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ABSTRACT

The use of fibre-reinforced polymer (FRP) composites for the seismic retrofitting of reinforced
concrete (RC) beam-column joints has received research attention to date. Limited research though has
considered the influence of slabs and orthogonal beams that are cast integral with such joints. This
paper presents the details and results of a quasi-static test investigation on four full-scale interior RC
beam-column joints with integral slabs and orthogonal beams that were seismically retrofitted using
FRP composites. One specimen was used as a control specimen, and the remaining three specimens
were retrofitted with different FRP schemes. All four joints were subjected to similar constant axial
compression load and reversed cyclic loading which was applied at the top of the column. The
influence of the slab and orthogonal beams per test specimen, as well as the efficiency and
effectiveness of different FRP rehabilitation schemes were investigated. The test results indicate that
the beam bending stiffness was significantly improved due to the inclusions of the slabs. All
retrofitting schemes improved the energy dissipation and ductility capacity of retrofitted joints, but the
shear resistance was increased only slightly. The failure mode of the control joint was by a column-
hinge mechanism, however, after retrofitting with FRP composites, the failure mode of the joints
changed to a more desirable beam-hinge mechanism.
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INTRODUCTION

In reinforced concrete (RC) structures, beam-column joints are critical members for transferring forces
and moments between beams and columns. As a critical element in structural design, such joints play a
pivotal role in resisting earthquake loading. However, RC frames designed and constructed before the
1970s have beam-column joints with inadequate shear strength and insufficient ductility. In recent
years, earthquake attacks have demonstrated that the failure of RC frame joints leads to local and even
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global collapse of structures. This can cause significant personal injury, including death, and loss of
property. Therefore, there is an urgent need to seismically retrofit such frames in the beam-column
joint regions.

Several rehabilitation methods for beam-column joints, including epoxy repair, RC jackets, steel
jackets, and FRP wrapping have been proposed to date. In the recent decade, externally bonded FRP in
critical regions of RC elements as a new strengthening technique has been widely used. Rehabilitation,
using FRP offers advantages such as fast and easy installation, high strength-to-weight ratio
(compared to a more traditional materials such as steel), and resistance to corrosion. As a result,
numerous studies have been conducted on the FRP-strengthening of RC elements. However, limited
investigations have been conducted on FRP-strengthened RC beam-column joints (e.g. Antonopoulos
and Triantafillou 2003; Mukherjee and Joshi 2005; Al-Salloum and Almusallam 2007; Li and Kai
2011; Sasmal et al. 2011; Sezen 2012). Such existing research has indicated that externally bonded
FRP jackets is an effective rehabilitation method for improving the seismic performance of RC beam-
column joints with inadequate seismic details. The effectiveness is measured in terms of increased
joint shear strength resistance capacity and ductility. Most of these studies have, however, focused on
FRP-strengthened small scale RC beam-column joints without consideration of the influence of
concrete slabs and orthogonal beams as can be encountered in real structures. The impact of existing
slabs and orthogonal beams integral with beam-column joints increases the difficulty of strengthening.

To address the current research gaps in practical RC beam-column joints, this paper presents the quasi-
static test results of four full-scale interior RC beam-column joints that were retrofitted using FRP
composites. The objectives of this study are to investigate the influence of slabs and orthogonal beams,
as well as the efficiency and effectiveness of different FRP rehabilitation schemes on the seismic
performance of interior RC beam-column joints.

EXPERIMENTAL PROGRAM
Test Specimens and Materials

Four full scale RC joints (JO, J1, J2 and J3) were constructed and tested and a schematic representation
of a typical test joint is provided in Figure 1(a). All specimens had nominally identical dimensions and
internal steel reinforcement details. The lengths of the top and bottom columns were 1200 mm and the
cross-sectional dimensions of the columns were 400>400 mm. The lengths of the primary beams on
each side of the column per test specimen was 1950 mm, and the section width and height of the
beams were 250 mm and 600 mm, respectively. The lengths of the secondary beams were 600 mm and
the section width and height were 250 mm and 500 mm, respectively. The total length, width and
thickness of the slabs were 4300 mm, 1450 mm and 120 mm, respectively.
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Figure 1. Test joint details: (a) schematic diagram, (b) dimensions and reinforcement details

The dimensions and reinforcement details of the test joints are shown in Fig. 1(b). The longitudinal
reinforcement in the columns, beams and slabs consisted of HRB335, and the hoop steel in the
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columns and beams consisted of HPB235. These reinforcement designation are found in China. The
longitudinal reinforcement ratios of the columns, primary beams, secondary beams and slabs were
approximately 1.50 %, 1.60 %, 0.97 % and 0.54 %, respectively. The volumetric ratios of the hoop
reinforcement in the columns, primary and secondary beams were 0.46 %, 0.43 % and 0.45 %, and
they corresponded to centre-to-centre hoop spacings of 100 mm, 200 mm and 200 mm, respectively.
The diameters of the hoop reinforcing bars were 8 mm and 10 mm, respectively.

All specimens were cast by using ready mixed concrete in one batch, and the corner radii of the
columns and beams were 50 mm and 25 mm, respectively. The 28-day average compressive cylinder
strength and corresponding strain were 21.5 MPa and 0.0022, respectively. After the concrete had
achieved an age of 28 days, unidirectional carbon fibre sheets of 0.167 mm nominal thickness per
sheet were applied in a wet lay-up manner. The resulting materials properties of the carbon FRP
(CFRP) composite as well as the internal steel reinforcement are provided in Table 1.

Table 1. Tested material properties of steel reinforcement and CFRP wrap

Material Diameter/thickness Yield/peak Ultimate Elastic modulus
(mm) stress (MPa) strength (MPa) (GPa)

25 386 521 219

Longitudinal steel 20 397 567 222
16 393 593 208

10 445 688 233

Hoops steel 8 537 717 221
CFRP wrap 0.167 - 4340 244

Retrofitting Schemes

Amoung the four tested specimens, specimen JO represented the control specimen without FRP
retrofitting, while the remaining three specimens J1, J2 and J3 represented the retrofitted specimens.
Specimen J1 was retrofitted only at the potential plastic hinge regions in the top and bottom columns
by the lateral wrapping 3 layers of carbon fibre sheet as shown in Fig. 2. The height of the wrapping
zones above and below the beams were 500 mm and 250 mm, respectively.
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Figure 2. Retrofitting scheme of specrrﬁen J1

A detailed account of the retrofitting scheme of specimen J2 is shown in Figure 3. For this specimen,
the potential plastic hinge regions of the columns, beams and the slabs were retrofitted. Firstly, one L-
shaped carbon fibre sheet layer of 250 mm width was applied at the plastic hinge regions of the
columns and beams along the direction of longitudinal reinforcement. The extended lengths of CFRP
strips on the top and bottom columns were 500 mm and 250 mm, respectively. In addition, the
extended lengths on the top and bottom beams surface both were 500 mm. Then, three layers of carbon
fibre sheet were wrapped in the lateral direction, which was the same as specimen J1. For the beam
segments, U-shaped CFRP strips were used to help fix the bottom longitudinal strips and they also
provided shear strengthening. Finally, the slab was retrofitted by attaching orthogonal CFRP strips
along the primary and secondary beams.
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Figure 3. Retrofitting scheme of specimen J2

Specimen J3 was retrofitted in a similar manner to specimen J2 although the retrofitting applied to the
beam differed. Specimen J3 is shown in Figure 4. For the primary beams, the ductility and shear
capacity was retrofitted by laterally wrapping CFRP instead of U-shaped CFRP strips. In this case, the
slab was not cast at each retrofitted area (500 mm from the column) until the rectangular primary
beams were retrofitted. Then, the slabs were cast using ready-mixed concrete of the same target
strength. After curing for 28 days, the slab was retrofitted using the same method as specimen J2.

(a) Retrofit column (b) Retrofit beam

Figure 4. Retrofitting scheme of specimen J3
Test Setup and Instrumentation

A schematic overview of the test setup is provided in Figure 5(a). The lateral load was applied by an
MTS hydraulic actuator with 1000 kN capacity at the end of the top column, and all specimens were
tested in a displacement control manner. The axial load was applied using hydraulic jacks and the load
was equal to 0.45fc’Ac, (where fc’ =is the compressive strength of concrete, and Ac = gross cross-
sectional area). The bottom column was fixed to the strong floor by a hinge, and both ends of the
primary beams were supported by rollers to allow free horizontal movement.
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() Schematic diagram view (b) Test setup and instrumentation details
Figure 5. Test setup and instrumentation of specimens
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Details of the instrumentation layout are provided in Figure 5(b). The displacement response of the
columns, beams and joint core area were measured by LVDTs. The shear and flexure deformation of
joint core area were also measured. Finally, the rotations of the primary beams at the positions of the
two supported rollers and the beam-column intersection point were measured by electric inclinometers.

TEST RESULTS AND DISCUSSION

Failure Modes

(b) Bottom column () Joint core (d) Primary beam (e) Slab surface
Figure 6. Failure modes of test specimens

() Top column

Figure 6 shows the failure modes of the test specimens. For the control specimen JO, the failure mode
was by a “strong-beam weak-column” mode. The concrete at the plastic hinge region of the columns
was severely crushed and the internal hoop reinforcement bent outward while the longitudinal bars
buckled. The primary beams were, however, not seriously damaged as the integral slab increased the
flexure stiffness of the beams. For specimen J1, the CFRP wraps prevented damage of the columns
effectively compared with specimen JO. In this case, the beams and slabs were cracked and damaged
more seriously. The final failure of specimen J1 was due to plastic hinge formation in the primary
beams near the column face (i.e. strong-column weak-beam mode). The core area of the joint was also
severely damaged compared with that of specimen JO. Specimens J2 and J3 exhibited similar failure
modes. First cracking occurred on the slabs and with an increase of lateral displacement, the number
and width of cracks increased. At the same instance the beam developed flexural cracks. Finally, the
CFRP strips on the slab exhibited debonding failure and the core areas of the joints were seriously
damaged.

Load-Displacement Hysteretic Responses

The test load-displacement relationships at the upper columns for the control and retrofitted specimens
are shown in Figure 7. It can observed that the ultimate lateral load of the retrofitted specimens was
approximately the same as that of the control specimen. This means that the retrofitting schemes
considered herein cannot increase the shear force resistance capacity. However, the displacement and
energy dissipation capacity of the retrofitted specimens was improved considerably compared with the
control specimen. It also means that the seismic performance improvement of the CFRP-retrofitted
specimens was mainly achieved by increasing the ductility capacity of the joints. Comparison of the
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retrofitted specimens indicates that the seismic performance of specimen J1 was increased most
significantly. Finally, it can be concluded that retrofitting of the plastic hinge regions at the top and
bottom columns are sufficient.
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Figure 7. Load-displacement hysteretic responses of test specimens
CONCLUSIONS

This paper has presented the quasi-static test investigation of four full-scale interior RC beam-column
joints seismically retrofitted using FRP composites. The influence of integral slabs and orthogonal
beams to the joint, as well as the efficiency and effectiveness of different FRP rehabilitation schemes
were investigated. The test results indicated that the existence of slabs significantly improved the
bending stiffness of the beams. All proposed retrofitting schemes improved the seismic performance
of joints. For a strong-beam weak-column failing joint, it has been shown that it is only necessary to
retrofit the plastic hinge region of the top and bottom columns to change the failure mode to a more
desirable strong-column weak-beam failure mode.
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