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Abstract — The feasibility and viability of two different composite-based repaired solutions, namely carbon fabric-reinforced
cementitious matrix (C-FRCM) and carbon fiber-reinforced polymer (C-FRP) composites to repair axially-loaded reinforced concrete
(RC) circular column pre-damaged by reinforcement corrosion are examined in this paper. Four RC circular columns were tested. One
RC column was neither corroded nor repaired to act as a benchmark. Three RC columns were subjected to accelerated corrosion which
rendered 13% and 37% cross-sectional losses in the longitudinal steel reinforcement and the steel ties, respectively. One corroded RC
column was tested to failure without repair. Two corroded RC columns were repaired with 2 layers of C-FRCM and C-FRP composites
in the hoop direction, then tested to failure. The corroded-unrepaired column exhibited a 34% reduction in the load carrying capacity.
Both composite-based repair solutions were able to recover the original strength of the control column without increasing the column’s
stiffness. Although the strength of the C-FRP confined column was 53% higher than that of its counterpart repaired with C-FRCM
composites, its ductility index was 26% lower.
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1. Introduction

Reinforced concrete (RC) columns in severe environments are susceptible to deterioration and performance degradation
due to corrosion of the steel reinforcement. Corrosion damage in RC columns compromises the integrity of the concrete
cover and reduces the area of the longitudinal and transverse steel reinforcement, thus decreasing the load carrying capacity
of the columns [1-3]. Traditionally, RC jacketing has been employed to repair corroded RC columns [4]. In addition to being
labor-intensive, conventional RC jacketing lacks aesthetic appeal. It increases the column's cross-section and reduces the
available space [4]. Furthermore, the RC jacketing technique is often vulnerable to corrosion damage when exposed to
aggressive environments, which would require repeated cycles of repairs [4]. Advanced materials in the form of fiber-
reinforced polymer (FRP) and fabric-reinforced cementitious matrix (FRCM) composites utilize nonmetallic reinforcement
embedded into a polymeric/cementitious matrix with a reduced thickness, thus offering promising alternative solutions for
rehabilitation of RC columns [5, 6].

Previous studies verified the effectiveness of epoxy-based FRP wraps as a corrosion protection system capable of
reducing the corrosion rate in RC columns exposed to harsh environmental conditions [7-14]. Nevertheless, little is known
about the feasibility and viability of using FRP wraps to improve the load carrying capacity of RC columns pre-damaged by
corrosion. In most of previous studies, FRP wraps have been installed prior to exposure to accelerated corrosion or at a minor
corrosion level less than 10% [7-10]. Practical applications would involve rehabilitation of RC columns pre-damaged by
corrosion of various severity. Very few studies examined the behavior of RC columns pre-damaged by corrosion then
repaired with FRP wraps [11-15]. Although these studies provided promising results and interesting findings, the specimens
were very small-sized [11], without steel ties in the test region [12], and/or repaired without the removal and replacement of
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the deteriorated concrete cover prior to the application of FRP wraps [11-15]. Such a repair methodology does not
resemble what might be encountered in filed conditions.

The FRCM repair solution employes a cementitious matrix as a binder, which alleviates concerns related to the
toxicity and reduced fire resistance of the epoxy matrix used in FRP composites [5]. Carbon (C)-FRCM wraps can be
used in RC columns for impressed current cathodic protection and structural strengthening (ICCP-SS) simultaneously
[16, 17]. The dual-function ICCP-SS system employing C-FRCM composites has a potential to decrease the corrosion
rate and increase the load carrying capacity of RC columns [16, 17]. More studies are needed to verify the effectiveness
of the ICCP-SS solution, because in one of these studies [16], the degree of reinforcement corrosion was not measured,
while in the other study [17], the degree of reinforcement corrosion was in the range of 1.2% to 4% only. For RC
columns with such a small level of corrosion, it would be difficult to draw meaningful conclusions. Pre-cracked RC
columns wrapped with FRCM composites exhibited superior performance relative to that of a benchmark column that
was neither cracked nor strengthened [18-20]. Typically, failure of FRCM composites initiates by interfacial debonding
at the fabric-matrix interface and/or slippage of the fabrics within the matrix, which hinders full utilization of the tensile
strength of the fabrics and limits the gain in the load carrying capacity [5, 18-20]. The inclusion of fan-type FRP anchors
in the FRCM repair solution could delay deboning/slippage of the fabrics and further improve the strength by up to 21%
relative to that of similar FRCM-confined columns without anchors [21]. The strength of plain concrete cylinders
wrapped with FRCM composites was less than that of similar cylinders wrapped with FRP [22]. To date, no information
is available on the behavior of RC columns pre-damaged by corrosion then repaired with FRCM composites.

The limited information on rehabilitation of RC columns with corroded reinforcement using advanced composite
materials warrants further research. This paper presents sample results of an ongoing comprehensive research work
developed by the authors, which aimed at quantifying the effect of corrosion on the response of RC circular columns
and examining the behavior of RC circular columns pre-damaged by corrosion then repaired with two different
composite-based solutions, namely FRCM and FRP.

2. Experimental Program

Results of four axially loaded RC circular columns are reported in this paper. The test matrix is provided in Table
1. One column, DO-NR, was neither corroded nor repaired to act as a benchmark. The other three columns were subjected
to accelerated corrosion for 60 days under an impressed current of 1000 mA, which corresponded to 13% and 37%
cross-section losses in the longitudinal steel reinforcement and the steel ties, respectively. At the end of the accelerated
corrosion process, column D1-NR was tested to failure without repair, whereases columns D1-FRM and D1-FRP were
repaired with 2 layers of C-FRCM and C-FRP wraps, respectively, then tested to failure under uniaxial compression.

Table 1: Test matrix
Corrosion Damage (%) @

Specimen designation Number of C-FRP/C-FRCM layers

Longitudinal steel Steel ties
DO-NR 0 0 0
D1-NR 13 37 0
D1-FRM 13 37 2
D1-FRP 13 37 2

& Cross-sectional loss based on measured diameters of corroded steel coupons after rust removal according to ASTM G1-03 [23].

2.1. Test Specimens

Fig. 1 shows details of a typical test specimen. The columns were designed according to ACI 318-19 [24] to behave
as short columns. The specimens consisted of a column segment with end stubs to provide anchorage for the column's
longitudinal bars and mitigate the risk of premature failure at the column's ends. The column segment had a circular
cross section with a diameter of 200 mm and a clear height of 800 mm. Each end stub had a height of 200 mm and a
square cross section of 400x400 mm. The column was reinforced with 6 No. 12 (12 mm diameter) longitudinal bars
providing a longitudinal steel reinforcement ratio of 2.2%. The steel ties were No. 8 (8 mm diameter) with a center-to-
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center spacing of 150 mm and a clear cover of 20 mm. The end stubs were heavily reinforced to maximize their rigidity and
ensure the occurrence of failure in the column segment. A longitudinal stainless-steel tube was placed in the center throughout
the length of the column segment and passed through the top end stub to act as a cathode during the accelerated corrosion
process. The stainless-steel tube and the longitudinal steel bars were extended out of the specimen to facilitate making of the
electrical connections during the accelerated corrosion. The extended parts of the reinforcement were cut off prior to
structural testing.
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Fig. 1. A schematic showing details of a typical test specimen: (a) longitudinal section; (b) column's cross-section; (c) end-stub's
cross-section (dimensions are in mm).

2.2. Materials

A normal-strength concrete with a measured cylinder strength of f; = 26 MPa was used to construct test specimens. The
concrete mixture used to cast the column segment included 5% NaCl (salt) by the weight of cement to depassivate the steel
bars and promote corrosion. The 12 mm diameter steel reinforcing bars had a yield strength (fy) of 560 MPa and an ultimate
strength (fu) of 672 MPa. The 8 mm diameter steel ties had f, of 580 MPa and f, of 640 MPa. A non-shrink cementitious
grout with f; = 35 MPa was used to replace the deteriorated concrete cover of the corroded-repaired columns. The carbon
fiber sheets used in the C-FRP repair solution were unidirectional (Fig 2a) with a tensile modulus of 230 GPa, a tensile
strength of 3900 MPa, an ultimate elongation of 1.5%, and a nominal thickness of 0.17 mm [25]. The carbon fiber sheets
were impregnated and bonded to the concrete surface using an epoxy adhesive provided by the manufacturer. The carbon
fabrics used in the C-FRCM repair solution consisted of unidirectional carbon fiber strands (Fig. 2b) with a center-to-center
spacing of 17 mm, a tensile modulus of 240 GPa, a tensile strength of 4300 MPa, an ultimate elongation of 1.75%, and an
equivalent thickness of 0.157 mm [26]. A commercial cementitious mortar provided by the manufacturer was used to produce
the C-FRCM composites. A typical cured C-FRCM composite layer has a tensile strength of 970 MPa, an ultimate tensile
strain of 0.0125, and a cracked tensile modulus of elasticity of 75 GPa [27].
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2.3. Repair Methodology

The repair process is summarized in Fig. 3. It involved the removal of the deteriorated concrete cover, roughening of
the concrete substrate and surface cleaning of the corroded steel bars using a waterjet, placement of a non-shrink cementitious
grout to retain the original shape of the column’s cross section, and application of C-FRCM/C-FRP composite wraps inthe
circumferential direction of the column’s cross section. The surface of the column segment was roughed again using a
waterjet prior to the application of C-FRCM composites. The surface of the columns repaired with C-FRP composites was
cleaned of dust and smoothened prior to the application of the C-FRP wraps. A wet layup process was adopted to install
the composite layers around the cross section of the column’s segment. The columns repaired with C-FRCM composites
were covered with plastic sheets for 24 hours, moist-cured for 28 days using burlaps, then left air-cured until the time
of the structural testing was reached. The columns repaired with C-FRP composites were left air-cured until the time of
structural testing was reached.

(@)

(© (d)

Fig. 3. Repair process of corroded columns: (a) identification of damaged areas; (b) removal of deteriorated concrete cover and
surface preparation; (c) placement of non-shrink cementitious grout; (d) application of C-FRCM/C-FRP wraps.

2.4. Test Setup and Instrumentation

All columns were tested under displacement-controlled loading at a rate of 0.3 mm/min using a Universal Testing
Machine (UTM). The loads and axial displacements were obtained from the UTM readings. Strain gauges (SGs) were
bonded to the steel reinforcement in the longitudinal and hoop directions. Additional SGs were bonded to the outermost
surface of the column at mid-height to measure the longitudinal compressive strain. Furthermore, SGs were also bonded
to carbon fibers in the hoop direction. A digital data acquisition system was used to record the readings.

3. Experimental Results

Corrosion of the steel reinforcement resulted in longitudinal cracks with a maximum width of 0.4 mm parallel to
the longitudinal steel bars and transverse cracks with a maximum width of 0.1 mm parallel to the steel ties. Test results
in terms of failure modes, load-displacement response, load carrying capacity, and strain measurements are discussed in
this section.

3.1. Failure Mode
The control column DO-NR exhibited longitudinal cracks that were initiated at the column's mid-height then
propagated toward both ends. Next, spalling of the concrete cover occurred in discrete locations along the column’s
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length (Fig. 4a). The corroded unrepaired column D1-NR was already pre-cracked because of corrosion of the steel
reinforcement. As the applied axial compression force increased during testing, the vertical cracks continued to develop
and widen. Next, the concrete cover spalled gradually leaving a large area of the steel reinforcement exposed (Fig. 4b).
Column D1-FRM displayed no concrete cover spalling; however, multiple longitudinal cracks were initiated in the
outermost layer of the cementitious mortar (Fig. 4c). These longitudinal cracks widened significantly as the load
progressed. Detachment of the external mortar layer due to interfacial debonding at the fabric-mortar interface was observed,
particularly at the top portion of the column segment (Fig. 4c). Column D1-FRP failed suddenly due to tensile rupturing of
the C-FRP in the hoop direction at the mid-height of the column (Fig. 4d). The rupture of the C-FRP was accompanied by a
loud noise.

(b)
Fig. 4. Failure mode: (a) DO-NR; (b) D1-NR; (c) D1-FRM; (d) D1-FRP.

3.2. Load-Axial Displacement Relationship

Fig. 5 shows the load versus the axial displacement relationships of the tested columns. All columns exhibited a
quasilinear response in the pre-peak stage. Column D1-NR exhibited a reduced axial stiffness because of the presence of
corrosion cracks. The stiffness of the repaired columns did not exceed that of the control column. Column D1-NR reached
its peak load at an axial displacement value lower than that of the control column DO-NR. The behavior of column D1-FRM
in the pre-peak stage coincided with that of the control column DO-NR. The axial displacement of DO-NR and D1-FRM at
the peak load was identical. In contrast, column D1-FRP exhibited more than three-fold increase in its axial displacement at
peak load relative to that of DO-NR. It is noteworthy that column D1-FRP exhibited a displacement hardening when the load
reached a value almost equals to the ultimate load of control column DO-NR, thus implying activation of the confinement
produced by the C-FRP wraps. The tested columns exhibited different behaviors in the post-peak stage. Columns DO-NR
and D1-FRP exhibited a sudden drop in load at peak. In contrast, columns D1-NR and D1-FRM exhibited a softening branch
in the post-peak stage with a gradual stiffness degradation. The ductile behavior exhibited by column D1-NR could be
ascribed to the gradual spalling of the pre-cracked concrete cover, whereas that of column D1-FRM could be attributed to
the gradual interfacial debonding that occurred at the fabric-mortar interface prior to final failure.

3.3. Load Capacity and Ductility

A summary of the experimental test results is presented in Table 2. The load capacity of D1-NR with reinforcement
corrosion was 66% of that of the control column DO-NR. The strength of column D1-FRM was the same as that of the control
column DO-NR, whereas that of D1-FRP exceeded that of the control column by 52%. The strength gain, with respect to the
load capacity of column D1-NR, caused by the C-FRP repair solution (131%) was higher than that caused by the C-FRCM
repair solution (51%). In this study, the ductility index (DI) was calculated as the ratio of the strain at a post-peak load value
of 85% of the ultimate load to the yield strain, which was defined by the intersection of two characteristic lines; the first line
was the secant slope passing through load-displacement curve at 75% of the ultimate load and the second line was constant
at the ultimate load value [28]. Despite the reduction in its load carrying capacity, the DI of column D1-NR was 1.5 times
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that of the control column DO-NR. Although column D1-FRM reached its peak load at an axial displacement value equal
to that of DO-NR, it exhibited an improved DI with a value 71% higher than that of DO-NR. Furthermore, the DI of D1-
FRM was approximately 1.4 that of D1-FRP.
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Fig. 5. Load vs axial displacement.
Table 2: Test results
Specimen Ultimate load (kN) Strength ratio *®  Displacement at peak (mm) Ductility index (D1)
DO-NR 1448.11 - 4.75 1.28
D1-NR 956.60 0.66 3.65 1.95
D1-FRM 1445.38 1.00 (51%) 4.74 2.19
D1-FRP 2206.10 1.52 (131%) 15.31 1.61

& The strength ratio is calculated with respect to the strength of DO-NR.
b Values between parentheses represent the gain in strength with respect to that of D1-NR.

3.4. Strain Measurements

Results of the SG measurements at peak load are summarized in Table 3. The longitudinal and hoop steel strain
readings for column DO-NR were not recorded due to damage to the SGs prior to testing. At peak load, the longitudinal
steel bars in columns D1-NR and D1-FRM reached 78% and 90% of the steel yield strain, respectively. The
corresponding strains in the steel ties were approximately 7% and 32% of the yield strain. In contrast, the steel strains
of both the longitudinal reinforcement and the ties exhibited by column D1-FRP at peak load exceeded the yield strain.
The improved confinement provided by the C-FRP wraps allowed the longitudinal steel reinforcement and the ties to
develop their full tensile strength prior to failure. The control column DO-NR reached its peak load at a longitudinal
concrete compressive strain value of 3162 pe, which coincided with the design value of the ultimate concrete strain
specified by the ACI 318-19 [24]. Column D1-NR exhibited a reduced longitudinal concrete compressive strain at peak
lead, probably because of the presence of longitudinal corrosion cracks prior to testing. The longitudinal surface
compressive strain of column D1-FRM at peak load was almost the same as that of DO-NR, whereas the hoop strain in
the fibers was 2525 pe, which corresponded to 21% of the limiting value (12,000 pe) specified by the ACI 549.6R-20
[5]. Such small strain values reported for column D1-FRM could imply a premature/early interfacial debonding at the
fabric-mortar interface. These findings are consistent with other published data which documented the inferior
performance of the C-FRCM jacketing relative to that of the C-FRP wraps, due to the poor adhesion and absence of a
strong chemical bond between the carbon fibers and the cement-based matrices [22]. In contrast, column D1-FRP
exhibited significant surface strains in the longitudinal and hoop directions at peak load, which further verified the
effectiveness of the confinement provided by the C-FRP wraps. The longitudinal surface compressive strain exhibited
by column D1-FRP prior to failure was close to the limiting value (10,000 pe) specified by the ACI 440.2 [6] for FRP-
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confined concrete. The hoop fiber strain exhibited by column D1-FRP at peak load was approximately 0.51&q, where g =
ultimate tensile strain of CFRP. The hoop fiber strain exhibited by column D1-FRP prior to failure is in agreement with the
limiting value of the effective fiber strain (0.55&s,) specified by the ACI 440.2 [6] for FRP-confined concrete.

Table 3: Strains at peak load

Specimen Longitudinal compressive strain (pe) Hoop tensile strain (pe)
Longitudinal steel strain Outermost surface strain Strain in steel ties Strain in carbon fibers
DO-NR NA 3162 NA -
D1-NR 2190 2271 195 -
D1-FRM 2512 3265 890 2525
D1-FRP 4472 88132 2970 7683

a.

Measured at 84% of the ultimate load.

4. Conclusion

The reduction in the load carrying capacity of RC circular columns was more significant than the level of corrosion
damage in the longitudinal steel reinforcing bars. The column with 13% corrosion in the longitudinal steel bars
exhibited a strength reduction of 34% relative to that of the control column.

It was feasible to repair RC circular columns with C-FRCM and C-FRP jacketing solutions considering removal and
replacement of the deteriorated concrete cover prior to the application of the composite-based materials.

The C-FRCM repair solution was able to recover the original strength of the control column. The load capacity of
the column repaired with C-FRP jacketing exceeded that of the control column by 52%.

Although the load capacity of the column repaired with C-FRCM jacketing was 66% of that of its counterpart
repaired with C-FRP jacketing, its ductility index was 36% higher.
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