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Abstract: The necessity of ensuring the long-term sustainability of existing structures is rising. An
important issue concerning existing reinforced concrete (RC) structures in seismically active regions
is that a significant number of them lack the required earthquake-resistant capacities to meet the
increased design earthquake demands. Inexpensive, fast and long-term strengthening strategies for
repairing/strengthening RC structures are urgently required, not only after destructive earthquakes,
but even before they occur. Retrofitting existing buildings extending their service life rather than
demolishing and rebuilding new ones is the best option in terms of economic gain and environmental
protection. This paper experimentally investigates the effectiveness of externally applied (i) carbon
fiber-reinforced polymer (C-FRP) ropes in X-type form and (b) C-FRP sheets that are bonded on
both sides of the joint area of RC beam-column joint connections. Six comparative full-scale exterior
RC beam-column joint specimens were tested under reverse cyclic deformation. Two of them were
control specimens, two were strengthened using C-FRP ropes (novel technique) and two were
retrofitted using C-FRP sheets (widely used technique). Extensive comparisons and discussion of the
test results derive new quantitative and qualitative results concerning the seismic capacity and the
service life extension of the strengthened RC members using the proposed retrofitting scheme.

Keywords: reinforced concrete; retrofit; sustainable construction; carbon materials; joints; cyclic tests;
hysteretic response

1. Introduction

Rehabilitation methods of existing infrastructures have an important role in ensuring
sustainable development. The term sustainability refers to structures’ ability to retain
their performance at a reasonable cost and with minimal environmental impact [1]. The
majority of existing structures are composed of reinforced concrete (RC), which, despite
the significant environmental impact of the RC industry, is the most widely used building
material worldwide [2]. The main issue concerning existing structures is that a significant
number of them lack the required earthquake-resistant capacities to meet the increased
design earthquake demands [3].

Considering the abovementioned, it is clear that inexpensive, fast and long-term
strengthening strategies for repairing/upgrading RC structures are urgently required, not
only after destructive earthquakes, but even before they occur [4]. Retrofitting existing
buildings rather than demolishing and rebuilding new ones is the best option in terms
of economic gain and environmental protection [5,6]. Therefore, the investigation of
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strengthening and rehabilitation techniques for RC structural members that have suffered
damage during an earthquake and are to be reused afterwards is a very important area of
research, since both the safety of the structures and economic interests are involved [7,8].

Studies on structural damages caused by earthquakes worldwide have shown that
the joint areas of RC frame-system structures are the most vulnerable [9]. A large number
of the existing RC buildings have been constructed according to older regulations without
particular planning for the reinforcement of the joints [10–12]. The inadequate shear
reinforcement in the joint area and especially in external joints has been proven to lead
to brittle response and is the primary cause of the collapse mechanism formation during
earthquake loading [13]. The response of beam-column joints is affected by a variety of
parameters such as bond, shear load, confinement and fatigue, which are not yet well
understood even independently, and they progressively reduce the joint’s stiffness and
strength. Therefore, the successful repair or strengthening of joints that have previously
been damaged during cyclic loading caused by earthquakes is essential in order to enable
the use of the affected structure again [14–16]. Detailed design recommendations have been
introduced on the basis of the research and development of repair techniques in Europe
and the United States in past decades [17–21]. Regardless, the further development of
cost-effective rehabilitating strategies for RC frame joints remains of great interest.

A well-known repair technique commonly used after earthquake excitations is based
on the infusion of thin resin under pressure in the cracking system of the damaged body.
The effectiveness of this technique, which has been widely used, has been experimentally
confirmed by Karayannis et al. [22,23]. In addition, the injection of resin into the crack
system in combination with external fiber-reinforced polymer (FRP) sheet adhesion has
been proven to be particularly effective in restoring and improving joint response [24,25]. A
recent study has also verified that a widely applied in practice technique, which combines
the use of high-strength repair mortar along with external application of carbon FRP sheets,
can treat damage in the joint area caused by earthquakes more rapidly and effectively
without the use of costly injection measures [26]. The effectiveness of high-strength mortars
as repair materials has also been individually confirmed [27,28]. In either case, the use
of FRP sheets for joint rehabilitation has gained popularity as a viable and cost-effective
alternative to conventional systems, such as RC jacketing. Most importantly, in terms
of sustainability, FRP manufacturing has a significantly lower environmental effect than
traditional material production methods. The manufacturing of FRP materials releases
fewer carbon emissions and consumes less energy than steel and concrete [29].

The repair and strengthening of joints with external bonded FRP sheets exhibit sig-
nificant advantages, such as an easy and fast application [30–32]. Moreover, the initial
dimensions of the joints remain unchanged and consequently the dynamic characteristics
of the structure are mainly unaffected. The application and investigation of FRP reha-
bilitation/strengthening solutions for joint areas of existing RC structures has been the
subject of a variety of experimental and analytical studies [33–36]. The effectiveness of
FRP composites in enhancing the seismic strength of deficient RC joints has been demon-
strated in numerous experimental studies [24,25,37–44]. The ability to increase the shear
resistance, stiffness and ductility was investigated through experimental studies using
externally bonded FRP applications. There are studies focusing on beam-column joints
shear strengthening, proving the efficiency of the suggested FRP strengthening configura-
tions in avoiding the shear failure of the joint and enabling a less brittle behavior [45–47].
To achieve shear strengthening, various types of FRP exterior application shapes have
been investigated, such as U-shaped [48–53], X-shaped [54–56] and T-shaped [57]. In
addition to local strengthening of the joint area, others have attempted to improve the
performance of the surrounding components, such as bond enhancement of the beam’s
bottom reinforcement bars [58–60], improvement of the columns’ flexural performance and
column confinement [16,60–64]. The most common mode of failure in FRP-strengthened
specimens that were tested was the debonding of FRP composites from the concrete surface.
A mechanical anchorage at the free ends of FRP sheets has been developed to address this
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shortcoming [48,57,65–67]. Although the FRP anchorage systems applied in several studies
have proven successful in increasing the efficiency of joint rehabilitation using FRP sheets,
the complex construction procedures impose difficulties in practical uses.

In general, studies have demonstrated the success of FRP strengthening. The per-
formed tests have mainly concentrated on FRP configurations applied to the entire joint
subassembly, which includes the joint area and as well the surrounding RC members.
However, in real RC buildings, the presence of transverse beams is crucial for the appli-
cation [68]. Due to this basic restriction in the application of FRP sheets, it is desirable
to find an innovative technique that gathers the advantages mentioned above without
the construction restrictions. The aforementioned remarks have posed new challenges
in the growth of novel strengthening methods that can be implemented with minimal
disruption of the structure. A recent method introduced by the authors [69] involves
replacing the FRP sheets with a bundle of unidirectional fibers (FRP rope), inserted either
as near surface mounting (NSM) or as embedded through section (ETS) in joints, and it
seems to be a promising technique. FRP ropes have been used in previous research as the
main reinforcement for strengthening flexure deficient beams in the support area [21,70] as
well for the shear strengthening of deep beams [71].

This paper discusses two sets of experiments that were carried out on full-scale RC
beam-column joints. The specimens were subjected to cyclic loading and two different
FRP rehabilitation methods were applied. Some specimens where rehabilitated using the
technique widely applied in practice that combines high strength mortar with external
application of carbon FRP (C-FRP) sheets, while others were strengthened using the
recently proposed technique with C-FRP ropes. Some of the experimental specimens have
previously been presented by the authors in recently published studies [26,69]; however,
the scope of the current study is to examine the effectiveness of the novel C-FRP rope
strengthening method compared to the frequently used C-FRP sheet application. New
experimental results of the application of the novel method are also presented to support
the effectiveness investigation. Furthermore, a thorough description of the promising novel
technique’s application on external RC beam-column joints is also provided.

2. Experimental Program
2.1. Test Specimens

The efficacy of RC frame joints under seismic actions is experimentally investigated
using real-scale test specimens and their response is represented in terms of load-bearing
capacity and deformation hysteretic curves. The investigation program consists of six
exterior beam-column RC joint subassemblages tested under cyclic loading. The specimens
are sorted into two series: Series A, in which the damage is expected to develop in the
beam, and Series B, in which the joint will be mainly damaged. Each series consists of three
specimens, of which the first is a control specimen, the second is repaired and strengthened
with externally applied C-FRP sheets specimen and the third is a specimen that contains
externally applied C-FRP ropes. Thus, Series A consisted of the specimens JA1, JA1E and
JA1FXb, where JA1 is the control specimen, JA1E was repaired and enhanced with C-FRP
sheets and JA1FXb was strengthened with C-FRP ropes. Series B consists of the specimens,
JB1, JB1FX and JB1E, where JB1 is the control specimen and JB1E and JB1FX were repaired
and enhanced with C-FRP sheets and C-FRP ropes, respectively.

The geometry and cross-section dimensions are the same for all test specimens and
were chosen on the basis of common cast-in-place RC frame structures (floor height of
2.95 m, beam length = 0.5 × span width of 4.0 m). The total length of the column is 3.00 m
and that of the beam is 1.875 m with cross-section dimensions 350/250 mm (Figure 1).

The longitudinal reinforcement of the JA1 specimen’s column consists of 1Ø14 in each
corner. Stirrups Ø8/10 cm are installed as a shear reinforcement of the column, and a
single additional stirrup is arranged in the joint area. The beam is reinforced with 4Ø12 in
the top and bottom layer and with Ø8/10 cm stirrups. The beam reinforcement for the
test specimen JB1 is the same as for JA1, with the difference being that the top and bottom
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layers of the beam are each reinforced with 4Ø14 (Figure 1). In specimens JA1E and JB1E,
C-FRP sheets have also been externally applied in accordance with the layout of Figure 2.
C-FRP ropes of 6 mm diameter have been applied externally in an X-shape at each side of
JB1FX specimen’s joint area (Figure 3b). While on specimen JA1FXb, besides the X-shaped
rope application in the joint area, C-FRP ropes have also been applied at each side on the
top and bottom of the surrounding beam (Figure 3a).
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2.2. Materials

In order to determine the compressive strength of the concrete used, supplementary
compression tests of six 150 × 300 mm cylinders were also carried out. The mean value of
the compressive strength of concrete was fcm = 34 MPa. The steel reinforcement for both
longitudinal and transverse reinforcement was B500C with a mean steel yield strength
equal to fy = 550 MPa. The C-FRP rope (SikaWrap® FX-50 C, Sika Hellas ABEE, Krionerion,
Greece) that has been used for the above-mentioned specimens was a bundle of unidirec-
tional carbon fibers with tensile strength equal to 4000 MPa, modulus of elasticity equal
to 240 GPa and cross-section area >28 mm2, according to manufacturer’s data. Two types
of epoxy resins were used: resin type A (Sikadur®-52) for the impregnation of dry fibers
and type B (Sika AnchorFix®-3+) for the anchorage of system. For the strengthening of
specimens with external C-FRP sheets with thickness of tf = 0.168 mm, tensile strength
equal to 4300 MPa, modulus of elasticity equal to 240 GPa and elongation at rupture 1.7%
were used.
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2.3. Specimen Repair and Strengthening Procedure

The strengthening procedure of specimens, as it took place at the Laboratory of
Reinforced Concrete and Seismic Design of Structures of the Democritus University of
Thrace, is described, step-by-step, as follows. In the first step, control specimens JA1 and
JB1 were subjected to a cyclic load exceeding the elastic load-bearing capacity in order
to simulate the earthquake effect. The specimens showed signs of damage after being
experimentally tested and were therefore rehabilitated. To proceed with the rehabilitation,
the loose concrete pieces were removed at first. The affected area was then shuttered and
grouted with the grouting mortar. After a 7-day curing period, the strengthening process
began in order to produce the new test bodies JA1E and JB1E from the test bodies JA1 and
JB1 by jacketing the joint region (Figure 4a). First, a diamond cup disk was used to clean
the substrate. A suction aid was then used to clear the dust. The adhesive was applied
evenly to the prepared surface with the roller. The C-FRP sheets were then placed using a
rubber spatula and a pressure roller and were pressed only in the longitudinal direction of
the fibers. The arrangement of the C-FRP sheets is shown in Figure 2. The surface was then
primed with epoxy resin adhesive and treated again in the direction of the fibers with a
pressure roller and rubber spatula until all fibers were fully wetted and there were no air
pockets (Figure 4b,c).

Sustainability 2021, 13, x FOR PEER REVIEW 6 of 19 
 

and were therefore rehabilitated. To proceed with the rehabilitation, the loose concrete 
pieces were removed at first. The affected area was then shuttered and grouted with the 
grouting mortar. After a 7-day curing period, the strengthening process began in order to 
produce the new test bodies JA1E and JB1E from the test bodies JA1 and JB1 by jacketing 
the joint region (Figure 4a). First, a diamond cup disk was used to clean the substrate. A 
suction aid was then used to clear the dust. The adhesive was applied evenly to the prepared 
surface with the roller. The C-FRP sheets were then placed using a rubber spatula and a 
pressure roller and were pressed only in the longitudinal direction of the fibers. The ar-
rangement of the C-FRP sheets is shown in Figure 2. The surface was then primed with 
epoxy resin adhesive and treated again in the direction of the fibers with a pressure roller 
and rubber spatula until all fibers were fully wetted and there were no air pockets (Figure 
4b,c). 

(a) (b) (c) 

Figure 4. Stages of preparation of the specimens enhanced with application of C-FRP sheets: (a) damaged joint ready for 
C-FRP sheet application after being shuttered, grouted and cured for 7 days; (b) placing of the C-FRP sheets with detail of 
the joint region and (c) specimen after application of C-FRP sheets at the final stage. 

The other test specimens JA1FXb and JB1FX are produced by strengthening the control 
specimens JA1 and JB1 by using C-FRP fiber ropes (see Figure 3). At first, the direction of 
the carbon fiber ropes was drawn on the surface of specimens. With the use of a grinder, the 
incision of U-shaped notches was formed according to the dimensions and specifications of 
the material’s supplier in order to achieve the encapsulation of C-FRP ropes (Figure 5a). The 
dimensions of the notches in the beams were 25 mm in depth and 30 mm in width. To avoid 
the accumulation of stress and local rope rupture, special attention was paid to create a 
proper curvature at the rope’s bending points. During the incision-making process, special 
care was given in order to protect the steel bars from being damaged. In order to achieve 
adequate and efficient anchorage of the free ends of the C-FRP rope, a vertical opening was 
drilled in a 90° axis relation to the web of the beam. The opening was drilled at the end of 
the beam with a diameter of 16 mm and length of 80 mm. The notches were cleaned thor-
oughly from dust and concrete residues (and generally of materials of lower adhesion) using 
compressed air from a special pistol. Epoxy resin type A (Sikadur®-52) was applied in the 
notches using a small painting brush (Figure 5b). The C-FRP rope was cut in the required 
dimensions with scissors after thorough saturation of the C-FRP ropes in epoxy resin ac-
cording to EN 1504-4. The C-FRP ropes were placed into notches and holes under pressure 
with care in order to remove air and excessive amount of resin (Figure 5c,d). While the rope 
was impregnated with resin and was in the effective time of the resin, the voids in the 
notches were filled with epoxy resin type B (Sika AnchorFix®-3+) in order to achieve a high 
level of adhesion between concrete and the fibers of C-FRP rope (Figure 5e,f). 

Figure 4. Stages of preparation of the specimens enhanced with application of C-FRP sheets: (a) damaged joint ready for
C-FRP sheet application after being shuttered, grouted and cured for 7 days; (b) placing of the C-FRP sheets with detail of
the joint region and (c) specimen after application of C-FRP sheets at the final stage.

The other test specimens JA1FXb and JB1FX are produced by strengthening the control
specimens JA1 and JB1 by using C-FRP fiber ropes (see Figure 3). At first, the direction of
the carbon fiber ropes was drawn on the surface of specimens. With the use of a grinder, the
incision of U-shaped notches was formed according to the dimensions and specifications
of the material’s supplier in order to achieve the encapsulation of C-FRP ropes (Figure 5a).
The dimensions of the notches in the beams were 25 mm in depth and 30 mm in width.
To avoid the accumulation of stress and local rope rupture, special attention was paid to
create a proper curvature at the rope’s bending points. During the incision-making process,
special care was given in order to protect the steel bars from being damaged. In order to
achieve adequate and efficient anchorage of the free ends of the C-FRP rope, a vertical
opening was drilled in a 90◦ axis relation to the web of the beam. The opening was drilled
at the end of the beam with a diameter of 16 mm and length of 80 mm. The notches were
cleaned thoroughly from dust and concrete residues (and generally of materials of lower
adhesion) using compressed air from a special pistol. Epoxy resin type A (Sikadur®-52)
was applied in the notches using a small painting brush (Figure 5b). The C-FRP rope
was cut in the required dimensions with scissors after thorough saturation of the C-FRP
ropes in epoxy resin according to EN 1504-4. The C-FRP ropes were placed into notches



Sustainability 2021, 13, 6454 7 of 19

and holes under pressure with care in order to remove air and excessive amount of resin
(Figure 5c,d). While the rope was impregnated with resin and was in the effective time of
the resin, the voids in the notches were filled with epoxy resin type B (Sika AnchorFix®-3+)
in order to achieve a high level of adhesion between concrete and the fibers of C-FRP rope
(Figure 5e,f).

Sustainability 2021, 13, x FOR PEER REVIEW 7 of 19 
 

 
(a) (b) (c) 

 
 (d) (e) (f) 

Figure 5. Stages of preparation of the specimens enhanced with application of C-FRP rope.: (a) incision of U-shaped 

notches; (b) epoxy resin type A application in the notches; (c,d) application of the impregnated C-FRP in the notches; (e,f) 

notches filament with epoxy resin type B to ensure adhesion between concrete and the fibers of C-FRP rope. 

2.4. Test Setup and Instrumentation 

Test set-up and instrumentation details are shown in Figure 6. The test specimen was 

installed after being rotated 90 degrees with the beam pointing upwards vertically and 

the column horizontally. Supports that allow rotation were used to simulate the inflection 

points, which are assumed to occur at a point in the middle of the column’s deformable 

height in a laterally loaded RC frame structure. A compressive axial load with a constant 

value equal to Nc = 0.05 Ac fcm was applied to the column during the tests. In practice, such 

frame structures are loaded with a relative axial normal force equal to νc = Nc/(Ac fcm) ≥ 0.05, 

so experiments are typically based on a conservative lower value of νc = 0.05 to 0.10. A 

value lower than 0.05 axial normal force would indicate unrealistic joint stress. All speci-

mens were subjected to full cycle reverse deformations that were imposed near the free 

end of the beam by a swivel connector with the actuator. The moment arm for the applied 

load was equal to 1.475 m. 

Figure 5. Stages of preparation of the specimens enhanced with application of C-FRP rope.: (a) incision of U-shaped notches;
(b) epoxy resin type A application in the notches; (c,d) application of the impregnated C-FRP in the notches; (e,f) notches
filament with epoxy resin type B to ensure adhesion between concrete and the fibers of C-FRP rope.

2.4. Test Setup and Instrumentation

Test set-up and instrumentation details are shown in Figure 6. The test specimen
was installed after being rotated 90 degrees with the beam pointing upwards vertically
and the column horizontally. Supports that allow rotation were used to simulate the
inflection points, which are assumed to occur at a point in the middle of the column’s
deformable height in a laterally loaded RC frame structure. A compressive axial load
with a constant value equal to Nc = 0.05 Ac fcm was applied to the column during the tests.
In practice, such frame structures are loaded with a relative axial normal force equal to
νc = Nc/(Ac fcm) ≥ 0.05, so experiments are typically based on a conservative lower value of
νc = 0.05 to 0.10. A value lower than 0.05 axial normal force would indicate unrealistic joint
stress. All specimens were subjected to full cycle reverse deformations that were imposed
near the free end of the beam by a swivel connector with the actuator. The moment arm for
the applied load was equal to 1.475 m.

The imposed load was measured by a load cell with accuracy equal to 0.025 kN, the
displacements of the column were measured by a linear variable differential transducer
(LVDT) with accuracy equal to 0.01 mm and the displacements of the beam and the joint
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area were measured by radial a variable differential transducer (RVDT) with accuracy
equal to 0.01 mm (Figure 6).
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2.5. Loading History

The test specimen was subjected to displacement-controlled cyclic loading. The test
cylinder used to apply the deformation engages the beam’s free vertical end (Figure 7). The
moment at the joint is produced by a 1.475 m long lever arm. The test specimen was loaded
in seven stages with progressively increasing applied deformation of 8.5 mm, 12.75 mm,
17 mm, 25.5 mm, 34 mm, 51 mm and 68 mm. The deformation was applied three times at
each load level, in both positive and negative directions.

When testing RC structural members, it is critical to choose the load intensity and load
rate so that both the specimen load-bearing limit/capacity requirements and the results
are consistent with those expected in real-world buildings subjected to seismic actions. In
the case of simulated seismic loads that cause non-elastic deformations, the load-bearing
capacity, specimen resistance and loading action cannot be viewed separately from one
another. The basic parameters for determining the capacity curve of an element are material
strength, stiffness, inelastic deformation ability (ductility) and cumulative damage capacity
variables, such as energy dissipation. These parameters are expected to deteriorate as the
number of damage cycles and the amplitudes in the experiment increase. Any load acting
on the element that exceeds its elastic load-bearing capacity results in permanent damage
(possibly plastic deformations). The implemented loading scheme purposely focuses on
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load levels, with each level having many load changes within a load level, since repeated
load cycles cause damage, which is more common with moderate earthquake loads.

Figure 7. Loading sequence with seven loading steps. Each step includes 3 full loading cycles.

In this study, the load level was chosen so that the structural member response is safe
for most applications. This is accomplished in this case by a loading sequence with multiple
cycles. The selected test program and the loading sequence were deliberately chosen so that
individual structural performance parameters, such as envelope curves of the hysteretic
responses, dissipated energy, stiffness and viscous damping, can be determined and used
for damage assessment in any earthquake event.

2.6. Design of the Specimens

Internal mechanics and seismic reactions of beam-column connections in RC frame
structures have not yet been extensively researched and understood. There is currently
no widely accepted method to design RC frame joints subjected to cyclic loading, normal
and shear forces and bending. In any case, a sufficient estimation of the horizontal shear
force (Vjh) is an important factor for evaluating the shear stress τ and thus for calculating
the required shear reinforcement. The horizontal shear force of the joint can be calculated
as Vjh = As1 · fsu − Vcol, where As1 is the tensile reinforcement of the beam, fsu is the steel
strength and Vcol is the column shear force, which can be calculated as Vcol = Mb,y/`c.
Mb,y is the yield moment of the beam and `c = (`c,up + `c,lo)/2 is the average length of the
joint’s upper and lower supports. According to Eurocode 8 EN 1998-1 (2004) [72], the
maximum horizontal shear force for the test specimen JA1 that can be carried into the joint
by the beam’s tensile reinforcement is Vjhd = 0.23 MN, and the corresponding shear stress is
τ = 2.70 MPa. For the test specimen JB1, is Vjhd = 0.32 MN and τ = 3.67 MPa, respectively. It
should be noted that, due to transverse tensile loads, the compression strut used in the joint
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in compliance with Eurocode 8 must not exceed the concrete strength. This requirement is
met by Equation (1):

Vjhd ≤ 0.8·η· fcd

√
1 − νd

η
·bj·hjc (1)

Applying this equation to the specimen joints, the requirement is met if Vjhd ≤ 0.50 MN,
which means it is met for all test specimens. According to ACI, the ratios ΣMRc/MRb
> 1.40 and ϕVn ≥ Vu must also be satisfied for joints [73]. For the test specimen JA1,
ΣMRc/MRb = 1.85 applies, and for the test specimen JB1, ΣMRc/MRb = 1.41 applies. As a
result, it is expected that the main damage in group A’s joints will occur in the beam. In
case of the test specimens in group B, crack occurrence is expected in the beam and in the
joint area, since MRc/MRb = 1.41, which is close to the critical value of 1.40. The model
introduced by Tsonos [45,74] is used to further investigate the expected damage to the
joints without external reinforcement. According to the results of the model application,
in specimen JA1, damage is expected in the beam of the joint, whereas in specimen JB1,
cracks are expected to be formed in both the beam and the joint area. These predictions
are also verified experimentally. Without considering safety factors, the maximum shear
force for the specimen JA1 is Vjh = 242.47 kN and the shear stress is τ = 2.77 MPa, whereas
the maximum shear force for the specimen JB1 is Vjh = 344.97 kN and the shear stress
is τ = 4.00 MPa. During the design process, it should be taken into consideration that
strengthening a section of the beam near the repaired joint can cause the occurrence of
critical damage to the column. This is a severe drawback that increases the required
plastic rotation at a certain degree of the relative displacement between floors (story drift).
However, in this study, rehabilitation of the severe beam damage in this region is considered
part of the necessary rehabilitation work, as all damaged areas in real RC structures should
be repaired. The aim of this study is not to contribute to the development of design process
tools or to the verification of existing tools, but rather to provide practical solutions for
on-site applications based on experimental results about the investigated reinforcement
technology of exterior RC frame joints and to be able to draw practical conclusions.

3. Test Results and Hysteretic Response

The load-bearing capacity of the control specimens JA1 and JB1 is compared to the
capacity of the repaired JA1E and JB1E and the C-FRP rope reinforced JA1FXb and JB1FX
test specimens in order to determine the effectiveness of the rehabilitation method used.
Figure 8 displays the test specimens’ hysteretic loops using a force displacement diagram.
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Figure 8. Hysteretic responses of the tested specimens. Comparative presentation of the original specimen with the
corresponding enhanced specimens: (a) Series A and (b) Series B.
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The comparison of the test results of group A indicates that the applied rehabilitation
approach using C-FRP sheets (JA1E) and C-FRP ropes (JA1FXb) effectively restored the
load-bearing capacity of the original joint (Figure 8a). The load-bearing capacity of the
rehabilitated test specimen JA1E and the strengthened specimen JA1FXb was considerably
higher at each load step than the capacity of the control specimen JA1. The comparison of
the group B (Figure 8b) test results reveals that the applied rehabilitation method using
C-FRP sheets (JB1E) achieves approximately 85% of the load-bearing capacity of the control
specimen JB1. The specimen JB1FX that has been strengthened using C-FRP ropes reaches
the load-bearing capacity of the control specimen JB1 after the seventh load step and
remains constant afterwards.

The crack patterns that occurred after the end of the tests on the control specimens
JA1 and JB1 and on the rehabilitated test specimens JA1E and JB1E, as well as on the
strengthened test specimens JA1FXb and JB1FX, are compared in Figure 9. The damage
in the control specimen JA1 is mostly observed in the beam area, with only a few cracks
appearing in the joint itself. The same mode of failure is observed in the reinforced
specimens of Series A. The damage to the joint in this case is considered minor. The
damage in the control specimen JB1 occurs mainly in the joint area with intense crosswise
cracking and spalling of concrete, while only a few cracks occur in the beam region. The
failure mode of the specimen JB1E is also similar, while the specimen JB1FX shows a
slightly improved response since there is less disruption in the joint area and more uniform
cracking in the beam region.

Sustainability 2021, 13, x FOR PEER REVIEW 11 of 19 
 

The comparison of the test results of group A indicates that the applied rehabilitation 
approach using C-FRP sheets (JA1E) and C-FRP ropes (JA1FXb) effectively restored the 
load-bearing capacity of the original joint (Figure 8a). The load-bearing capacity of the 
rehabilitated test specimen JA1E and the strengthened specimen JA1FXb was considera-
bly higher at each load step than the capacity of the control specimen JA1. The comparison 
of the group B (Figure 8b) test results reveals that the applied rehabilitation method using 
C-FRP sheets (JB1E) achieves approximately 85% of the load-bearing capacity of the con-
trol specimen JB1. The specimen JB1FX that has been strengthened using C-FRP ropes 
reaches the load-bearing capacity of the control specimen JB1 after the seventh load step 
and remains constant afterwards.  

The crack patterns that occurred after the end of the tests on the control specimens JA1 
and JB1 and on the rehabilitated test specimens JA1E and JB1E, as well as on the strength-
ened test specimens JA1FXb and JB1FX, are compared in Figure 9. The damage in the control 
specimen JA1 is mostly observed in the beam area, with only a few cracks appearing in the 
joint itself. The same mode of failure is observed in the reinforced specimens of Series A. 
The damage to the joint in this case is considered minor. The damage in the control specimen 
JB1 occurs mainly in the joint area with intense crosswise cracking and spalling of concrete, 
while only a few cracks occur in the beam region. The failure mode of the specimen JB1E is 
also similar, while the specimen JB1FX shows a slightly improved response since there is 
less disruption in the joint area and more uniform cracking in the beam region. 

   
(a) 

   
(b) 

Figure 9. Final damage mode of the tested specimens (a) Series A and (b) Series B. 

Figure 10 depicts the stiffness change for the first load levels. The characteristic com-
ponent stiffness of the control specimen and the test specimen strengthened using the re-
habilitation method described above can be compared using the figures. Concerning the 
specimen of Series A, during the second and the third cycle, both the C-FRP sheet reha-
bilitated specimen JAE1 and the C-FRP rope strengthened specimen JAFXb1 exhibited a 
stiffness increase compared to the control specimen JA1. At Story Drift (SD) ratio 1.5%, 
specimens JA1E and JA1FXb showed higher stiffness values of 14% and 27%, respectively, 
relative to the control specimen JA1. Beyond the SD ratio of 2%, the specimen JA1FXb 
presents a slight decrease in stiffness compared to the rehabilitated specimen JA1E but it 
stills remains about 20% higher than that of the control specimen JA1. 
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Figure 10 depicts the stiffness change for the first load levels. The characteristic
component stiffness of the control specimen and the test specimen strengthened using the
rehabilitation method described above can be compared using the figures. Concerning
the specimen of Series A, during the second and the third cycle, both the C-FRP sheet
rehabilitated specimen JAE1 and the C-FRP rope strengthened specimen JAFXb1 exhibited
a stiffness increase compared to the control specimen JA1. At Story Drift (SD) ratio 1.5%,
specimens JA1E and JA1FXb showed higher stiffness values of 14% and 27%, respectively,
relative to the control specimen JA1. Beyond the SD ratio of 2%, the specimen JA1FXb
presents a slight decrease in stiffness compared to the rehabilitated specimen JA1E but it
stills remains about 20% higher than that of the control specimen JA1.
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Figure 10. Observed stiffness of 2 loading cycles in the first loading step. Comparisons between the loading stiffness of the
control specimens with the loading stiffness of the enhanced specimens: (a) Series A and (b) Series B.

On the other hand, the calculated stiffness of the Series B specimens illustrated a
different response. The retrofitted specimen JB1E presents a noticeably lower stiffness
compared to the control specimen JB1 during the second and third cycle. This could be
attributed to the different failure mode of the specimen JB1, in which the main damage
occurred in the joint area and thus rehabilitation could not completely regain the initial
stiffness of the specimen, and consequently, the initial stiffness of the rehabilitated specimen
JB1E is lower than that of the control specimens.

The stiffness of the strengthened specimen JB1Fxb shows a marginal difference com-
pared to the control specimen JB1 up to a 3% drift ratio; however, after this point, the
stiffness of the control specimen degrades rapidly while the strengthened specimen holds
a steady decline, indicating that the strengthening method works well and enables the
specimen to still resist the applied load.
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4. Evaluation of the Test Results
4.1. Damage Index

There are several methods in the literature for measuring the damage of concrete
elements after they have been subjected to a load that exceeds the elastic range. The
majority of these damage indices are based on the interpretation of deformations and
hysteresis curves, as well as information on dissipated energy. Park and Ang’s [75] damage
index model has been widely used in recent years due to its simplicity and calibration
with experimental data from various structures damaged in past earthquakes. The damage
index is defined as the weighted sum of the final displacement and the dissipated energy
by the following expression:

D =
δM
δu

+
β

My·δu

∫
dE (2)

where δM represents the maximum deflection, which is reached during the seismic loading.
δu is the maximum deformation capacity under static load. β is a model parameter affected
by the transverse and normal force values, the quantity of longitudinal reinforcement and
the reinforcement setup. My is the calculated yield strength and dE is the increment of the
dissipated hysteretic energy.

The damage index model described above is used in this study to draw objective
conclusions about the effectiveness of the described rehabilitation method for column-beam
joints using C-FRP sheets and to determine the degree of damage in the tested specimens
for each individual load step. The values for δM, My and dE of this model were determined
based on the test results, while the value of δu was estimated using an empirical formula for
calculating the target displacement according to Eurocode 8. Extensive tests have revealed
that a value between −0.3 and 1.2 with an average of approximately 0.15 can be used to esti-
mate the coefficient β quantitatively [76]. It should be noted that the value = 0.15 coincides
very well with the results of other damage models and has been widely adopted by other
researchers [77–79]. Figure 11 shows the calculated values of the damage indices for tested
specimens using the model described above. In these figures, the damage index values
of the control specimens are compared to the damage index values of the corresponding
rehabilitated test specimens.
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Figure 11. Values of damage index for 2 loading cycles in the first loading step. Comparisons of the damage index values of
the control specimen with the damage index values of the enhanced one: (a) Series A and (b) Series B.

As observed in Figure 11a, during the second and the third cycles, both the retrofitted
specimen JA1E and the strengthened JA1FXb exhibited lower values of damage indices
compared to the control specimen JA1. Specifically, the repaired specimen JA1E demon-
strated the lowest damage index value and this could be attributed to the combined use
of the high strength mortar, which limited the crack occurrence, and the C-FRP sheet
which provided extra confinement in the joint area and the surrounding beam and column.
Figure 11b shows that all three the specimens of Series B, JB1, JB1E and JB1FXb, had almost
the same damage index values in both the second and third cycle.

4.2. Equivalent Viscous Damping

In addition to the damage index, the equivalent viscous damping is another indi-
cator of the energy dissipation capacity per load cycle. The value of energy dissipation
determines the capacity of the test specimen, which is loaded until failure, and defines
the total energy that the test specimen can dissipate before system stability is lost. Plastic
deformations that occur outside of the elastic range result in energy dissipation, which can
also be described by an equivalent damping. The curve’s path can vary depending on the
joint configuration in the column/beam area. The hysteretic damping can be expressed in
terms of an equivalent viscous damping ζeq, using an equivalent hysteresis damping ratio:

ζeq =
1

4π
·
Whyst

Wel
(3)

The equivalent viscous damping value ζeq can be used to draw useful conclusions
about the efficacy of the rehabilitation technique in terms of restoring the damaged and
rehabilitated joints’ energy dissipation ability. The integrals of the dissipated energy are
shown in Figure 12 in the form of an equivalent viscous damping. Finally, the viscous
damping of the control specimens and the rehabilitated or strengthened test specimens are
compared. The first load cycles of all load steps of a total experiment are represented in
each case.
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Figure 12. Equivalent viscous damping. Comparisons between the equivalent viscous damping of the control specimen
with the equivalent viscous damping of the corresponding enhanced specimens: (a) Series A and (b) Series B.

5. Conclusions

The effectiveness of strengthening/rehabilitating methods for RC beam-column con-
nections is experimentally investigated. The well-known method of externally bonded
C-FRP sheets, as well as the innovative strengthening technique with externally applied
C-FRP ropes, are compared. These two techniques are fast and easy to apply, and they
preserve the structure’s original dimensions and geometry. The structure’s mass and thus
its dynamic properties remain unchanged.

Six full-scale experiments were performed: two control joint specimens, two speci-
mens rehabilitated with C-FRP sheets and two specimens strengthened using C-FRP ropes,
and all were subjected to increasing cyclic loading (displacement control). The described
strengthening and rehabilitation techniques are effective for restoring the specimens’ per-
formance and both are slightly increasing the load-bearing capacity of existing RC joints
on a local level.

The hysteretic performances of the test specimens are compared at each loading cycle.
When compared to the control specimens, the C-FRP sheet rehabilitated specimens as well
as those strengthened with C-FRP ropes perform better in all cases.

The Park and Ang damage index model is used to assess the progress of the damage
level during the tests for all test specimens. The specimens of the group A, which were ei-
ther rehabilitated C-FRP sheets or strengthened with C-FRP ropes, indicated a significantly
improved damage index compared to the control specimens. As a result, the developing
damage in the rehabilitated/strengthened joints will be significantly lower than in the
control specimens. The damage index is nearly the same in all tests within test group B.

The equivalent viscous damping ratio is also used to calculate the energy consumption
of the test specimens. The viscous damping indicator presents the ability of the rehabilita-
tion or strengthening method to restore the energy dissipation capacity of the damaged
specimen. The strengthening technique using the C-FRP ropes manages to restore the
energy dissipation capacity at a satisfying amount for both series of specimens, A and
B. On the other hand, the rehabilitation method using C-FRP sheets restores the energy
dissipation capacity in case of small drift values (up to 1.5%), but as the lateral displacement
increases, the indicator’s values are significantly lower than those of the corresponding
control specimen. This may be attributed to the start of the debonding of the rehabilitation
system for larger story drifts.
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Both techniques are effective in restoring the joint’s performance. The use of C-FRP
ropes as external reinforcement has demonstrated slightly better results. However, it
should also be noted that an important advantage of this novel technique is that it requires
less intervention in the structure compared to the C-FRP sheets technique; additionally,
its application is not affected by the presence of transverse beams. In addition to the
abovementioned structural performance assessments, sustainability necessitates a consid-
eration of the economic cost and environmental effects. An economic analysis based on the
cost of the retrofitting procedures that have applied to the tested specimens could not be
representative or feasible to demonstrate the total real cost of the examined techniques in a
quantifiable manner. The direct cost (e.g., materials) of both techniques could be considered
more or less the same. However, the indirect cost of the novel fast application using C-FRP
ropes is considered to be lower since the interruption in a real-life structure is significantly
reduced. In terms of environmental impact, a fast installation and localized rehabilitation
will considerably minimize negative environmental effects.

The current research arose to address some preliminary assumptions about the pre-
sented novel technique’s application and effectiveness. However, more experimental
applications are required to generate additional results and access further information on
the performance of the novel strengthening method.
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