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This paper presents the results of an experimental campaign performed at the Laboratory
of Materials and Structural Testing of the University of Salerno (Italy) in order to investigate
the seismic performance of reinforced concrete (RC) beam-column joints strengthened
with steel reinforced polymer (SRP) systems. With the aim to represent typical façade
frames’ beam-column subassemblies found in existing RC buildings, specimens were
provided with two short beam stubs orthogonal to the main beam and were designed
with inadequate seismic details. Five members were strengthened by using two different
SRP layouts while the remaining ones were used as benchmarks. Once damaged,
two specimens were also repaired, retrofitted with SRP, and subjected to cyclic test
again. The results of cyclic tests performed on SRP strengthened joints are examined
through a comparison with the outcomes of the previous experimental program including
companion specimens not provided with transverse beam stubs and strengthened
by carbon fiber-reinforced polymer (CFRP) systems. In particular, both qualitative and
quantitative considerations about the influence of the confining effect provided by the
secondary beams on the joint response, the suitability of all the adopted strengthening
solutions (SRP/CFRP systems), the performances and the failure modes experienced in
the several cases studied are provided.

Keywords: reinforced concrete beam-column joints, seismic upgrade, SRP/FRP, experimental tests, strength,
ductility

INTRODUCTION

The severe damage exhibited by reinforced concrete (RC) framed buildings under earthquakes has
frequently proven the high vulnerability of existing structures toward seismic actions, mainly due
to an unsatisfactory behavior of beam-column joints. The condition is mostly found in the case
of corner joints or those belonging to façade frames, only partially confined for the absence of
beams on the four joint faces; suchmembers, often characterized by absence of stirrups, non-optimal
arrangement of transverse and/or longitudinal rebars, or manufactured with low quality concrete,
show a progressive deterioration of both strength and stiffness under seismic excitation.

Several repair and strengthening solutions for beam-column joints have been investigated in
the literature; a wide overview can be found in Engindeniz et al. (2005). Among them, the
systems employing glass (G) or carbon (C) fiber-reinforced polymer (FRP) materials have met
an increasingly widespread consensus in the civil engineering field as witnessed by the growing
number of experimental papers published on this topic; a state-of the-art review can be found
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in Bousselham (2010). It is first highlighted the experimental
study by El-Amoury and Ghobarah (2002); the Authors used a
composite material system made of a bidirectional glass fiber
sheet—applied via wet layup using epoxy resin—with the twofold
objective of: (a) increasing the shear strength of the joint panel,
and (b) improving the bond between the beam’s longitudinal steel
rebars and the surrounding concrete.

In a further study, the sameAuthors presented the experimental
results of tests performed on substandard RC joints strengthened
by using GFRP or CFRP materials in combination with steel
members (Ghobarah and El-Amoury, 2005).

The seismic retrofitting of non-ductile beam-column sub-
assemblage using both FRPwrapping and steel plate jacketing was
also examined by Sasmal et al. (2011); the results showed that
the specimen retrofitted with the proposed technique not only
regained its original strength and stiffness but also overcame the
deficiencies of non-ductile detailing.

The use of a RC jacket and high-strength fiber jacket for cases of
post-earthquake andpre-earthquake retrofitting of exterior beam-
column joints was experimentally investigated by Tsonos (2008);
the performed tests showed that the RC jacket seem to be more
effective in a post-earthquake retrofitting of specimens than the
high-strength fiber jacket, whereas, in the case of pre-earthquake
strengthening, both systems seem to be equally effective.

An extensive experimental campaign was performed by
Antonopoulos and Triantafillou (2003); they tested 18 RC
joints representative of existing building’s structural components
designed by using out-of-date codes, i.e., without considering the
construction details recommended in seismic areas. The following
aspects were investigated: presence of longitudinal and transverse
steel reinforcement in the joint panel; axial load level in the col-
umn; amount, geometry, and type of FRP reinforcement (sheets or
laminates) in the beam and columnmembers; employed FRP sys-
tem (GFRP or CFRP); presence of a transverse beam contributing
to the joint confinement.

Additionally, the study published by Al-Salloum et al. (2011)
is mentioned, where the performance of using textile-reinforced
mortar (TRM) to strengthen seismically deficient RC beam-
column joints was compared with that of FRP; test results showed
that, with the use of a sufficient number of layers, the TRM system
can effectively increase both the shear strength and deformation
capacity similarly to the case of GFRP and CFRP systems.

The results of an interesting experimental investigation were
published by Del Vecchio et al. (2014) on full scale RC corner
joints strengthened with different CFRP layouts employing both
uniaxial and quadriaxial sheets; one of the proposed solutions is
currently reported in the guidelines DPC/Reluis (2011) developed
in Italy in order to support practitioners in the design process of
FRP strengthening in beam-column joints and to establish suitable
field installation procedures.

An experimental study was also performed by Realfonzo
et al. (2014) with the aim to investigate the behavior of shear-
deficient RC beam-columns joints strengthened with CFRP sys-
tems, sometimes coupled with steel profiles and/or steel rods to
further improve the behavior under combined axial load-bending
moments actions.

Furthermore, a few analytical procedures for estimating the
performance of existing RC beam-column joints before and

after being retrofitted with FRPs were proposed in the literature
(Akguzel and Pampanin, 2012; Del Vecchio et al., 2014).

Besides the FRP systems, a new generation of composites made
of steel tapes in lieu of carbon or glass fiber sheets has lately
emerged in the civil engineering field thanks to excellent mechan-
ical properties other than the very competitive costs. The steel
tape, whose first applications in Italy already date back to L’Aquila
earthquake in 2009, consists of high tensile strength steel (HTSS)
cords made by twisting steel wires within a micro-fine brass or
galvanized coating; it can be in situ applied viawet lay-up by using
epoxy resin or inorganicmatrix, thus obtaining strengthening sys-
tems knownwith the acronym of SRP (“steel reinforced polymer”)
and SRG (“Steel Reinforced Grout”), respectively.

The tape is manufactured in different densities (generally
denoted as low, medium or high) based on the number of cords
per unit width.

Despite the attractive potentialities, so far the scientific papers
dealing with the use of steel composites for the strengthening of
RC structuralmembers are rather limited, aswell as specific guide-
lines have not been published yet. Only recently there has been a
greater interest by the scientific community in deeper understand-
ing the behavior of SRP/SRG systems as witnessed by the high
number of papers published since 2014. Lately, an updated state-
of-the-art review of the experimental research performed on SRP
systems only has also been published by De Santis et al. (2016).
However, by focusing on the strengthening of RC beam-column
joints, the literature is even more poor when compared with the
information available for FRP systems. Among the few published
papers, the experimental study by Izi et al. (2008) is mentioned,
but performed on four 1/2-scale two-dimensional exterior joints
strengthened with SRPs. Although the tested specimens did not
faithfully represent the existing beam-columns subassemblies due
to the absence of one beam (in the case of corner joints) or two
beams (in the case of façade frames) in the transverse directions,
test results clearly showed the SRP effectiveness in increasing the
ductility and the strength of a beam-column joint with insufficient
(or no) shear reinforcement.

With the aim to increase the current knowledge on this topic, an
experimental program is still ongoing at the University of Salerno
(Italy) on large scale RC beam-column joints strengthened with
SRP and SRG systems. Specimens were designed to be represen-
tative of façade frames’ beam-column subassemblies, which are
frequently found in existing RC buildings, i.e., characterized by
inadequate seismic details and made of medium concrete com-
pressive strength. In order to simulate the presence of transverse
beams, two small concrete stubs orthogonal to the main beam
were considered; the geometry and longitudinal/transverse steel
reinforcement of both column and main beam are the same
already adopted for some members included in the previous
experimental program (Realfonzo et al., 2014), whosemain details
are reported in this paper.

The present paper focuses on the cyclic tests performed so
far on beam-column joints strengthened with SRP only, and the
main results are examined herein through a comparison with the
outcomes of the previous experimental study on counterparts not
provided with secondary beams and strengthened with CFRP sys-
tems (Realfonzo et al., 2014). In particular, considerations about
the confining effect provided by the addition of the secondary
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beams, the suitability of all the adopted strengthening solutions
(SRP/CFRP systems), the performances obtained in the several
studied cases and the experienced failure modes are provided.

EXPERIMENTAL PROGRAM

The complete experimental program includes fifteen exterior RC
beam-column joints subjected to reversed cyclic force applied to
the main beam by keeping the column under a constant axial
load. The specimens considered in this paper are seven, of which
five were strengthened with SRP systems while the remaining
ones were used as benchmarks (unstrengthened members); once
damaged, two specimens were also re-tested after being repaired
and retrofitted with SRP.

As mentioned earlier, the paper also includes some details on
similar four specimens included in the previous experimental
campaign, of which three were strengthened with CFRP systems
and one was used as control member (Realfonzo et al., 2014);
also in this case, one of the four specimens, once damaged, was
re-tested after being repaired, and retrofitted with CFRP.

The following sections report a detailed description about RC
specimens, strengthening layouts, repair and retrofitting tech-
niques, test setup, and instrumentation.

RC Specimens
Figure 1A shows the geometry and the longitudinal/transverse
steel reinforcement of test specimens which were designed to
simulate, in a simplified manner, beam-column joints belonging
to façade frames of existing buildings. They were made out of
2,000mm long columns with 300mm× 300mm section, and
1,700mm long beams with 300mm× 400mm section (labeled
main beams in Figure 1). As shown in section “D-D,” the presence
of secondary beams, providing a confining action to the joint,
was simulated by 300mm long members with 300mm× 400mm
section. To this purpose, it is highlighted that the designed speci-
mens (namely, “3D” joints), which according to the Italian Build-
ing Code (Decreto Ministeriale 14 gennaio, 2008) are classified
as unconfined joints, cannot be truly representative of a beam-
column joint since in the performed cyclic tests the shear and
bendingmoment actions were not applied to the secondary beams
due to technical limitations of the available testing equipment.

Columns were longitudinally reinforced by using (4+ 4)
deformed steel rebars with 14mm diameter (∅), whereas the
main beams with (4+ 4)∅20 rebars; in both members, the trans-
verse reinforcement consisted of 8mm diameter steel stirrups,
100mm spaced. Finally, the secondary beams were reinforced
with (2+ 2) ∅20 rebars crossing the joint zone.

Tensile tests were performed on small samples to character-
ize the yield (f sy) and the ultimate strength (f su) of the trans-
verse and longitudinal steel rebars; from these tests the follow-
ing average values were found: f sy = 483MPa and f su = 615MPa
for 8mm diameter; f sy = 497MPa and f su = 623MPa for 14mm
diameter, and f sy = 495MPa and f su = 618MPa for 20mm diam-
eter. Figures 2A,B show the typical experimental stress-strain
responses found from these tests.

With the aim of simulating the behavior of typical joints
found in existing buildings, no steel stirrups were arranged in

the joint panel; also, test specimens were manufactured with
medium-low performance concrete, i.e., by using a concrete mix
characterized by a target cylindrical compression strength of
about 16MPa. Then, the effective main value of the cylindrical
compressive strength of concrete (f cm) for each specimen was
obtained from compression tests performed on: (a) cubic 150-
mm side samples taken during the casting of each beam-column
joint, and (b) concrete core samples (diameter: 94mm; height:
160–200mm) extracted from the same joints after the cyclic test.
From these tests, the average value of concrete cylindrical com-
pressive strength at 28 days curing was found to be 20–21MPa for
all specimens.

As mentioned earlier, the geometry and steel reinforcement
configuration of both column andmain beamare the same already
considered in the previous experimental program (Realfonzo
et al., 2014) for the specimens “Type 2” (shown in Figure 1B). It
is worth mentioning that in the “as-built” (unstrengthened) con-
figuration, the design of these specimens which did not account
for the presence of secondary beams (namely, “2D joints”), had
been performed in order to have the columnweaker than the beam
but always stronger than the joint panel (the weakest member).
In the “strengthened” configuration, instead, the FRP upgrading
was designed with the aim to improve the performance of the
joint panel bymainly avoiding the premature failure of the column
during the cyclic test. More details on the specimens design can be
found in Realfonzo et al. (2014).

SRP Materials and Strengthening Layouts
The SRP systems investigated in this study entail unidirectional
textiles of HTSS cords. Each cord has a cross section area (Acord)
of 0.538mm2 and is made out of five wires with 0.11mm2 area,
three straight and two twisted around them at a short lay length
(“3× 2” cord). Wires are galvanized (coated with zinc) to provide
protection against rusting and are installed on a supporting glass
mesh to ease storage and installation (Hardwire LLC, 2016).1

Based on the number of cords distributed in the tape width,
different densities (ρ) of the reinforcement material are commer-
cially available, labeled by the supplier “GeoSteel G600,” “GeoSteel
G2000,” and “GeoSteel G3300” in increasing order of the density
(Kerakoll, 2016)2; it is noted that the number characterizing each
label identifies, approximately, the weight of each tape expressed
in g/m2.

For the specific case, “GeoSteel G2000” textile was used, indi-
cated in the following with the acronym “MD” (i.e., medium den-
sity), whose main information about geometry and mechanical
properties is reported in Table 1. In particular: the symbols ρ, s,
and γ denote density, cord spacing and surface mass density of the
textile, respectively; tf (=Acord·ρ) indicates the equivalent design
thickness, whereas the last three columns provide the average
values of the tensile strength (f s,u), the Young’s modulus (Es), and
the strain corresponding to the peak stress (εs,u).

The mechanical properties reported in Table 1, obtained from
direct tensile tests performed on dry steel textiles, are discussed in
a recent paper (Napoli et al., 2016).

1http://www.hardwirellc.com.
2http://www.kerakoll.com.
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A

B

FIGURE 1 | Geometry and steel reinforcement configuration for reinforced concrete specimens with (A) and without (B) “secondary” beams.
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A B

FIGURE 2 | Typical stress-strain curves of the used longitudinal (A) and transverse (B) steel reinforcement.

TABLE 1 | Properties of medium density dry steel tapes.

Tape
density

ρ s γ tf fs,u Es εs,u

(cords/mm) (mm) (g/m2) (mm) (MPa) (GPa) (%)

Medium (MD) 0.472 2.12 2000 0.254 3085.7 183.4 2.09

The impregnatingmatrix used in the SRP strengthening system
is a thixotropic epoxy mineral adhesive characterized by very low
volatile organic compound emissions, with 46% natural mineral
content; the main mechanical properties of this matrix can be
found in technical sheets provided by themanufacturer (Kerakoll,
2016; see footnote 2).

Figure 3 shows the two SRP strengthening layouts considered
in the experimental studywhichmainly differ for the arrangement
of steel tapes on the joint panel, named “cross” (i.e., “+” scheme)
or “diagonal” (i.e., “x” scheme).

Both configurations also include the SRP confinement of the
column in the portion located about 500mm above and below the
joint panel; such reinforcement was obtained by applying only one
layer of MD steel tape.

In the “+” upgrading of the joint panel (Figure 3A), a 1,300mm
long and 200mm wide SRP strip was applied to the column and
restrained by the external SRP wrapping, while another sheet
was applied to the two secondary beams and restrained by two
U-shape strips simulating the presence of a beams’ shear strength-
ening. It is worth highlighting that the “cross” pattern was also
considered for retrofitting the above mentioned two specimens
that, after being tested and damaged, were repaired by using a
thixotropic mineral mortar, retrofitted with SRP and subjected to
cyclic test again.

In the “x” layout (Figure 3B), the joint panel was strength-
ened by two couples of diagonal SRP strips, each 100mm wide,
restrained by both the SRP wrapping of the column and the two
U-shape strips on the beams.

CFRP Materials and Strengthening Layouts
The FRP systems investigated in the previous experimental cam-
paign entailed unidirectional carbon fiber sheets, each 0.22mm
thick and characterized by an elastic modulus of 390GPa, a

tensile strength of 3000MPa and an ultimate strain equal to
0.80%. The impregnating matrix consisted of a thixotropic, two
part adhesive, characterized by an elastic modulus equal to 9.6
and 11.2GPa in compression and tension, respectively; additional
information on the mechanical properties of the used adhesive
can be found in the technical sheets provided by themanufacturer
(Sikadur, 2015).

Figure 4 shows the three CFRP upgrading schemes consid-
ered for the “2D” specimens which include the strengthening
of both columns and joint panels. It is worth highlighting that
such strengthening techniques, despite slight drawbacks related
to the not ease and speed of installation, are currently employed
by the Italian building company which technically and financially
supported the experimental campaign.

In order to simulate, in a simplified manner, the presence of
a RC floor slab/beam which partially confines the exterior joint
on the sides perpendicularly to the beam shown in the drawing of
Figure 4 (issue addressed in the “3D” joints with the addition of
the secondary beams), the three strengthening layouts included
the arrangement of separated steel plates (three on each side),
which were 10mm thick, 200mm wide, and about 300mm long.
The choice of using three smaller plates per side instead of a
greater one allowed for minimizing any possible influence of the
steel elements to the flexural response of the specimens.

As already highlighted for the “3D” specimens, the simulation
of slabs/beams with steel plates of course do not carefully reflect
the real behavior of the joint in an existing structure since the
actions transferred to the joint by these concrete members were
not taken into account.

In the strengthening scheme considered for the joint “J-06”
(Figure 4A), the column upgrading is similar to that already
considered by the authors in previous experimental investigations
(Realfonzo andNapoli, 2009, 2012;Napoli andRealfonzo, 2015); it
entailed four longitudinal cold bent steel profiles placed along the
member corners before applying the external continuous wrap-
ping made of two CFRP layers. The profiles were always glued
to the concrete substrate by means of an epoxy adhesive and
consisted of 80mm× 80mm× 6mm equal leg angles made of
structural steel S235. These were continuous on the exterior face
of the joint and discontinuous on the interior one, thus providing
the joint panel with a better confinement.
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A B

FIGURE 3 | SRP strengthening schemes: cross (A) and diagonal (B) layout.

In the strengthening schemes considered for the joints “J-07”
and “J-08” (Figures 4B,C, respectively), instead, the CFRP con-
finement of the columns was not coupled with the arrangement of
steel profiles.

In the case of the specimens “J-06” and “J-07” (Figures 4A,B,
respectively), the upgrading of the joint panel was characterized
by the use of two CFRP sheets, each 100mm wide, which were
arranged on the outer face of the joint in a “x” shape and before
applying the external wrapping of the column. The application
was then completed by employing three U-shape CFRP-layers,
50mm wide, which were anchored on the beam for a length of
about 150mm. In order to better exploit the tensile strength of the
fibers by avoiding a premature FRP debonding during the tests,
a mechanical anchorage was located on the beam in the portion
close to the column-beam interface (i.e., where the FRPdebonding
should develop first due to the opening of the flexural cracks).

In the case of the specimen “J-08,” the strengthening of the joint
panel was very similar to that of the counterparts J-06 and J-07
except for replacing the “x” configuration of the two CFRP sheets
with the “vertical” one, as shown in Figure 4C.

Finally, it has to be highlighted that the scheme considered for
the specimen “J-06” was also considered for retrofitting the above

mentioned one specimen that, after being tested and damaged,
was repaired by using a commercial mortar, retrofitted with CFRP
and subjected to cyclic test again.

Test Setup
Figure 5 shows the setup adopted for subjecting the beam-column
joints to reversed cyclic forces applied at themain beamby keeping
the column under a constant axial load; it is very similar to that
used in the previous tests (Realfonzo et al., 2014).

The column was mounted horizontally and restrained to both
ends by assembling steel elements according to a roller-hinged
scheme. It was pre-loaded in compression before applying the
horizontal force by a 1,000 kN MTS hydraulic actuator fixed to
a reaction steel frame. The axial load N was about 295 kN which
corresponds to a normalized value of the compression load “ν” of
about 0.16, with ν given by:

ν =
N

fcm · Ag
(1)

where Ag is the column cross-section and f cm is the average value
of concrete cylinder compressive strength of each tested specimen.

Frontiers in Materials | www.frontiersin.org July 2017 | Volume 4 | Article 186

http://www.frontiersin.org/Materials
http://www.frontiersin.org
http://www.frontiersin.org/Materials/archive


De Vita et al. RC Joints Strengthened with SRP

A

B

C

FIGURE 4 | Carbon fiber reinforced polymer (CFRP) strengthening schemes: specimens J-06 (A), J-07 (B), and J-08 (C).

The horizontal force was cyclically applied in displacement
control at the main beam through a 250 kN MTS hydraulic actu-
ator, mounted at 1,430mm from the beam base and fixed to a
reaction steel frame. An increment of the imposed horizontal

displacement every three cycles was considered in order to eval-
uate the strength and stiffness degradation at repeated lateral
load reversals. The increment of the displacement amplitude
was given as fraction of the estimated beam yield displacement,
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A B

FIGURE 5 | Test setup: schematic (A), and photo taken in the laboratory (B).

∆y (≈14mm); two different displacement rates were considered
during the tests: 0.2mm/s before the achievement of ∆y and
1mm/s after ∆y.

All tests were stoppedwell beyond predetermined conventional
collapses coinciding with the achievement of 15 and 25% strength
decays estimated on the monotonic envelopes of the lateral force-
displacement cyclic curves.

During tests, specimens were accurately instrumented in order
to monitor strains, displacements, joint rotations, and crack
widths as documented in Realfonzo et al. (2014).

EXPERIMENTAL RESULTS
AND DISCUSSION

Table 2 summarizes the main data and results of the considered
tests, of which the first set of nine tests refers to specimens
strengthenedwith SRP systemswhereas the second one (five tests)
to specimens strengthened with CFRP systems. In particular,
within the first set, two tests were performed on unstrengthened
members (test “JK1” and “JK11”) and five on specimens strength-
ened with SRP systems (test “JK3,” “JK4,” “JK7,” “JK8,” and “JK9”).
The strengthening layouts are those shown in Figure 3, i.e., the
“cross” (tests “JK3,” “JK7,”and “JK9”) and the “diagonal” (test “JK4”
and “JK8”) one. The remaining two tests (tests “JK9r”and “JK11r”)
were performed on the specimens “JK9”and “JK11” after repairing
and SRP retrofitting; in these cases, the “cross” layout was always
considered for the joint retrofitting.

Within the second set, one test was performed on the control
member (test “J-05”) and three on counterparts strengthenedwith
CFRP systems according to the “vertical” (tests “J-08”) and the
“diagonal” (tests “J-06” and “J-07”) layouts shown in Figure 4.
The fifth test (tests “J-05r”) refers to the specimen J-05 that,
after being damaged, was repaired, retrofitted by CFRP system
(by considering the same layout of the specimens “J-06”) and
subjected to cyclic test again.

In addition to test labels and indications on the strengthening
layout, the following information is reported in Table 2:

X peak lateral forces applied to the beam in the two directions
of loading (F+

max and F−

max) and corresponding displacements
(∆+ and ∆−);

X beamdisplacements exhibited at a 15% strength decay (∆+

85%
and ∆

−

85%), i.e., at the achievement of 85% F+
max and 85%

F−

max.
X beam displacements measured at 25% strength decay (∆+

75%
and ∆

−

75%), i.e., at the achievement of 75% F+
max and 75%

F−

max;
X the main damage and failure modes observed during the

tests.

The following sections better describe the obtained results in
terms of crack pattern and failure mode experienced by speci-
mens, strength and deformation capacity, energy, and stiffness
degradation. Comparisons between the “2D”-FRP strength-
ened joints and the “3D”-SRP strengthened ones are also
reported.

However, in regard to the set of SRP strengthened specimens, it
is highlighted that the tests “JK1” and “JK3” are not exhaustively
included in the discussion of the experimental results reported
in §3.2 since the cyclic responses obtained in these two cases will
deserve a better investigation. Indeed, as observed in Table 2, the
unstrengthened joint “JK1” exhibited an unexpected somuch good
behavior with respect to the companion member “JK11”; the other
specimen, instead, showed a significantly dissymmetric cyclic
response in the two directions of loading which was not found to
be so relevant from tests performed on companionmembers “JK7”
and “JK9.”

Crack Pattern and Failure Mode
Figure 6 shows the comparison between the crack pattern and
failure mode experienced by the unstrengthened specimen “J-05”
and those of the counterparts “JK1” and “JK11,” thus showing the
influence of the confinement effect provided by the secondary
beams on the type of observed damage.

In particular, Figures 6A,B depict the crack pattern of the
unconfined joint “J-05” (Realfonzo et al., 2014). The shear cracks
on the joint panel are clearly noted, as well as the removal of a
significant portion of concrete on the outer side, caused by the
push-in/pull-out action of the beam’s longitudinal steel rebars.
Additionally, even though non-visible in the Figure, slight signs
of column’s concrete crushing have been observed on the inner
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TABLE 2 | Test results.

System Test Layout F+max F−

max ∆+ ∆− ∆
+

85% ∆
−

85% ∆
+

75% ∆
−

75% Failure mode
(KN) (KN) (mm) (mm) (mm) (mm) (mm) (mm)

Steel-reinforced
polymer (SRP)

Jk1 — 108.81 83.14 24.92 29.99 47.33 48.91 53.18 55.25 Joint shear failure followed by column
concrete spalling

Jk11 — 84.77 84.31 31.35 23.56 47.78 42.76 56.39 48.67 Joint shear failure followed by column
concrete spalling

Jk3 “+” 120.05 68.11 34.94 29.96 70.93 58.72 80.71 71.48 Large flexural crack at the column-main beam
interface followed by slight damage of the
joint panel and delamination of the SRP strips
from the concrete stubs

Jk7 “+” 110.75 86.97 29.92 29.99 56.71 51.83 64.99 60.33 Large flexural crack at the column-main beam
interface followed by slight damage of the
joint panel and delamination of the SRP strips
from the concrete stubs

Jk9 “+” 100.84 86.95 31.18 23.72 53.91 55.76 62.02 61.80 Large flexural crack at the column-main beam
interface followed by slight damage of the
joint panel and delamination of the SRP strips
from the concrete stubs

Jk4 “x” 85.31 82.88 29.94 24.95 49.79 48.90 64.32 65.03 Large flexural crack at the column-main beam
interface followed by slight damage of the
joint panel and delamination of the SRP strips
from the concrete stubs

Jk8 “x” 97.47 73.77 24.93 25.00 57.84 57.69 66.16 63.14 Large flexural crack at the column-main beam
interface followed by slight damage of the
joint panel and delamination of the SRP strips
from the concrete stubs

Jk9r “+” 56.50 48.73 54.99 59.97 70.00 75.50 77.30 — Large flexural crack at the column-main beam
interface followed by slight damage of the
joint panel and delamination of the SRP strips
from the concrete stubs

Jk11r “+” 93.31 80.84 46.39 38.58 75.56 68.97 92.42 91.37 Large flexural crack at the column-main beam
interface followed by slight damage of the
joint panel and delamination of the SRP strips
from the concrete stubs

Carbon
fiber-reinforced
polymer (CFRP)

J-05 — 67.77 70.12 24.94 15.93 31.88 32.04 35.60 37.40 Large flexural crack at the column-main beam
interface followed by slight damage of the
joint panel and delamination of the SRP strips
from the concrete stubs

J-06 “x” w/angles 108.15 101.61 24.95 29.92 43.92 39.57 51.40 43.55 Joint shear failure

J-07 “x” 109.69 81.60 29.95 24.93 49.81 45.51 59.97 52.21 FRP delamination from the main beam
followed by joint shear failure

J-08 “vertical” 108.17 122.58 24.94 29.93 44.06 46.84 49.63 53.01 FRP delamination from the main beam
followed by joint shear failure

J-05r “x” w/angles 82.65 77.49 34.94 34.93 54.70 57.32 61.14 64.53 FRP delamination from the main beam
followed by joint shear failure

side, i.e., where the beam is located, whereas such beam did not
show any evidence of damage.

Figures 6C–E show the damage experienced by the control
members “Jk1” and “Jk11,” respectively. In this case, the intro-
duction of the secondary beams had a non-negligible influence
on the failure mode observed. Indeed, even though the joint
panel experienced a severe damage (with incipient detachment
of concrete portions on the secondary beams), this was lower
than that shown by the counterpart “J-05.” Conversely, concrete
spalling from the columnmember in the portion close to themain
beam-column interface was observed mainly for the specimen Jk1
(Figure 6C). Figure 6D allows for better observing the joint crack

pattern shown by the control specimens provided with secondary
beams; by removing the outer portion of the concrete layer (see
Figure 6E), signs of damage in the inner concrete core were noted.

Figures 7 and 8 show the scenario of damage experienced by
specimens strengthened with CFRP systems and SRP systems,
respectively.

The CFRP strengthened specimens all exhibited the
delamination of the external reinforcement which was
delayed but not avoided by the use of mechanical steel
anchors (Figures 7A,D,E,H). Of course, the occurrence of this
phenomenon just above the anchorage steel plates was promoted
by the opening of flexural cracks at the column-beam interface.
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A B

C D E

FIGURE 6 | Crack pattern and failure for control specimens: J-05 (A,B); Jk1 and Jk11 (C–E).

Figures 7B,C show the damage exhibited at the end of the test
by the portions of the joint panel “J-06” “hidden” by the FRP: the
typical diagonal cracks are clearly visible. For this member, it was
also noted the beneficial contribution deriving by the arrangement
of steel profiles on the joint’s exterior face which improved the
out-of-plane stiffness. Indeed, in this case, the damage of the
concrete cover caused by the push-in/pull-out action of the beam’s
longitudinal steel rebars was strongly mitigated when compared
with the damage observed for the specimens “J-07” and “J-08,”
independently on the FRP layout (“x” or “vertical” pattern) used
for the joint panel (see Figures 7F,I).

Furthermore, in all the performed tests, signs of damage were
observed in the first 100mm of the beam members, i.e., in the
portion of concrete close to the column-beam interface. This
phenomenon, mainly noted in the case of the specimen “J-08”
(Figure 7G), was probably promoted by the local weakening
induced with the installation of the mechanical anchors used for
both steel plates and CFRP sheets.

In the case of SRP strengthened specimens, it is observed
that, regardless of the considered layout (“cross” or “diagonal”),
the SRP system preserved the column member from failure and
strongly mitigated the damage exhibited by the joint panel up to
high values of the imposed displacement (Figures 8B,F); con-
versely, the debonding of the “U” shape strip from the sec-
ondary beams (Figures 8A,D,E) and a progressive degradation
of the concrete cover located at the main beam-column interface
(Figure 8B), were noted. Also, during tests a large flexural crack,
not clearly visible in the Figures, opened at the main beam base-
section, thus implying that the use of the SRP strengthening
systems contributed to moving the collapse from the joint panel
toward the main beam (as desired in seismic areas); however,
the failure of the beam was not achieved due to early occur-
rence of the loss of bond by main beam’s longitudinal steel
reinforcement.

By removing the external strengthening (Figure 8C), it can
be clearly noted the damage of the outer portion of the joint
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FIGURE 7 | Crack pattern and failure for CFRP strengthened specimens: J-06 (A–C); J-07 (D–F); J-08 (G–I).

with the incipient detachment of the concrete cover by this was
significantly reduced with respect to scenario observed in the case
of CFRP strengthened specimens.

Cyclic Behavior
Figures 9A,B show the lateral force-displacement (F− ∆) cyclic
curves and the corresponding monotonic envelopes for the
unstrengthened members “J-05” and “Jk11”; these comparisons
allow for investigating the influence of the confinement effect
provided by the secondary beams on the joint performance. Even
though the specimen “Jk11” is not truly representative of an exist-
ing beam-column joint due to the absence of shear and bending
moment actions on the secondary beams, the comparisons show
the significantly better behavior of such specimen with respect to
the counterpart “J-05” in terms of both strength and deformation
capacity, thus confirming what already found in the literature
(Bedirhanoglu et al., 2010; Ilki et al., 2011). Particularly, the
increases of the peak lateral load (Fmax) and deformation capacity
at the conventional collapse of 15% strength decay were about
23 and 42%, respectively. This result has a relevant effect on the

performance levels expected by the specimens strengthened with
CFRP or SRP systems since these levels strongly depend on the
cyclic responses exhibited by the respective control members. In
other words, even when the external strengthening is missing,
the addition of transverse beams is sufficient by itself to improve
the overall performance of a shear-deficient joint (as mentioned
earlier, no steel stirrups are arranged in the joint).

It is highlighted that the improved shear capacity of the joint
provided with transverse beams “Jk11” is in agreement with the
analytical predictions obtained by applying some models found
from the literature (ACI 352R-02, 2002; Kim and LaFave, 2008;
Jeon et al., 2014).

As explained before, the beneficial effect is also proven by the
crack pattern and failure mode experienced for the specimens
“Jk1” and “Jk11” in comparison to those of the counterpart “J-
05,” since in these cases the damage of the joint panel is signif-
icantly reduced whereas the column member is more prone to
deteriorate.

The above considerations have to be kept in mind when
comparing the F− ∆ cyclic curves obtained for the CFRP
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A B C

FED

FIGURE 8 | Crack pattern and failure for SRP strengthened specimens: JK3, JK7, and JK9 (A–C); JK4 and JK8 (D–F).

A B

C D

FIGURE 9 | Load-displacement curves for: control specimens (A,B); CFRP strengthened specimens (C); SRP strengthened specimens (D).

strengthened specimens (Figure 9C) with the corresponding ones
related to SRP strengthened members (Figure 9D). In particular,
the experimental plots in Figure 9C refer to three representa-
tive beam-column subassemblies of the previous experimental

campaign, i.e., “J-05,” unstrengthened; “J-06” and “J-07” strength-
ened according to the layouts of Figures 4A,B, respectively, which
only differ for the presence/absence of steel profiles at the column
corners. The cyclic curves shown in Figure 9D, instead, refers
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to three representative over the seven specimens included in the
latest experimental program, i.e., “Jk11,” unstrengthened; “Jk9”
and “Jk4” strengthened according to the layouts of Figures 3A,B,
respectively.

By looking at the plot in Figure 9C, it is noted that, as already
mentioned earlier, the experimental curves highlight a rather
non-symmetric behavior in terms of lateral force. Also, in the
case of the strengthened specimens and under high values of
the imposed displacement, the cycles exhibit a shift toward the
forces’ positive axis; this evidence is of course motivated by a non-
uniform propagation of the crack pattern in the joint panel, being
it partly confined by the steel plates simulating the presence of a
floor slab.

Regardless of the use of steel profiles at the column corners,
the comparisons highlight the effectiveness of the strengthening
systems employed for the specimens “J-06” and “J-07.” Having
designed these specimens according to a “strong-column” scheme,
the experimental results have confirmed that the CFRP external
confinement it sufficient by itself to avoid the premature failure of
the column.

By looking at the plot in Figure 9D, it seems that, at a first
glance, the examined SRP strengthening solutions provided a
good performance with respect to the unstrengthened member
but rather reduced when compared to that experienced in the case
of CFRP systems. Indeed, although a less degrading post-peak
behavior is noted for the SRP strengthened specimenswith respect
to the control member (“Jk11”) and confirmed by an appreciable
increase of the deformation capacity (mainly when the “cross”
pattern is employed), only a slight strength increase, sometimes
over 10%, was observed (in this case specifically when the “cross”
layout is used).

The seeming reduced performance of the SRP systems with
respect to the control member was obtained because the full
exploitation of the external strengthening was limited by the slip
of themain beam’s longitudinal reinforcement. This evidence was:
(a) confirmed during the cyclic tests through the opening of only
one large flexural crack at the beam-column interface, and (b) the-
oretically verified since, by applying an analytical model available
in the literature (Fib Bulletin No. 72, 2014), the value of the lateral
force corresponding to the slippage of the steel reinforcement is
in agreement with the experimental results obtained in the case of
SRP strengthened members.

However, the use of the SRP system had a positive effect on the
global response since it contributed to shifting the failure from the
joint panel toward the main beam even though the loss of bond by
longitudinal steel reinforcement occurred before such beam could
failed.

In terms of deformation capacity, instead, the contribution
of the external strengthening is more appreciable thanks to
the capability of the SRP system of delaying the damage of
specimens.

The overall performances obtained in the case of both CFRP
and SRP strengthened specimens can be better compared by
observing the F− ∆ monotonic envelopes in Figure 10 and the
values of the indices IF, I∆85%, and I∆75% reported in Table 3.
These indices, giving an idea on the increases of strength and
deformation capacity (at 15 and 25% strength decay) achievable

FIGURE 10 | Load-displacement envelopes: comparison between SRP and
CFRP strengthened specimens.

TABLE 3 | Indices of strength and ductility.

System Test Layout IF I∆85% I∆75%

SRP Jk7 “+” 1.17 1.20 1.19
Jk9 “+” 1.11 1.21 1.18
Jk4 “x” 0.99 1.09 1.23
Jk8 “x” 1.01 1.28 1.23

CFRP J-06 “x” w/angles 1.52 1.31 1.30
J-07 “x” 1.39 1.49 1.54
J-08 “vertical” 1.67 1.42 1.41

by varying the strengthening solutions, were calculated through
the following ratios:

IF =
F st
max,av

F unst
max,av

; I∆85% =
∆st

85%,av

∆unst
85%,av

; I∆75% =
∆st

75%,av

∆unst
75%,av

(2)

where: F st
max,av and F unst

max,av are the average values of the peak
force in the two directions of loading for the strengthened and
unstrengthened (test “J-05” or “JK11”) member, respectively; the
displacements∆st

85%,av and ∆st
75%,av are the average displacements

∆85% and ∆75% of the strengthened member in the two directions
of loading, whereas the displacements∆unst

85%,av and∆unst
75%,av are the

respective values for the member “J-05” or “JK11.”
The plot in Figure 10 shows that, regardless of the beam-

column joint configuration (i.e., with or without the secondary
beams), the initial stiffness of all themembers is approximately the
same; also, the load carrying capacity of the specimens strength-
ened with CFRP systems is more or less the same achieved by the
counterparts strengthened by SRPs thus confirming that no addi-
tional load can be carried by the joints provided with secondary
beams, despite the potential further contribution provided by SRP
external strengthening.

To this purpose, the results reported inTable 3 show that, in the
case of CFRP systems, the strength increases over the specimen
“J-05” range between 39% (for the joint “J-07”) and 67% (for the
joint J-08), in spite of lower values calculated in the case of SRP
systems over the member “Jk11,” not greater than 17% (for the
joint “Jk7”).
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Conversely, looking at the post-peak branches of the F− ∆

curves it seems that the SRP strengthened specimens exhibited a
less degrading behavior with respect to the case of CFRP strength-
ened members where the collapse is achieved as soon as the
abrupt delamination of the CFRP strip anchored to the main
beam occurred. However, the ductility increases over the member
“J-05” at 15% (or 25%) strength decrease are still significant,
approximately spanning between 30% (for the joint “J-06”) and
50% (for the joint “J-07”). In the case of the SRP systems, instead,
the ductility increases are in the range 10–28%.

Cyclic Behavior of Repaired and
Retrofitted Specimens
Asmentioned earlier, some specimens, after being damaged, were
repaired, retrofitted with CFRP/SRP systems, and subjected to
cyclic tests again.

The effectiveness of using the considered CFRP system to
retrofit repaired RC beam-column subassemblies is clearly visible
in Figures 11A,B where comparisons in terms of F–∆ cyclic
curves and correspondingmonotonic envelopes are shown for the
specimens J-05 and J-05_R.

As expected, the F–∆ response of the retrofitted member
exhibits an initial stiffness lower than that of the corresponding
member J-05. Conversely, the plots clearly highlight the beneficial
effects produced by the employed strengthening systems not only
in restoring but also in improving the performance of the “origi-
nal” specimens mainly in terms of ductility. Indeed, as shown in
Table 2, the specimen J-05_R was capable of increasing the flex-
ural strength and the deformation capacity at 15% strength decay
of about 16 and 75%, respectively. In this case, the confinement

effect due to the use of continuous steel angles on the exterior face
of the joint has strongly contributed to preserve its integrity up to
high values of the imposed displacement.

The effectiveness of using the considered SRP system to
retrofit repaired RC beam-column subassemblies is shown in
Figures 11C,D where F–∆ cyclic curves and corresponding
monotonic envelopes are plotted for the specimens Jk11 and Jk11r.

Also in this case, although the early stiffness was not restored,
the specimen Jk11r exhibited the same strength performance of
the counterpart Jk11 and even higher deformation capacity at both
15 and 25% strength decay (the increases of lateral displacement
over the specimen Jk11 were approximately equal to 60 and 75%,
respectively).

Of course, given the different typology of specimens tested in
the previous and latest experimental campaign, it is not possible
to provide an overall comment on the most suitable solution for
retrofitting RC beam-column subassemblies. At the same time,
by approximately calculating from the F–∆monotonic envelopes,
the slopes of the post-peak branches related to the specimens J-05r
and Jk11r it seems that the examined SRP systems allow for a less
degrading behavior of the specimen (the slope is 30% lower than
the value computed for the specimen J-05r).

However, it is worth highlighting that the higher or lower
strength and ductility performances expected by the use of CFRP
or SRP systems is strongly influenced by the severity of damage
exhibited by specimens before retrofitting. To this purpose, the
strengthened specimen Jk9 can be considered which, after being
severely damaged and repaired, was retrofitted with SRP by using
the same layout previously used. In this case, during the second
test the specimen was capable of achieving only about the 60%
of the early strength even though the deformation capacity at the

A B

C D

FIGURE 11 | Effectiveness of the CFRP and SRP systems as retrofitting techniques: hysteresis loops (A,C) and envelopes (B,D).
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conventional collapse was approximately 30% higher (compare
tests Jk9 and Jk9r in Table 2).

Stiffness Degradation and Energy
Dissipation
Figures 12A,C show the experimental relationships between the
mean value of the stiffness for the ith cycle (K) and the imposed
displacement∆. TheK value was estimated by using the following
ratio (Mayes and Clough, 1975):

K =

∣

∣F+
max,i

∣

∣ +
∣

∣F−

max,i
∣

∣

∣

∣∆
+
i

∣

∣ +
∣

∣∆
−

i
∣

∣

(3)

where F+
max,i and F−

max,i are the beam lateral forces in the push
and pull directions whereas ∆

+
i and ∆

−

i the corresponding
displacements. The stiffness of each cycle was then normalized
with respect to the stiffness of the first cycle KI and plotted in
Figures 12B,D, thus providing a measure of the stiffness degra-
dation.

In particular, the graphs in Figures 12A,B refer to specimens
strengthened with CFRP systems whereas those in Figures 12C,D
to members strengthened with SRPs.

As already highlighted, in the case of tests performed on
“2D” joints, a clearer difference in terms of stiffness degrada-
tion exists between the control member and the counterpart
strengthened with CFRP systems. Indeed, although the use of

A B

C D

FIGURE 12 | Stiffness degradation: CFRP strengthened specimens (A,B); SRP strengthened specimens (C,D).

A B

FIGURE 13 | Energy dissipation: CFRP strengthened specimens (A); SRP strengthened specimens (B).
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the external strengthening does not imply a modification of the
initial stiffness of the specimens (see, Figure 12A), the reference
joint J-05 showed a faster stiffness degradation with the imposed
displacement (see, Figure 12B). Among the CFRP strengthened
specimens, it is noted that the joint J-06 exhibited a more gradual
reduction of the stiffness thanks to the confinement effect pro-
vided by the continuous steel profiles which delayed the concrete
spalling.

By focusing on the repaired joint J-05r, it is observed that,
although the initial stiffness was about half of the KI value esti-
mated for the specimen J-05, the use of the CFRP strengthening
system had a significant effect on the stiffness degradation which
was strongly mitigated.

Tests performed on “3D” joints have highlighted that the initial
stiffness has not remarkably changed in comparison to the pre-
vious tests nor the application of the SRP strengthening system
has a relevant effect. At the same time, since the unstrengthened
joints Jk1 and Jk11 already exhibited a better cyclic behavior with
respect to the “2D” counterpart, the stiffness degradation of the
SRP strengthened members is only slightly improved at a given
imposed displacement. Of course, the SRP strengthened speci-
mens are capable of undergoing higher displacement at conven-
tional collapse (see, Figures 12C,D).

Finally, by focusing on the joints Jk9r and Jk11r similar consider-
ations to those made for the specimen J-05r can be made.

The relationships between the cumulative dissipated energy (E)
and the imposed beam displacement are shown in Figures 13A,B
for specimens strengthened with CFRP and SRP systems, respec-
tively; this energy parameter was calculated—at each imposed
displacement—from the area under the F–∆ response enclosed
within one complete cycle up to the end of each test.

From both diagrams, it is observed that the external strength-
ening always provided a significant increase of the total dissi-
pated energy as higher displacements were exhibited at collapse
of the specimens; however, the cumulative energy dissipated up
to a given value of ∆ is only slightly higher than that of the
unstrengthened members.

CONCLUSION

In this paper, the results of cyclic tests carried out on exterior
RC beam-column joints strengthened by SRP systems have been
discussed. Specimens were designed to be representative of façade
frames’ beam-column subassemblies which are frequently found
in existing RC buildings. In order to simulate the presence of
transverse beams, two small concrete stubs orthogonal to themain
beam were considered.

The performances have been analyzed through a comparison
with the results from tests performed on counterparts strength-
ened with CFRP systems but not provided with transverse con-
crete stubs (“2D joints”).

The comparison has first highlighted the influence of the joint’s
confinement effect from the secondary beams on the crack pattern
and failure mode exhibited by tested specimens even without the

external SRP strengthening. Indeed, even though the joint panel
of the control member experienced severe damage, this was not
comparable with that shown by the counterpart not provided with
secondary beams.

The influence of the secondary beams is also recognizable in the
load-displacement response exhibited; the increases of peak lateral
load and deformation capacity over the “2D” joint were about 23
and 42%, respectively.

Of course, the different behavior experienced by the two con-
sidered unstrengthened members has an effect on the perfor-
mance levels expected by the companion specimens strengthened
with CFRP or SRP systems, being the addition of transverse
beams sufficient by itself to improve the overall performance of
a shear-deficient joint. To this purpose, it has been shown that the
load carrying capacity of the specimens strengthened with CFRP
systems is more or less the same achieved by the counterparts
strengthened by SRPs; however, it has to be noted that, in the
case of SRP strengthened specimens, the opening of only one large
flexural crack at the main beam-column interface highlighted a
loss of bond of the main beam’s longitudinal reinforcement which
did not allow the main beam for carrying a higher load level to
transfer to the joint.

Despite this considerations, the SRP strengthened specimens
exhibited a strength increase over the control member not greater
than 17%, whereas the ductility increases are in the range 10–28%;
the upgrading of the joint panel by using the “cross” layout which
offers easier installation, also resulted more effective than the
“diagonal” one.

Like the FRPs, the SRP systems have highlighted their effec-
tiveness also in retrofitting damaged members; indeed, in some
cases they allowed for significantly increasing the deformation
capacity and, in some cases, even restoring the strength of the early
specimens.
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