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ABSTRACT: This paper shows the results of an experimental study on the behavior of rectangular
reinforced concrete columns that strengthened in bending with NSM FRP bars and CFRP jacketing
under combined compression axial load and cyclic lateral loading. Near surface mounted (NSM)
fiber reinforced polymer (FRP) is one of the best retrofitting techniques for reinforced concrete (RC)
structures. This technique is based on inserting fiber reinforced polymer bars into slits in the cover of
reinforced concrete members. For this purpose, seven rectangular RC columns including one control
specimen constructed and tested under constant axial load and lateral cyclic displacement. Experimental

. . . . . . K ds:
parameters include different ratios of NSM FRP bar, maximum lateral load capacity, and failure modes eyworas .
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are describes based on the test results. The crack patterns in the specimens are also presented. Also, the NSM
study was designed to evaluate the necessity of anchoring the end of NSM FRP bars in the foundation. FRP

The test results show that a significant increase in the load carrying capacity, stiffness, and energy
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dissipation of rectangular RC columns can be achieved by using the NSM technique.

1- Introduction

Reinforced concrete columns are the most important
elements in the structures hence their damage leads to the
failure of the building, thus strengthening of these elements
is very essential. The most conventional technique for
flexural strengthening of RC columns consists of the adding
of concrete and steel jackets. Yet, these methods may not
be very feasible due to unfavorable section enlargement or
construction limitation.

In recent years fiber-reinforced polymer (FRP) materials are
used for retrofitting of reinforced concrete structures due to
its benefits in the facility of installation, strength, weight, and
durability [1, 2]. The FRP jackets can modify compression
strength, shear strength, and ductility of the column, but it
cannot improve flexural strength of RC columns [3]. Near-
surface mounted (NSM) FRP bars are another method that
could be used to modify the flexural strength of RC columns
[4,5].

Only a few research investigations are available that deal
with RC columns strengthened in bending with NSM FRP
bars [6-10]. In this study, a retrofitting method, based on
the inserting of NSM FRP bars is used to improvement the
flexural strength of RC columns. For this goal, a test program
was carried out. Flexural strengthening was got by inserting
NSM FRP bars on the cover of the columns. In addition, the
strengthened columns were wrapped with carbon. The columns
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were tested to failure by applying constant compressive load
and cyclic lateral displacement. The behavior of strengthened
columns and their failure modes are described.

2- Specimens

Seven specimens were constructed and tested. The height
of all specimens was 1000 mm and the cross-section was 200
mm in width and depth. Four longitudinal reinforcement bars
with 14 mm diameter were placed around the section sides
(reinforcement ratio: 1.53%). The shear reinforcement hoops
were 10 mm diameter with the spacing of 100 mm for all
columns.

The following naming is used: Control was an un-retrofitted
column as the benchmark for comparison with other retrofitted
columns. R1-A-CO was retrofitted with one anchored NSM
bar symmetrically placed on each of two opposite sides of
the column. R2-A-C0O was strengthened with two anchored
NSM bars symmetrically placed on each of two opposite
sides of the column. R1-NA-C0O was strengthened with one
NSM bar symmetrically placed on each of two opposite sides
of the column, similar to specimen R1-A-CO, but without
end anchoring. R1-NA-C1 had the same NSM reinforcement
as R1-NA-CO0 and an additional one layer CFRP jacket. R1-
A-C1 had the same NSM reinforcement as R1-A-CO and an
additional CFRP jacket, as used in R1-NA-CI. Also, R2-
A-C1 had the same NSM reinforcement as R2-A-C0 and an
additional confining jacket, as used in R1-NA-CI.

The nominal concrete strength at 28 days was 21 MPa.
The nominal yield stress of longitudinal and transverse steel
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reinforcement was 400 MPa. The tensile strength of NSM
bars and CFRP jackets were 760 and 3800 MPa, respectively.
The modulus of elasticity of NSM bars and CFRP jacket were
40.8 and 240 GPa, respectively. The ultimate strain of NSM
bars and CFRP jacket were 1.6% and 1.55%, respectively.
The thickness of CFRP jacket was 0.176 mm. In the tests,
the lateral displacement rates were chosen as the ratio of 5
mm. The lateral loading consisted of three cycles at each
displacement level.

3- Results and Discussion

Testresults including the increase in peak force, displacement
ductility, and energy dissipation are given in Table 1. Figure
1 compares the envelopes of the load-displacement behavior
of specimens. In general, columns with NSM bars showed
an improvement in lateral strength capacity. Columns
strengthened with more NSM bars, improved the overall
lateral capacity when compared to the similar specimen
strengthened with less NSM bars.

According to Table 1, specimens that were retrofitted by
both jacketing and NSM FRP bar have the largest ductility
ratios. As a result, the combination of NSM bar and CFRP
jacketing is the best way for increasing ductility. Also, the
ductility of specimen R1-A-C0O with the lower NSM bars is
higher than that of R2-A-CO0.

Comparing the energy dissipated capacity for specimens
R1-A-CO and R2-A-CO show that the cumulative energy
dissipated capacity for specimen R2-A-CO with the larger
number of NSM bar is higher than specimen R1-A-CO.
So that, increasing the number of NSM bar increases the
dissipated energy capacity. Comparing the lateral force-
displacement envelopes shown in Figure 1, showed that
anchoring the NSM bars to the foundation as in the case
of column R1-A-CO increased the lateral load capacity
compared to the column R1-NA-CO0, which was not provided
with anchors. Compared with the control specimen, the peak
force increased up to approximately 7% for specimen R1-
NA-C0 and 36% for specimen R1-A-C0.

Table 1. Summary of Test Results

Increase in

Specimen  peak force  Ductility Energ(}{(gli Srill)p ation
(%)

Control - 2.9 14.2
R1-NA-CO 7 3.2 15
R1-A-CO 36 35 36.2
R2-A-CO 78 33 37.5
RI-NA-C1 15 6.8 39.9
R1-A-Cl 47 6.9 43.8
R2-A-Cl 86 6.5 51.3
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Figure 1. Envelope curves

According to Figure 1, the combination of bonded NSM
bars and CFRP jacketing showed the best response with stable
post-peak behavior and minimal strength degradation up to
large lateral displacement. Also, at large lateral displacement,
the column with the CFRP jacket showed a more ductile
response without the recognizable decrease in lateral force
resistance, due to improved confinement. Therefore, it seems
that the combination of NSM FRP bars and CFRP jacketing
is a viable means for increasing strength without decreasing
deformation capacity.

4- Conclusions

According to the test results, NSM bar is very appropriate
for enhancement the flexural strength of RC columns
subjected to seismic loads, so that increasing the number of
NSM bars increases the lateral strength capacity and energy
dissipation capacity. Also, anchoring of the NSM bar to the
foundation of the column is necessary and increases the
column’s flexural strength and energy dissipation capacities.
As well as, The displacement ductility of the specimen with
the lower NSM bars is higher than the specimen with higher
NSM bars and using the CFRP jacketing with NSM rods,
increases the ductility and energy dissipated capacity of the
column.

According to the results obtained in this study can be
said that, the most proper method for flexural strengthening
of columns was found to be the use of NSM FRP bars and the
additional confinement using CFRP jacketing.
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