservations for the efficiency of the technique in the restoration of the load
bearing capacity and energy dissipation in cases of high level of loading or high degree of initial
damage.
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