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ABSTRACT: Recent research regarding the use of fiber reinforced cementitious matrix (FRCM)
composites has proven the effectiveness of this technique for strengthening existing reinforced
concrete (RC) members in bending, shear, and axial confinement. However, the experimental
evidence is still limited, and further research on the topic is needed. The knowledge is especially
limited concerning the use of FRCM composites for strengthening of RC beam-column joints. In
this study, an RC exterior beam-column joint that was severely damaged under quasi-static cyclic
lateral loading was repaired with externally bonded carbon-FRCM composite applied to the joint
and column end regions and then retested. The responses of the original and repaired specimens
were evaluated and compared in terms of load-displacement hysteretic behavior, stiffness decay,
and energy dissipation.

1

INTRODUCTION

During an earthquake, a structure may undergo loading conditions that produce significant
damage and even partial or total collapse of the structure. This is especially important for existing
structures that were designed and detailed without specific seismic requirements, which
correspond to the majority of the building stock in seismic prone areas. However, even if modern
guidelines result in better seismic performance of structures designed accordingly, the
probabilistic approach used to define the seismic actions allows for the possibility that loads larger
than the design loads can occur, and therefore, damage can also happen.
For reinforced concrete (RC) frames, it has been observed that the main weakness is in the exterior
beam-column joints, especially corner joints, in which high load eccentricities are expected
(Akguzel & Pampanin 2010). Therefore, the development of techniques to increase the capacity
of beam-column joints is important for the civil engineering industry. It is also important develop
methods to repair damaged beam-columns joints, since demolishing and replacing the structure
is costly and labor intensive.
Traditional techniques for strengthening beam-column joints include concrete or steel jacketing
of columns and beams that frame into the joint. However, these techniques have some undesirable
effects such as local increase of stiffness, weight, and dimensions of the members (Antonopoulos
& Triantafillou 2003). For these reasons, the use of fiber reinforced polymer (FRP) composite
jackets, which present some advantages over the previously described techniques, has become a
popular solution for the strengthening of these structures (Bousselham 2010). In addition,

available experimental evidence has demonstrated that FRP composites can restore and even
enhance the capacity of previously damaged RC elements (Engindeniz et al. 2008; Sezen 2012).
In recent years, a new type of composite in which the organic matrix used in FRP composites is
replaced by an inorganic matrix, known as fiber reinforced cementitious matrix (FRCM)
composites, have caught the attention of researchers worldwide. FRCM composites combine
some of the qualities of FRP composites but overcome some of their drawbacks (Al-Salloum et
al. 2011). However, the research carried out regarding the use of FRCM composites for
strengthening or repair of RC beam-column joints is extremely limited.
In this paper, the experimental response of a damaged exterior RC beam-column joint repaired
with FRCM composites is presented. The responses of the original and repaired specimens are
evaluated and compared in terms of load-displacement hysteretic behavior, stiffness decay, and
energy dissipation. To examine the effect of the FRCM system on the performance of the
damaged joint, repair of the joint was limited to restoration of the original cross section without
injection of cracks, and placement of the FRCM jacket.
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EXPERIMENTAL PROGRAM

2.1

Beam-column joint details

A full scale one-way exterior joint, with the geometry and reinforcement details shown in Figure
1, was constructed and tested. The specimen was intended to represent a first floor joint of a
multistory RC building, with dimensions and reinforcement details similar to existing buildings
that are common in Italy. The beam had a width b=30 cm, height h=50 cm, and free length of 250
cm. The column had a width b=30 cm, depth h=30 cm, and a total length of 410 cm. Further
details regarding the original specimen are presented in (Faleschini et al. 2017).

Figure 1. Specimen geometry and reinforcement details (units in cm).

2.2

Material properties

The concrete compressive strength at 28 days, determined as the average of three cubes with
dimensions 150x150 mm in accordance with (EN-12390-3 2009), was 48.70 MPa. The splitting
tensile strength (EN-12390-6 2009) and elastic modulus (EN-12390-13 2016), both evaluated
using cylindrical specimens with dimensions 100x200 mm at 28 days, were 3.59 MPa and 32.67
GPa, respectively. Deformed (ribbed) steel reinforcing bars of grade B450C were used for the
internal longitudinal and transverse reinforcement. Yield (fy) and ultimate (fu) stress of the bars
were 555 MPa and 639 MPa, respectively, with corresponding yield (εy) and ultimate (εu) strains
equal to 0.002 and 0.104. Further details regarding the materials of the original joint are presented
in (Faleschini et al. 2017).
The FRCM composite was comprised of balanced bidirectional carbon fiber sheets embedded in
cementitious matrix. The overall area weight (W), elastic modulus (Ef), tensile strength (fu),
ultimate strain (f,u), and equivalent nominal thickness (t) of the fibers, as reported by the
manufacturer were 2200 g/m2, 240 GPa, 4700 MPa, 1.8%, and 0.047 mm (in each direction),
respectively. The cementitious matrix consisted of a premixed cement-based mortar hydrated with
a specific synthetic latex. The mechanical characteristics of the cementitious matrix were obtained
using three 40x40x160 mm prisms, tested the day of testing the repaired joint. The average
flexural strength (ffm) (EN-12390-5 2009) and average compressive strength (rcm) (EN-12390-3
2009) were 6.58 MPa (CoV=0.076) and 30.58 MPa (CoV=0.137), respectively.
2.3

Test setup and instrumentation

The original specimen was subjected to lateral displacement applied at the top of the column, with
quasi-static displacement-controlled reversed cycles, following the recommendations in (ACI
374.1-05 2014). A total of 13 displacement steps were executed. For each displacement step,
three full loading cycles were performed, in a fixed time period of 360 s, until reaching a drift
ratio of 3.5% (approximately 150 mm). An axial load was applied to the top of the column, and
kept constant and equal to 400 kN throughout the duration of testing, through an external precompression system to avoid P-Δ effects. Three load cells measured the lateral and axial forces
on the top of the column and the vertical reaction at the beam free end. Strain gages were used to
measure strain in the reinforcing bars. Four strain gages were placed on the beam longitudinal
bars, two on the beam stirrups, five on the longitudinal bars of the column, and six on the column
stirrups. Further details regarding the original joint test are presented in (Faleschini et al. 2017).
After repairing the damaged joint, the repaired specimen was subjected to the same axial loading
and displacement history using the same test setup.
2.4

Repair procedure

The failure mechanism of the original joint was defined by the so-called B+J mode, with diagonal
cracking and concrete spalling in the panel joint, accompanied by flexural damage in the beam
(Faleschini et al. 2017). Cracks started to appear during the 4th displacement step (6 mm). Yielding
of longitudinal bars in the beam and transverse reinforcement in the joint panel was observed.
After the original joint was tested, an inspection of the damaged region was carried out and the
loose concrete was removed (see Figure 2a). The surface was then cleaned by means of an air
compressor to remove additional loose concrete and dust. The section of the joint was restored to
its original dimensions using the same cementitious matrix of the FRCM composites. After the
matrix was applied, it was superficially damped and covered with plastic wrap that was removed
after three days (see Figure 2b). On the third day, the surface was mechanically grinded, and the
corners were rounded to a diameter of 2 cm. The first layer of cementitious matrix was then

applied, and while it was still fresh, the first layer of carbon fibers was placed on top and slightly
pressed into the matrix. The placement of the fibers followed the procedure shown in Figure 3. A
and B fibers were applied in the longitudinal direction of the columns on the four faces (step 1 in
Figure 3). It is highlighted that B fibers were extended on the top and bottom of the beam to
anchor them. C fibers were then used to confine the end regions of the columns and anchor the
longitudinal A fibers (step 2 in Figure 3). For C fibers, on overlap length equal to one side of the
column, i.e. 30 cm, was used. The dimensions of the FRCM strengthening configuration are
shown in Figure 3b. A second layer of cementitious layer was then applied while the first was
still fresh. The second fiber layer was placed following the same configuration of the first layer.
The second fiber layer was covered with a final layer of cementitious matrix. The surface was
dampened and covered with plastic wrap for seven days in the laboratory.

a)
b)
c)
d)
Figure 2. Strengthening procedure: a) joint before strengthening, b) repair of damaged surface and
restoration of original cross section, c) application of cementitious matrix and carbon fibers, d)
strengthened joint.
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Figure 3. FRCM strengthening configuration: a) schematic representation, b) dimensions (units
in cm).
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RESULTS AND DISCUSSION

Superficial cracks on the surface of the external cementitious matrix layer were observed before
the maximum displacement was attained. Vertical, horizontal, and inclined cracks were observed
(see Figure 4a). As observed in the original specimen, diagonal cracks were observed in the panel
joint. At the maximum displacement, wide longitudinal cracks located at the exterior corners of
the column were observed, shown in Figure 4b. Although the corners of the members were
rounded before applying the strengthening system, the location of these cracks implies a
concentration of stresses in this region. It is worth noting that detachment of the composite from
the concrete surface was observed only along the bottom face of the beam (see Figure 4c, B fibers
in Figure 3) in which longitudinal fibers were extended along the beam in an attempt to provide
anchorage.

a)
b)
c)
Figure 4. Failure mode: a) superficial cracks in the cementitious matrix, b) wide cracks at exterior column
corners, c) detachment of the FRCM jacket along the beam.

The response of the repaired specimen is given in Figure 5a in the form of the applied lateral force
versus top displacement relationship. The hysteretic curve shows a marked pinching effect with
low energy dissipation, similar to the original specimen, which failed due to B+J mode. Figure
5b compares the envelope of the original and repaired specimens in which the values from the
first cycle of each displacement step are shown.

a)
b)
Figure 5. Lateral force vs. top displacement curves: a) repaired specimen, b) envelopes of original and
repaired specimens

The maximum forces achieved by the repaired specimen in the push and pull directions were
approximately 84% and 60% of the corresponding maximum forces achieved by the original
specimen. However, two important facts need to be pointed out: a) the repair procedure did not
include the injection of concrete cracks since the objective was to study the single effect of the
FRCM system; and b) due to test set-up limitations, the peak load of the repaired specimen was
not achieved. The lower performance of the repaired specimen in the pull direction versus the
push direction is associated with debonding of the composite on the bottom face of the beam (see
Figure 4c).
The stiffness versus drift ratio responses of the original and repaired specimens are compared in
Figure 6a. As expected, the repaired specimen exhibited a lower initial stiffness than the original
specimen, which can be attributed to the fact that concrete cracks were not injected in the repair
process. However, it is worth noting that the stiffness degradation is slower in the repaired
specimen than the original specimen. In fact, although the initial stiffness is different, the final
stiffness values for both specimens are similar, in both the push and pull directions. Slow stiffness
degradation is a desirable property as it has been observed in previous earthquakes that most RC
structures failed (or collapsed) because of a sudden loss of stiffness of the structural joints (AlSalloum et al. 2011).
Figure 6b shows that the cumulative energy dissipation for both the original and repaired
specimens is similar up to a drift ratio of approximately 1.5%. After this point, the original
specimen is able to dissipate energy at a higher rate. At the maximum drift, the ratio between the
energy dissipated by the repaired and original specimen is 46%. As pointed out by (El-Amoury
& Ghobarah 2002), the total energy dissipated by a structure consists of (1) energy dissipated by
the steel reinforcement, (2) energy dissipated by friction along existing cracks in concrete, and
(3) energy dissipated during the formation of new cracks. As discussed before, yielding of steel
reinforcing bars was observed in the original specimen, and therefore the contribution of the
reinforcement to the energy dissipation is expected to be lower in the repaired specimen. In
addition, considering that after testing of the original joint, existing cracks were not injected, the
reduction in the dissipated energy can also be explained by the fact that less energy is dissipated
by the formation of new cracks. Adding epoxy resin to close the cracks would have increased the
bond between the concrete and the reinforcing bars in damaged areas.

a)
b)
Figure 6. a) Stiffness vs. drift ratio for original and repaired specimens, b) cumulative energy dissipation
versus drift ratio for original and repaired specimens
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CONCLUSIONS

In this paper the performance of a previously damaged RC beam column joint repaired using
FRCM composite applied to the joint and column end regions was presented. To evaluate the

individual effect of the composite, the repair procedure did not include the injection of cracks
generated during previous loading. The main conclusions drawn from the observations presented
in this paper are summarized as follows:
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The repaired specimen achieved a maximum lateral force in the push and pull directions
equal to 84% and 60% of those achieved by the original specimen, respectively. Due to
test set-up limitations, it was not possible to obtain the peak lateral force of the repaired
specimen. Higher values would be expected with further testing.



The lower performance of the repaired joint in the pull direction was associated with
debonding of the composite on the bottom face of the beam, which was working as
anchorage for the fibers placed on the interior faces of the column.



Although the repaired specimen exhibited a lower initial stiffness compared to that of the
original specimen, the original specimen showed a higher stiffness degradation.



The energy dissipated by the repaired specimen was equal to 46% of the original
specimen. Higher values of dissipated energy would be expected if the repair procedure
had included injection of the cracks.
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