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Abstract: In this paper, the behavior of corroded hollow section RC (reinforced concrete) columns
strengthened by an Impressed Current Cathodic Protection and Structural Strengthening (ICCP-SS)
system was investigated. The Carbon Fabric-Reinforced Cementitious Matrix (C-FRCM) composite
serves dual functions in the intervention method. The axial compression behavior of strengthened
columns was firstly investigated through axial compression tests. The influence of corrosion ratio
and C-FRCM strengthening on the test results, such as failure mode, load–displacement curve,
ultimate load, and ultimate strain, were analyzed. Test results showed that the ultimate load of the
corroded specimens could be enhanced significantly by C-FRCM, and the ductility of the strengthened
specimens was larger than the specimens without strengthening, especially for the specimens with
higher corrosion ratios. Secondly, the effects of the ICCP-SS system on the migration and distribution
laws of chloride ions (Cl−) in hollow section RC columns were analyzed by the potentiometric
titration method. The main parameters include charging time, current density, and salt addition.
Results showed that the rebar would have a certain blocking effect on the migration of Cl−, which
resulted in that the content of Cl− in the inner side of the rebar was always larger than that of the
outer side; and research results also showed that the increase of impressed current density and charge
time would reduce the Cl− content on both sides of the rebar, while the impressed current would
cause the Cl− near the rebars to constantly move toward the vicinity of CFRP.

Keywords: axial compression behavior; corroded RC columns; FRCM; hollow section; ICCP-SS system

1. Introduction

The hollow section reinforced concrete (RC) columns have the advantages of better
seismic performance, larger moment of inertia, lighter weight, and higher material effi-
ciency compared with compact section RC columns. Both their structural and economic
benefits have led them to be widely used in electric transmission poles, bridge piers, and
other structures [1,2]. When hollow section RC columns are used in coastal areas, the
corrosion of rebars caused by chloride ingression is inevitable, and a protective solution
must be chosen [3]. For durability problems in RC structures, Impressed Current Cathodic
Protection (ICCP) and Structural Strengthening (SS) are commonly used methods for pro-
tection. However, both methods have their own disadvantages: ICCP technology is unable
to make up for the bearing capacity loss caused by corrosion; while for SS, the corrosion of
rebars is left uncontrolled and can lead to additional problems in the future. To solve both
of these issues, a dual-functional intervention method, namely the ICCP-SS method, which
combines the two technologies, has been proposed in previous research [4–8].

However, to achieve the goal of combining ICCP and SS, a suitable material must
first be found that can be used both as the ICCP anode and structural reinforcement [4,5].
Research results provided by Zhu et al. [8] showed that CFRP can be used as a dual
functional material for RC structures, serving as not only a strengthening material but also
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as an ICCP anode. Furthermore, the research results of Wei et al. [9] indicated that the CFRP
could be bonded using an inorganic cementing material, instead of an organic adhesive
material such as epoxy resin. This not only fulfilled the electric conductivity requirements
of the ICCP method but also ensured good mechanical properties, as discussed by Wei
et al. [9]. The resulting composite material that combines inorganic cementitious materials
(cement paste, mortar, or concrete) and fiber-reinforced plastics (FRP) is called a Fabric-
Reinforced Cementitious Matrix (FRCM) or Textile RC/Mortar (TRC/TRM) [9]. This FRCM
can be utilized both as an auxiliary anode in ICCP and as a strengthening material in the
SS technique to form the ICCP-SS system [4–9]. In engineering practice, the FRCM are
bonded with the external surfaces of columns or the tensile regions of beams, and the
CFRP in FRCM are connected with the positive pole while the rebars are connected with
the negative pole of the external power supply; by doing this, the ICCP-SS system can be
constructed in actual engineering [10]. Nowadays, the ICCP-SS system has been applied in
the existing structures; for example, the ICCP-SS system was installed on one of the docks
of China Merchants Port and the Guangzhou–Shenzhen highway in Guangdong province,
China [10].

In recent years, some scholars [11–16] have studied and confirmed the effectiveness
of FRCM in strengthening RC columns without the use of ICCP. Zhu and Su [4,5] studied
the protective effect of an ICCP-SS system on solid section RC beams and RC columns
under the corrosion of chlorine salt. Research results showed that the ICCP-SS system can
not only delay the further corrosion of rebars but also improve the bearing capacity of the
corroded members.

However, research on the axial compression properties of corroded hollow section RC
columns, as mentioned above, strengthened by the ICCP-SS method has yet to be reported.
Furthermore, unlike solid sections, hollow section RC columns have the additional risk
of chloride ingression from the inner side of the concrete column wall. Therefore, the
distribution of Cl− near the rebars under ICCP cathodic protection for hollow section RC
columns must be investigated to determine the effectiveness of the protective system and
its effect on structural performance. It should be noted that the technique of ICCP in this
manuscript served as the cathodic protection (CP) rather than the electrochemical chloride
extraction (ECE), because the current densities used in this paper were relatively small
and the protection time of ICCP used in engineering practice was throughout the service
life [17]. Hence, the primary purpose of the ICCP technique was to retain the potential of
rebar in concrete more negative so as to prevent further corrosion, and the influence of
electric field formed between the anode and cathode on the migration and distribution
mechanism of Cl− were also investigated in this paper.

2. Experimental Section

For the FRCM confined corroded RC hollow columns, a total of 12 columns subjected
to axial compression were tested in the structural laboratory of Shenzhen University. The
tested columns had a hollow ratio ρ (ρ = d/D, where d and D are the inner and outer
diameters of the hollow columns, respectively) of 0.53 and a height L of 1000 mm. The
main purpose was to investigate the degree of protection that FRCM could provide for the
corroded RC hollow columns when subject to varying corrosion ratios.

To investigate the migration and distribution laws of Cl− in the RC hollow columns
under the protection of the ICCP-SS system, a further 12 RC hollow columns were tested.
The tested columns had a hollow ratio ρ of 0.53 and a height L of 500 mm.

It should be noted that the longitudinal rabars and stirrups were deformed rebars and
round rebars, respectively. The longitudinal rabars and stirrups were tied together, and the
mill scale was scraped before casting concrete.
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2.1. The FRCM Confined Corroded RC Hollow Columns under Axial Compression
2.1.1. Axial Compression Test Specimens

A total of 12 specimens were designed in the axial compression test, the height of all
specimens was 1000 mm, and the outer diameter (excluding FRCM) and inner diameter
of all specimens were 300 mm and 160 mm (hollow ratio ρ = 0.53). The 12 specimens
were divided into two groups of 6, namely group 1 and 2. Test specimens in group 1 were
strengthened using FRCM, while those in group 2 were not. Both groups of specimens
were subjected to electrified accelerated corrosion with a current density of 0.5 mA/cm2 for
different time spans to achieve different corrosion ratios (the corrosion ratio was defined
as the ratio of mass loss after corrosion to the mass before corrosion, and the corrosion
ratios designed in this paper were 0%, 5%, 10%, 15%, 20%, and 25%). The electrifying time
required to reach a certain corrosion ratio can be calculated according to reference [18].
Details of the test specimens are shown in Table 1.

Table 1. Details of axial compression specimens.

Group Specimen FRCM D/mm d/mm ρ Ia/mA/cm2 Ta/Hour Corrosion
Ratio

1

I-0-S Yes 300 160 0.53 0.5 0 0%
I-5-S Yes 300 160 0.53 0.5 225.0 5%

I-10-S Yes 300 160 0.53 0.5 450.0 10%
I-15-S Yes 300 160 0.53 0.5 675.0 15%
I-20-S Yes 300 160 0.53 0.5 899.9 20%
I-25-S Yes 300 160 0.53 0.5 1124.9 25%

2

I-0 No 300 160 0.53 0.5 0 0%
I-5 No 300 160 0.53 0.5 225.0 5%
I-10 No 300 160 0.53 0.5 450.0 10%
I-15 No 300 160 0.53 0.5 675.0 15%
I-20 No 300 160 0.53 0.5 899.9 20%
I-25 No 300 160 0.53 0.5 1124.9 25%

Note: In Table 1, ρ is the hollow ratio of the specimens, and ρ = d/D; Ia is the current density used to accelerate
corrosion, and Ta is the electrifying time for accelerated corrosion. In the name of a specimen, I means that the
specimen is charged with direct current; the following number represents the corrosion ratio of the specimen,
while S indicates that the specimen is strengthened by FRCM. For example, the specimen named I-15-S means the
specimen is subjected to direct current, the corrosion ratio of rebar is 15%, and it is strengthened by FRCM.

The geometric size and arrangement of steel reinforcement in all 12 specimens in
Table 1 are the same. The specimens are all equipped with 8 longitudinal rebars with
diameter of 12 mm and 7 stirrups with diameter of 6 mm. The details of the test specimens
are shown in Figure 1.
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Figure 1. Details of the axial compression specimens (unit: mm).

2.1.2. Corrosion and Strengthening of Specimens

In this paper, the process of corroding each specimen to a specified ratio was acceler-
ated through the use of a DC stabilized power supply. Firstly, the specimen was wrapped
with a stainless steel mesh, then submerged in a 3% (mass percent) solution of NaCl, it
should be noted that the solution of NaCl was replaced every three days to maintain a
stable solution concentration. Finally, the 8 longitudinal rebars and the stainless steel mesh
were connected to the positive and negative electrodes of the DC power supply, respectively.
The configuration of the specimens subjected to accelerated corrosion is shown in Figure 2.

Buildings 2021, 11, x FOR PEER REVIEW 5 of 21 
 

  

(a) Schematic diagram (b) Physical diagram 

Figure 2. Configuration of specimens subjected to accelerated corrosion. 

2.2. Test Specimens for Chloride Migration Investigation with ICCP-SS System 
2.2.1. Details of Test Specimens 

For the investigation of Cl- migration, a total of 12 additional specimens were de-
signed. The designed specimens were evenly divided into 2 groups, namely group 1 and 
2. Salt was added into the concrete for specimens in group 1, and none was added for 
specimens in group 2. The height of all specimens was 500 mm, the outer diameter (ex-
cluding FRCM) and inner diameter of all specimens were 300 mm and 160 mm, respec-
tively (hollow ratio ρ = 0.53). Test specimens were protected by ICCP for 4, 7, and 10 
months with current densities of 20 mA/m2 and 60 mA/m2, as shown in Table 2.  

Table 2. Details of specimens under the protection of ICCP-SS system. 

Group Specime
n 

ICCP Adding 
Cl- 

D/mm d/mm ρ Ip 
/mA/m2 

Tp/Mont
h 

1 

IC-4-S-Cl Yes Yes 300 160 0.53 20 4 
IC-7-S-Cl Yes Yes 300 160 0.53 20 7 
IC-10-S-

Cl Yes Yes 300 160 0.53 20 10 

IC-4-L-Cl Yes Yes 300 160 0.53 60 4 
IC-7-L-Cl Yes Yes 300 160 0.53 60 7 
IC-10-L-

Cl 
Yes Yes 300 160 0.53 60 10 

2 

IC-4-S Yes No 300 160 0.53 20 4 
IC-7-S Yes No 300 160 0.53 20 7 
IC-10-S Yes No 300 160 0.53 20 10 
IC-4-L Yes No 300 160 0.53 60 4 
IC-7-L Yes No 300 160 0.53 60 7 

IC-10-L Yes No 300 160 0.53 60 10 
Note: In Table 2, Ip is the current density used for ICCP protection. In the name of specimens, IC 
means that the ICCP protection was applied; 4, 7, and 10 indicate that the ICCP protection lasted 
for 4, 7, or 10 months; S and L represent that the current density used for ICCP protection was 
small (20 mA/m2) or large (60 mA/m2), respectively; Cl means that 3% (mass percent) of NaCl was 
pre-added into the concrete. For example, the specimen named IC-7-L-Cl means that 3% of NaCl 
was pre-added into the concrete, and the specimen was protected by ICCP for 7 months with a 
current density of 60 mA/m2. 

Wire 

DC power supply 

The 3% solution of NaCl 

Stainless steel mesh 
(served as cathode) 

Figure 2. Configuration of specimens subjected to accelerated corrosion.



Buildings 2021, 11, 197 5 of 20

2.2. Test Specimens for Chloride Migration Investigation with ICCP-SS System
2.2.1. Details of Test Specimens

For the investigation of Cl− migration, a total of 12 additional specimens were de-
signed. The designed specimens were evenly divided into 2 groups, namely group 1 and
2. Salt was added into the concrete for specimens in group 1, and none was added for
specimens in group 2. The height of all specimens was 500 mm, the outer diameter (exclud-
ing FRCM) and inner diameter of all specimens were 300 mm and 160 mm, respectively
(hollow ratio ρ = 0.53). Test specimens were protected by ICCP for 4, 7, and 10 months with
current densities of 20 mA/m2 and 60 mA/m2, as shown in Table 2.

Table 2. Details of specimens under the protection of ICCP-SS system.

Group Specimen ICCP Adding Cl− D/mm d/mm ρ Ip/mA/m2 Tp/Month

1

IC-4-S-Cl Yes Yes 300 160 0.53 20 4
IC-7-S-Cl Yes Yes 300 160 0.53 20 7
IC-10-S-Cl Yes Yes 300 160 0.53 20 10
IC-4-L-Cl Yes Yes 300 160 0.53 60 4
IC-7-L-Cl Yes Yes 300 160 0.53 60 7

IC-10-L-Cl Yes Yes 300 160 0.53 60 10

2

IC-4-S Yes No 300 160 0.53 20 4
IC-7-S Yes No 300 160 0.53 20 7

IC-10-S Yes No 300 160 0.53 20 10
IC-4-L Yes No 300 160 0.53 60 4
IC-7-L Yes No 300 160 0.53 60 7

IC-10-L Yes No 300 160 0.53 60 10
Note: In Table 2, Ip is the current density used for ICCP protection. In the name of specimens, IC means that
the ICCP protection was applied; 4, 7, and 10 indicate that the ICCP protection lasted for 4, 7, or 10 months; S
and L represent that the current density used for ICCP protection was small (20 mA/m2) or large (60 mA/m2),
respectively; Cl means that 3% (mass percent) of NaCl was pre-added into the concrete. For example, the specimen
named IC-7-L-Cl means that 3% of NaCl was pre-added into the concrete, and the specimen was protected by
ICCP for 7 months with a current density of 60 mA/m2.

The geometric size and arrangement of rebars of all the specimens in Table 2 are the
same; that is, the specimens are all equipped with 8 longitudinal rebars with a diameter of
12 mm and 4 stirrups with a diameter of 6 mm. The details of the test specimens are shown
in Figure 3.

2.2.2. ICCP-SS System

For the structural strengthening aspect of the ICCP-SS method, specimens had one
layer of CFRP located in the middle of the cementitious material surrounding the column.
The total thickness of the FRCM was 10 mm, and the overlapping length of the CFRP along
the circumferential direction was 150 mm.

Before ICCP-SS protection, a solution of NaCl (3% by mass) was added into the cavity
of the specimens to simulate the corrosion phenomena of a marine environment, it should
be noted that the solution of NaCl was replaced every three days to maintain a stable
solution concentration. During the ICCP-SS protection, the CFRP was used as an anode
and connected with the positive electrode of the power supply; the longitudinal rebars
were used as a cathode and connected with the negative electrode of the power supply. The
details of the setup of the ICCP-SS system for the specimens protected against a seawater
environment are shown in Figure 4.
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2.3. Material Properties
2.3.1. Mechanical Properties of Concrete, Rebars, Cementitious Material, and CFRP

The rebars and concrete of all test specimens in Tables 1 and 2 belonged to the same
batch of materials. The measured yield strength, ultimate strength, and elastic modulus of
the longitudinal rebar with a diameter of 12 mm were 377.8 MPa, 468.5 MPa, and 180.9 GPa,
respectively.

The concrete was mixed according to the ingredients showed in Table 3. The compres-
sive strength of 150 mm cube of the concrete was 33.5 MPa.
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Table 3. Mix design of concrete.

Composition Cement/kg/m3 Coarse
Aggregate/kg/m3 Sand/kg/m3 Water/kg/m3

Amount 386.1 1194.5 643.6 197.6

The FRCM composite used as structural strengthening consisted of a cementitious
material binder and one or more layers of CFRP. The cementitious material used included
cement, silica sand, water, 3 mm shortcut carbon fiber filament, water-reducing agent,
etc. The compressive strengths of the cementitious matrix were obtained by a cylinder
compressive test in accordance with ASTM C39 [19], the average compressive strength
and flexural strength of a prism specimen with the dimensions 40 × 40 × 160 mm were
28.3 MPa and 8.4 MPa, respectively.

For the specimens subjected to axial compression, two layers of CFRP were used, while
for those subjected to the protection of ICCP-SS, one layer was used. The CFRP consisted
of carbon fiber bundles arranged in a bidirectional mesh, as shown in Figure 5a. The tensile
strengths of the carbon fiber tows were tested in accordance with ASTM D4018 [20]. The
test schematic diagram is shown in Figure 5b.
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The material property test results of the CFRP material are shown in Table 4.

Table 4. Mechanical properties of the CFRP.

t/mm EC/MPa f u-C/MPa εu-C

0.046 181 2077 1.17%
Note: In Table 4, t is the calculated thickness (ratio of the area to the width of a single strand CFRP) of carbon
fiber material; E is the modulus of elasticity; f u-C is the ultimate tensile strength; εu-C is the ultimate tensile strain.

2.3.2. Tensile Properties of FRCM

The size of test plates used for the tensile test of the FRCM is 550 × 200 × 10 mm.
CFRP is arranged with single/double layers in the cementitious material, and the test plate
contained 5 bundles of tensile fibers within the width range. Three identical FRCM test
plates were tested, the tensile behavior of the FRCM composite plates was obtained by
tensile coupon tests in accordance with AC434 [21], and the average values of the measured
tensile mechanical properties of FRCM plates are shown in Table 5.
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Table 5. Average values of the tensile mechanical properties of FRCM plates.

Layers of CFRP E*F/GPa EF/GPa εt εu-F f u-F/MPa

1 6862.1 150.8 0.018% 0.38% 1539
2 5656.0 77.3 0.012% 1.29% 1630

Note: In Table 5, E*F is the stiffness of FRCM before the cracking of cementitious material; EF is the stiffness of
FRCM after cracking of cementitious material; εt is the strain of FRCM corresponding to cracking of cementitious
material; εu-F is the ultimate strain of FRCM; f u-F is the ultimate strength of FRCM.

2.3.3. Loading of Axial Compression Test

The axial compression test was carried out by displacement control with a speed of
0.3 mm/min. The test setup and schematic diagram of the axial compression test are shown
in Figure 6.
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3. Test Results of Axial Compression Test
3.1. Failure Modes

The failure modes of specimens subjected to axial compression are shown in Figure 7.
As can be seen in Figure 7, when the corrosion ratio of the specimens was lower

than 5%, for the specimens strengthened by FRCM (I-0-S and I-5-S), the outer appearance
had no significant changes at the initial stage of loading; however, when the axial force
reached 70% of the ultimate load, concrete cracks began to propagate from the end region;
with the increase of axial load, these cracks gradually expanded to the middle section of
the specimens, and part of the CFRP grid inside the FRCM began to rupture; when the
ultimate load was reached, a large area of CFRP fracture was found in the end region of the
specimens, as shown in Figure 7a. For the specimens with corrosion ratios lower than 5%
and without FRCM strengthening (specimens I-0 and I-5), when the axial force reached 70%
of the ultimate load, numerous concrete cracks could be seen clearly in the end zones; when
the ultimate load was reached, the concrete at the end of the specimens began to peel off,
as shown in Figure 7b, following this, the specimens gradually lost their bearing capacity.
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For specimens with corrosion ratios higher than 5%, the failure process of the strength-
ened specimens was similar to that for specimens with low corrosion ratios. In the spec-
imens without FRCM strengthening, concrete cracks had already occurred at the end
region when the axial force reached 30% of the ultimate load; this was mainly because the
corrosion of the rebars caused expansion cracks inside the specimens before the test. These
inner cracks extended rapidly to the surface upon being subjected to an axial load. When
the ultimate load was reached, most of the concrete at the end region of the specimens
had peeled off, as shown in Figure 7d,f; following this, the specimens rapidly lost their
bearing capacity.

3.2. Load–Displacement Curves

The comparisons of load–displacement curves for strengthened and unstrengthened
specimens with different corrosion ratios are shown in Figure 8.
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Figure 8. Comparison of load–displacement curves of strengthened and unstrengthened specimens with different corro-
sion ratios.

As can be seen from Figure 8, the ultimate load of corroded specimens can be signifi-
cantly increased by FRCM. Moreover, the axial displacement corresponding to the ultimate
load of the strengthened specimens was larger than that of the unstrengthened specimens,
especially for the specimens with higher corrosion ratios (corrosion ratio larger than 5%).
This is mainly because the FRCM could restrain the spalling of concrete, thus enabling
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the corroded specimens to bear load and deformation continuously. Additionally, the
expansion of the concrete caused by the corrosion of rebars made the hoop effect of the
confining FRCM more obvious; hence, the ductility of strengthened specimens with higher
corrosion ratios was more obvious than in those with lower corrosion ratios.

3.3. Ultimate Load

Table 6 summarizes the ultimate load Nu, ultimate compressive strength σu, and
ultimate strain εu0 of the axial compression specimens. The ultimate compressive strength
σu, is Nu/A, where A is the cross-sectional area of the specimen (for the strengthened
specimen, A includes the area of concrete, rebars, and cementitious material). The ultimate
strain εu0 is the ratio between the axial displacement corresponding to the ultimate load
and the height L of the specimen.

Table 6. Test results of the axial compression specimens.

Specimen Corrosion Ratio η Nu/kN σu/MPa εu0/%

I1-0-S 0% 1285.8 21.3 0.58
I1-5-S 5% 1270.0 21.1 0.96
I1-10-S 10% 1156.9 19.2 0.99
I1-15-S 15% 1134.5 18.8 1.21
I1-20-S 20% 1079.2 17.9 1.35
I1-25-S 25% 1020.6 16.9 1.13

I1-0 0% 835.9 16.5 0.38
I1-5 5% 738.6 14.6 0.54

I1-10 10% 711.8 14.1 0.49
I1-15 15% 659.0 13.0 0.60
I1-20 20% 612.1 12.1 0.74
I1-25 25% 547.6 10.8 0.76

It can be seen from Table 6 that the ultimate load (or ultimate stress) of the tested
specimens decreases with the increase of corrosion ratio, whether the specimens were
strengthened or not. The main reason for this is that the corrosion products produced by
rebars will cause expansion cracks within the concrete, and a higher corrosion ratio will
lead to increased damage of the internal structure of the concrete. Hence, the ultimate load
(or ultimate stress) of the specimens will decrease with the increase of corrosion ratio. For
specimens with corrosion ratios of 0%, 5%, 10%, 15%, 20%, and 25%, the ultimate loads of
the strengthened specimens are 53.8%, 71.9%, 62.5%, 72.2%, 76.3%, and 86.4% higher than
that of the unstrengthened specimens, respectively, which indicates that the enhancement
effect of FRCM on ultimate load is more pronounced for specimens with higher corro-
sion ratios. This decrease of ultimate load with respect to an increasing corrosion ratio
occurred at a different rate in the strengthened and unstrengthened specimens. Those
strengthened by FRCM experienced a slower rate of bearing capacity reduction caused by
the rebar corrosion.

It can be seen from Table 6 that the ultimate strain increases with the increase of
corrosion ratio, whether the specimens are strengthened or not. This is largely because
the expansion cracks in the concrete, caused by the corroding rebars, results in a decrease
in rigidity. Consequently, specimens with higher corrosion ratios experienced a greater
deformation when loaded.

3.4. Calculation of Ultimate Load

When RC columns strengthened by FRCM are subjected to axial compression, the
axial loads are borne by the concrete, longitudinal rebars and cementitious material of
FRCM. For the RC columns whose rebars are corroded, the strength of the longitudinal
rebars will be weakened [22]. According to research results proposed by Sun et al. [23], the
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relationship between the ratio of f y
* (yield strength of corroded rebars) to f y (yield strength

of non-corroded rebars) and the corrosion ratio η can be expressed as follows:

f y
*/f y = 1 − 1.1η (1)

According to the analysis above, the ultimate load of corroded RC columns strength-
ened by FRCM can be expressed as follows:

N = f ccAc + f y
*As + f mAm (2)

In Equation (2), f cc is the compressive strength of the core concrete in the strengthened
columns, and Ac is the cross-sectional area of the core concrete; As is the cross-sectional area
of the rebars before corrosion; f m is the compressive strength of the cementitious material
in the FRCM, and Am is the cross-sectional area of the cementitious material.

According to the test results and Equation (2), the calculated core concrete compressive
strengths of the strengthened specimens, f cc, and of the unstrengthened specimens, f co, are
shown in Table 7.

Table 7. Compressive strength of core concrete of tested specimens.

Specimen η f cc/MPa f co/MPa βρ Kη-Test Kη-Design

I-0-S 0% 13.45 1.35 1.00 1.00
I-5-S 5% 13.51 1.61 1.19 1.04

I-10-S 10% 11.62 1.42 1.05 1.08
I-15-S 15% 11.54 1.53 1.14 1.13
I-20-S 20% 10.81 1.56 1.15 1.17
I-25-S 25% 10.01 1.66 1.23 1.21

I-0 0% 9.95
I-5 5% 8.37

I-10 10% 8.21
I-15 15% 7.52
I-20 20% 6.95
I-25 25% 6.03

Note: In Table 7, βρ is the ratio of f cc and f co, i.e., βρ = f cc/f co; Kη-Test is the ratio of βρ (with different corrosion
ratios) and βρ0 (with the corrosion ratio of 0%), i.e., Kη -Test = βρ/βρ0; Kη -Design is calculated based on the fitting
equation of Equation (3).

According to the test results showed in Table 7, linear regression was used to fit Kη -Test
values to different corrosion ratios η. It should be noted that the fitted results have excluded
the specimen I-5-S, because the results indicated that a higher corrosion ratio accompanied
a lower concrete compressive strength f cc, which is inconsistent with the overall trend of
test results. Therefore, the test results of specimen I-5-S cannot be used to accurately reflect
real-life situations, so it is eliminated. In addition, the fitting curve of Kη -Test was ensured to
pass through the point (0, 1), because for the specimen with corrosion ratio η equal to 0, the
core concrete compressive strength remains unchanged. The relationship between Kη -Design
and corrosion ratio η obtained by the fitting result is expressed as follows (corresponding
R2 = 0.936):

Kη -Design = 1 + 0.8407η (3)

The calculated values of Kη -Design, according to the fitted equation are shown in
Table 7.

4. Effect of ICCP-SS on the Distribution Laws of Cl− in RC Hollow Columns

In this paper, 12 RC hollow columns were protected via ICCP-SS. After the charging
process, a core was taken from each specimen and then milled, the diameter of the cored
concrete was 90 mm. Additionally, it was ensured that the rebars were located in the
middle of the specimen when drilling. The Cl− content at numerous points in the core
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sample was measured by potentiometric titration. The drilling process and the core sample
taken from the tested columns are shown in Figure 9.
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Figure 9. Drilling process and the core sample.

The grinding operation was carried out according to the positions marked with
different color bands and shown in Figure 10. The specific sampling process was as follows:
(1) Along the positive direction (i.e., the outer side), the concrete located in areas 1, 2, 3, 4,
5, 6, 7, and 8, showed in Figure 10, was sampled, and the center of these areas were 7, 9, 13,
17, 21, 25, 29, and 33 mm from the center of the rebar, respectively; (2) samples were taken
from either side of the CFRP, areas 9 and 10, to obtain the distribution of Cl− across the
FRCM layer; (3) Along the negative direction (i.e., the inner side), the concrete located in
areas 1, 2, 3, 4, 5, 6, 7, 8, and 9, shown in Figure 10, was sampled, and the center of these
areas were −7, −9, −11, −14, −18, −22, −26, −29, and -32 mm from the center of the rebar,
respectively.
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Figure 10. Sampling positions of grinding powders.
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4.1. Influence of Conduction Time

According to Section 2.2, the groups of specimens shown in Table 2 were protected
by ICCP for 4, 7, and 10 months with current densities of 20 and 60 mA/m2. Through the
potentiometric titration method, the influence of different conduction times, as well as the
inclusion of additional salt, on the distribution of Cl− through the depth of the concrete is
shown in Figure 11. The location of the rebar and the interface between the concrete and
the FRCM layer are also indicated for comparison.
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Figure 11. Influence of different conduction times and salt addition on the distribution of Cl− content on both sides of rebars.

As can be seen from Figure 11, for specimens without salt addition and with protection
current densities of 20 mA/m2 (Figure 11a) and 60 mA/m2 (Figure 11b), the following
patterns can be found. (1) The Cl− content located toward the inner side of the rebar
(x < 0 mm) is generally higher than that of the outer side (x > 0 mm). This is due to the fact
that the chlorine salt mainly accumulated in the surface material near the cavity, where the
salt was added, and the concentration (i.e., the concentration of the acid-soluble chloride,
and the same as the following) of Cl− gradually decreases as it diffused further into the
concrete; hence, the Cl− content near the inner surface of the core is higher. (2) The Cl−

content gradually decreases from the cavity surface to the surface of the rebars, and this
trend is more obvious when the conduction time is longer. (3) The Cl− content of each
specimen decreases continuously when getting closer to the rebars, and the discrepancy of
Cl− content between each specimen also decreases continuously, especially for the region
near the outer surface of the rebar. In addition, the Cl− content near the outer side of the
rebar is always larger than that of the inner side. (4) Around the interface between the
FRCM and the concrete, the Cl− content increases significantly when comparing a low
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current density (I = 20 mA/m2) to a high current density (I = 20 mA/m2). This shows that
the impressed current causes the Cl− near the rebars to move toward the anode; i.e., the
Cl− moves to the vicinity of the CFRP.

For specimens with salt addition and with protection current densities of 20 mA/m2

(Figure 11c) and 60 mA/m2 (Figure 11d), the development of the Cl− content is consistent
with conclusion (1) of the specimens without salt addition. However, compared with the
above conclusion (2), for the specimens with additional salt, the influence of conduction
time on the development trend of the Cl− content from the cavity surface to the vicinity
of rebars is not as obvious. The Cl− content close to the rebar is also lower than in the
other regions for the salt-added specimens, and the difference between the inner and outer
sides of the rebar is also obvious, which is consistent with conclusion (3). Similarly, the Cl−

content in the vicinity of the CFRP also increased significantly for the salt-added specimens,
which is consistent with the above conclusion (4).

Furthermore, it can be found from Figure 11 that the difference in Cl− content between
the inner and outer sides of the rebar is more obvious for specimens with higher current
densities, regardless of whether the conduction time was long or short, and irrespective
of whether the specimens had salt added or not. This phenomenon is due firstly to the
absorption effect the electric field has on Cl− in the cavity, and secondly the barrier the
rebar formed to retard the migration process of the Cl−, thus causing a clear difference
in Cl− content either side of the rebar. Around the vicinity of the rebar, the Cl− content
was at a minimum, less than in other regions in the corresponding direction, even if the
rebar blocks the migration of Cl− to a certain extent. This demonstrates that the impressed
current can reduce the Cl− content near the rebar, and it proves that ICCP can play a
protective role for the reinforcement.

4.2. Influence of Current Density

Based on the potentiometric titration measurements, the influence of different current
densities on the distribution of Cl− content, with and without the addition of salt, and for
conduction times of 4, 7, and 10 months, is shown in Figure 12.

As can be seen from Figure 12, for specimens without salt addition and with a con-
duction time of 4 months (Figure 12a) and 7 months (Figure 12b): On the inner side of
the rebar (x < 0 mm), a larger current density induces a higher Cl− content, but this effect
is less notable with an increase of conduction time. For example, in the specimen with
a conduction time of 10 months, shown in Figure 12c, the current densities have little
influence on the Cl− content on the inner side of the rebar. For the outer side of the rebar
(x > 0 mm), the Cl− content remained at a lower level than the inner side for specimens
with different conduction times, and there was no obvious change of the Cl− content even
when a larger current density was applied. This is mainly because the Cl− content is rela-
tively low for specimens without salt addition, and the electric field formed by any current
can successfully migrate most of the Cl− to the anode. Around the interface between the
FRCM and the concrete, the Cl− content increases significantly, showing that the impressed
current causes the Cl− to move toward the anode.

For the salt-added specimens (Figure 12d–f), the influence of current density on the
Cl− content on the inner side of rebars (x < 0 mm) is similar, except that the overall Cl−

content of the salt-added specimens is higher relative to the specimens without salt addition.
Thus, the Cl− content on either side of the rebar is higher than that of the specimens without
salt addition. It is worth noting that on the outer side of the rebar (x > 0 mm), a relatively
lower Cl− content is obtained by applying a larger current density, which is different
from the distribution seen on the inner side. This is mainly because the Cl− content of
the salt-added specimens is relatively higher than the specimens without, and the electric
field formed by a smaller current density is not sufficient to migrate most of the Cl− to
the anode. In addition, for the surrounding cementitious material, the Cl− content in the
FRCM also increased significantly whether the specimens had salt added or not, and this
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phenomenon also reinforces that the effect of impressed current causes the Cl− near the
rebar to move to the anode.
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Figure 12. Influence of different current densities on the Cl− content at both sides of rebars.

Overall, in the regions on the inner side of the rebar (x < 0 mm), a larger current
density usually lead to higher Cl− content, which may have a negative impact on rebars;
however, this negative impact gradually diminished with the increase of conduction time.
In the regions on the outer side of the rebar (x > 0 mm), a larger current density usually
lead to a better migration effect on Cl−; that is, a larger current density plays a positive
role for the protection of rebars.
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4.3. Influence of Salt Addition

The influence of salt addition on the distribution of Cl− content in both sides of rebars
is shown in Figure 13, for specimens protected by ICCP for 4, 7, and 10 months and with
current densities of 20 and 60 mA/m2.
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Figure 13. Influence of salt addition or not on distribution of Cl− content in both sides of rebars.

As can be seen from Figure 13, for specimens conducted with a current density of
20 mA/m2 (Figure 13a–c), the overall Cl− content of the specimens with salt addition is
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higher than that of the specimens without salt addition, whether on the inner (x < 0 mm)
or outer (x > 0 mm) side of the rebar (except for the CFRM), and the difference is more
obvious on the inner side. In addition, from Figure 13, the increase of conduction time
has a positive effect on the Cl− content of the specimens with or without salt addition. In
Figure 13c, for example, the differences between the Cl− content on the inner side of the
rebar, with or without salt addition, are already small compared to specimens with shorter
conduction times (Figure 13a,b).

For the specimens conducted with current densities of 60 mA/m2 (Figure 13d–f), the
effect of salt addition on the Cl− content in the left and right sides of rebars is similar to
that of the 20 mA/m2 specimens; i.e., the Cl− content either side of the rebar is higher in
the specimens with salt addition than in those without salt addition, and the difference is
more obvious on the inner side of the rebars. We also found the effect that the salt addition
has on the Cl− content on the outer side of the rebar; that is, additional salt leads to an
increased Cl− content, which is less notable in specimens conducted with current density
60 mA/m2 compared to those conducted with current density of 20 mA/m2. This shows
that a larger current density imposes a better migration effect on the Cl− near the rebar.
Furthermore, it can be seen from Figure 13 that the Cl− content in the FRCM layer is higher
when salt is added than without salt addition. In addition, the Cl− content in the FRCM
is much higher than in the concrete on the outer side of the rebar. This shows that the
effect of impressed current on the migration of Cl− near the rebars is more obvious, and
the protective effect of the impressed current is clearer for specimens with salt addition.

Overall, for the specimens with salt addition (i.e., the simulated pre-corrosion speci-
mens), the Cl− content on either side of the rebar increased compared to the specimens
without salt addition. However, the effect of impressed current can help reduce this rise
of Cl− content near the rebar, and increasing the density of impressed current as well as
increasing the conduction time further reduced the rise of Cl− content on both sides of
the rebars.

By analyzing Figures 10–13, it could be found that the Cl− content near the inner side
of rebars was always larger than the outer side, and it is more obvious for specimens with
a relatively higher current density. The reasons were mainly due to the absorption effect of
the electric field and the barrier effect of rebars that influence the migration process of Cl−.
In summary, the impressed current have reduced most of the Cl− near the inner side of
rebars even if part of the Cl− gathered in this region; hence, the ICCP technique can play a
positive and protective role for the rebars. The optimal ways to maximize the advantages
of ICCP are avoiding using larger current densities and extending the conduction time.

5. Conclusions

In this paper, the axial compression properties of corroded RC hollow columns
strengthened by FRCM and the influence of an ICCP-SS system on the migration and
distribution laws of Cl− in RC hollow columns were studied through experiments. The
following conclusions can be drawn:

(1) FRCM strengthening could increase the ultimate load of the corroded specimens
considerably, and the axial displacement corresponding to the ultimate load of the strength-
ened specimens was larger than that of the unstrengthened specimens. This was especially
notable in specimens with higher corrosion ratios;

(2) The ultimate strain of both the strengthened and unstrengthened specimens in-
creased with the increase of corrosion ratio;

(3) During the migration process of Cl− from cathode to anode, the rebar would have
a blocking effect, thus causing the Cl− content on the inner side of the rebar to always be
larger than the on the outer side;

(4) For the specimens with salt addition, the Cl− content in both sides of rebars would
increase compared to the specimens without salt addition. However, this increase was
affected by the impressed current. A higher current density or longer conduction time
reduces the increase of Cl− seen after the addition of salt;
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(5) The content of Cl− in the FRCM increased whether the specimens had salt addition
or not when the impressed current was applied, which indicates that the Cl− content near the
rebars had moved to the anode (i.e., the CFRP) due to the influence of the impressed current.
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