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In the bridge concrete, reinforcement corrosion is one of the main factors affecting the service life and
safety performance of bridges, in which cathodic protection (CP) technology is widely used in the
corrosion protection of reinforcement in bridge concrete. However, exposed in the atmosphere for a
long time, there are much more crevices in the bridge concrete, which will greatly shorten the
protection distance of cathodic current, and then aggravate the corrosion of reinforcement in the
crevices. Therefore, based on the self-designed rectangular crevice structure as the experimental device
to simulate the crevices in the bridge concrete, this paper studied the corrosion behavior of HRB500
steel inside and outside the crevice structure in 3 wt.% NaCl solution under the different conditions of
CP current densities through electrochemical experiments and corrosion morphology characterization.
The results showed that under the condition of no cathodic protection, the crevice corrosion
mechanism generally changed from activation corrosion to oxygen concentration corrosion with the
increase of experimental time, presenting that the self-corrosion potential of the HRB500 steel inside
the crevice structure positively shifted, while the self-corrosion potential of the HRB500 steel outside
the crevice structure shifted first to positive direction and then to negative direction. When cathodic
protection was applied, the corrosion behaviors of the HRB500 steels along the crevice structure were
all showed in activation corrosion, and the corrosion behavior of HRB500 steel outside the crevice was
transformed from anode control to mixed control, and from general corrosion to pitting corrosion.
Under the conditions of increasing CP current densities, the corrosion behavior was depended on
cathodic process with a decreasing cathodic Tafel constant (5c), while the corrosion morphology
changed from pitting corrosion to general corrosion.
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1. INTRODUCTION

The deterioration of reinforced concrete structure of bridge is the synergistic result of physical -
chemical process. Compared with freeze-thaw damage and alkali-aggregate reaction, reinforcement
corrosion is the main reason of durability decline of concrete structures [1-4]. The corrosion will lead
to the reduction of the cross-sectional area of reinforcement, which will greatly reduce the load
capacity of the bridge, resulting in a significant decrease in service life of the bridge [1,2,4-6]. This
phenomenon is particularly obvious in the pre-stressed reinforced concrete structures eroded by CI
[1, 5, 6].

Nowadays, cathodic protection (CP) technology has been widely used for reinforcement anti-
corrosion in bridge concrete, and has been proved by corrosion scientists to be the best way to prevent
Cl- corrosion in the reinforced concrete structure [7-9]. For example, the British Standards
Organization pointed out that CP was the only way to protect reinforcements from chloride ions in
concrete structures [10,11]. The American Concrete Institute also came up with that only CP had
proven to be the most effective method of preventing the continued CI erosion of existing concrete
structures [12,13].

Two reported cases can prove the effectiveness of CP in the anti-corrosion of reinforcements in
bridge concrete. In 2013, Christodoulou et al. [14] applied a hybrid CP system on the Tiwai Point
Bridge to provide anti-corrosion for pre-stressed concrete in the tidal zone with a target service life of
50 years. In 2014, Christodoulou et al. [15] conducted a study and analysis on the CP of bridge in
Midland, and found that after CP was applied in 1987, the CI corrosion of the bridge was greatly
reduced. Since then, CP had been the main anti-corrosion method for MLMYV bridges, including more
than 740 concrete structures currently protected by CP.

However, exposed in the atmosphere for a long time, crevices inevitably occurred in the bridge
concrete at the interface between concrete and reinforcements, which can shield the CP current. Under
this circumstance, the corrosion rate of reinforcements in the crevice structure can reach 0.7 mm/a. As
shown in Figure 1, during the on-site inspection of reinforcement corrosion, it was found that under the
condition of CP potential of -1.1~-1.2 V (relative to the saturated copper sulfate reference electrode,
vs.CSE), the crevices formed at the interface of concrete and reinforcements had a shielding effect on
CP current, that is, the distance of CP was shortened due to the crevices [16]. The micro corrosion
morphology of the reinforcements in the protected area and unprotected area was carried out, as shown
in Figure 2. It can be seen that the corrosion of reinforcements in protected area was very slight, and it
can be considered to be well protected. However, due to the shielding effect of the crevice structure on
the CP current, the reinforcements inside the crevice structure were not protected, so the corrosion was
serious, and there were a lot of pits on the surface.
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Figure 1. The shileding effect of crevice structure in on-site bridge concrete on CP current
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Figure 2. The micro corrosion morphology of the reinforcements in bridge concrete in protected area
and unprotected area under the condition of CP potential of -1.1~-1.2 Vys.csE

Therefore, based on the self-designed rectangular crevice structure as the experimental device
to simulate the crevice structure in the bridge concrete, this paper studied the corrosion behavior of
HRB500 reinforcement inside and outside the crevice structure in 3 wt.% NaCl solution under
different conditions of CP current densities (Icp) in 0-100 A/cm? through electrochemical experiments
and corrosion morphology characterization, to reveal the shielding effect of the crevice strcture in
bridge concrete on CP and corrosion behaviors of metal inside the crevice structure in the bridge
concrete.

2. EXPERIMENTAL SETUPS

2.1 Self-corrosion potential of HRB500 steel in the crevice structure with time

In order to explore the variation of the self-corrosion potential (Esc) of HRB500 steel along the
crevice structure in bridge concrete with time, as shown in Figure 3, the rectangular structure as
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experimental device was used to simulate the crevice structure in bridge concrete for experimental
testing. The upper and lower cover plates of the experimental device were made by poly ethylen
material, and four locations for test samples were preset in the lower cover plate. 1# sample was set at
the position of the openings, at which the test sample was in direct contact with the external corrosive
environment, and was not influenced by the crevice structure. And the 2#, 3# and 4# samples were set
at positions 3 cm, 9 cm and 15 cm away from the 1# sample. A reference electrode (saturated calomel
electrode, SCE) was set at the upper cover corresponding to each test sample. The potentiometer was
used to collect the potential of the four samples, and the potential acquisition of different samples
could be carried out by switching data acquisition unit. NaCl solution with a mass fraction of 3% was
used as the experimental solution, the experimental temperature was 20°C, and the total experimental
time was set as 144 h. HRB500 steel with the size of 7x7x2 mm?® was used for the experiments, and
the main components were shown in Table 1. Before the experiment, each sample should be cleaned
and polished to be mirror-like.

Table 1. The main chemical components of HRB500 steel (mass fraction, wt.%)

Element C Si Mn P S Ceq
Mass fraction (%) 0.22 0.54 1.41 0.036 0.040 0.48
Solution
Reference
electrode
15cm ‘ 9cm’ 3cm‘ 0‘

Data acquisition unit

Potentiometer

Figure 3. The rectangular structure as the experimental device for simulating the crevice structure in
bridge concrete to test the self-corrosion potential (Esc) of HRB500 steel obtained by data
acquistion unit and potentiometer at different position (0, 3 cm, 9 cm and 15 cm away from the
opening, named 1#-4# sample, respectively) with time in 3 wt.% NaCl solution at 20°C
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2.2 Shielding effect of the crevice structure on cathodic protection

On the basis of experimental device as shown in Figure 3, a platinum electrode (Pt) was added
close to each reference electrode to test the polarization curves of the different samples, as shown in
Figure 4. The CP of the 1# sample was applied by the direct current (DC) source, to simulate the
different CP degrees, where the anode was Pt electrode and the cathode was the 1# sample. The Icp
was set in the range of 0-100 A/m?. After the system was stabilized, the polarization curves of 1# and
4# samples were tested to analyze the shielding effect of the crevice structure on CP under different
conditions of Icp. The polarization curve was scanned in Tafel potential range and the scanning rate
was set as 0.1 mV/s.

The immersion tests of 1# and 4# samples under different conditions of Icp were set for 72 h.
After completed, the sample was removed to clean the surface corrosion products, and the corrosion
morphology was observed with a 3D microscope and then the maximum pit depth was tested.

Anode

DC source

Cathode

Solution

Reference Auxiliary
electrode electrode i Pt

e T

Data acquisition unit

Electrochemical station

Figure 4. The rectangular crevice structure as the experimental device for simulating the crevice
structure in bridge concrete to carry out the electrochemical experiments and immersion
experiments (including corrosion morphology and maximun pitting depth) of HRB500 steel at
different position of 1# and 4# samples, respectively, with time in 3 wt.% NaCl solution at
20°C udner the different conditions of cathodic potention current deisities in the range of 0-100
A/m?
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3. RESULTS AND DISCUSSION

3.1 Self-corrosion potential of HRB500 steel in the crevice structure under the condition of no
cathodic protection with time

Figure 5 showed the variation of self-corrosion potential (Esc) of four samples at different
positions with experimental time of 0-144 h. As can be seen from the Figure 5, the variation of Esc of
different samples can be divided into two stages of 0-36 h and 36-144 h. In the first stage of 0-36 h,
with the increase of the experimental time, the Esc of different samples was all positively shifted,
indicating an intensified corrosion. Therefore, the activation corrosion of HRB500 steel occurred in
this stage. This was because at the initial stage (0-36 h) of the experiment, the electrochemical reaction
in the crevice structure was controlled by the oxygen depolarization with the sufficient oxygen, that is,
Fe—Fe?*+ 2¢ in the anode and O,+2H,0+ 4e—40H" in the cathode. And also, the corrosion product
Fe(OH)2 was in a loose porous structure, which can further promote the adsorption of anions on the
surface of the metal matrix [17]. Therefore, in the first stage of 0-36 h, the Esc of HRB500 steel was
positively shifted with time increasing.

However, in the second stage of 36-144 h, the Esc of different samples showed different
changes compared with that in 0-36 h. In detail, the Esc of 1# and 2# samples close to the opening
gradually shifted negatively with the increase of experimental time, while the Esc of 3# and 4# samples
continued to shift positively and then remained basically unchanged. Meanwhile, it should be noted
that within 36-72 h, the Esc of different samples presented obvious positive or negative deviation.
However, at 72-144 h, the Esc of 2#, 3# and 4# samples basically remained unchanged, while the Esc of
1# sample continued to deviate slightly in negative position. Therefore, when the experimental time
reached 144 h, comparing the Esc of different samples, it can be seen that 3# and 4# samples were
worked as anode, while 1# and 2# samples were worked as cathode [18-20]. This was because as the
experiment progressed, the oxygen inside the crevice structure was gradually consumed. However, due
to the shielding effect of the crevice structure, the oxygen outside the crevice structure was difficult to
diffuse into the crevice structure, so the oxygen concentration difference gradually increased [21]. As a
result, within 36-72 h, the Esc of 1# and 2# samples were negatively shifted, while the Esc of 3# and 4#
samples continued to show positive deviation. When the difference of oxygen concentration along the
crevice structure reached equilibrium [22], the Esc of different samples remained basically unchanged
after 72 h.
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Figure 5. The variation of self-corrosion potential (Esc) of four samples at different positions under the
condition of no cathodic protection with time in 3 wt.% NaCl solution at 20°C

3.1 Self-corrosion potential of HRB500 steel in the crevice structure under the different conditions of
CP current densities in 0-100 A/m?

Figure 6 showed the variation of self-corrosion potential (Esc) of 1# sample under different
conditions of CP current densities (Icp) in 0-100 A/m? in 3 wt.% NaCl solution at 20°C. After CP was
applied, the Esc of HRB500 steel decreased from -647.23 mV to -1158.25 mV at Icp = 20 A/m?. As the
Icp continued to increase, the Esc accordingly continued to shift negatively. When the Icp reached 100
A/m?, the Esc moved negatively to -1592.17 mV. It should be noted that when the Icp was 20 A/m? and
40 A/m?, the Es was -1158.25 mV and -1186.34 mV, respectively, which can be considered within the
admittedly effective range of CP potential in -0.85~ -1.2 V (relative to saturated copper sulfate
electrode, CSE). Actually, more examples of CP applied on bridge concrete indicated the CP potential
at the negative feedback point was generally set to -1.5 V to ensure that the CP current can protect
much longer bridge [23]. And for another aspect, related studies had shown that for HRB500 steel,
when the potential of uncoated metal in seawater was negative to -1.2 V, hydrogen-evolution reaction
(HER) may occur, resulting in further deterioration of reinforcement. However, the HER of coated
reinforcements in the bridge did not occur at the higher CP potential in -1.5 V. Therefore, under the
condition of the applied Icp in this study, the Esc of HRB500 steel in lcp = 20-100 A/m?was basically
equal to the CP potential actually set in the field.
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Figure 6. The variation of self-corrosion potential (Es) of 1# sample under the different conditions of
CP current densities in 0-100 A/m? with time in 3 wt.% NaCl solution at 20°C

Figure 7 showed the variation of self-corrosion potential (Esc) of 4# sample under the different
conditions of CP current densities (Icp) in 0-100 A/m? with time in 3 wt.% NaCl solution at 20°C. It
was well-known that the more Icp was impressed, the more negative of potential of protected metal
was. However, in this paper, due to the shield effect of crevice structure on CP, it can be seen that with
the increase of Icp, the Esc of 4# sample tended to increase, which was similar with the change
mechanism of the anodic current outflowing from the metal. According to Faraday's law, under the
condition of anodic current, the positive deviation of metal potential should be proportional to the
anodic current. However, under the research conditions of this paper, as the Icp increased, the increase
rate of Esc gradually slowed down, presenting a power exponential change of Esc vs. lcp (R?=0.998)
[24]. This was because that as shown in Figure 5, under the condition of no cathodic protection, the
crevice corrosion mechanism was described by 1# sample as cathode and 4# sample as anode.
However, due the shield effect of crevice structure on cathodic protection, that is, the applied CP
current can not reach the 4# position, the applied CP made the potential difference severe increase (as
shown in Figure 6 and Figure 7), which sharply accelerated the corrosion rate of 4# sample. A large
number of Fe?* at 4# position were accumulated due to the accelerated Fe—Fe?*+2¢", and then the Fe?*
hydrolysis process of Fe?*+2H,0—2H"+Fe(OH). led to the acidification of corrosion environment.
Under this circumstance, due to the balance of positive - negative charges, a large amount of CI°
migrated from 1# position to 4# position, resulting in increase in the local corrosion on the surface of
4# sample and then exacerbating the non-Faraday process [25]. Therefore, the change of Esc vs. Icp
was in a power exponential function, rather than in a linear relationship.
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Figure 7. The variation of self-corrosion potential (Es) of 4# sample under the different conditions of
CP current densities in 0-100 A/m? with time in 3 wt.% NaCl solution at 20°C

3.2 Polarization curves of HRB50O steel in the crevice structure under the different conditions of CP
current densities in 0-100 A/m?

Figure 8 showed the variation of polarization curves and related parameters of 1# sample under
different conditions of CP current densities (Icp) in 0-100 A/cm? in 3 wt.% NaCl solution at 20°C, and
Table 2 presented the fitted results of related parameters including corrosion potential (Ecorr), COrrosion
current density (lcorr) and anode / cathode Tafel constant (faand fc). As can be seen from the Figure 8,
with the increase of Icp, the Ecorr Of 1# sample continued to shift negatively. Especially, the change of
Ecorr Was the largest, reaching 554.02 mV, when the Icp = 20 A/m? was applied, which was the same as
the result of self-corrosion potential (Esc). Meanwhile, the lcorr Showed a trend of firstly decreasing and
then increasing. Under the different conditions of Icp, the corrosion behavior of 1# sample presented an
activation corrosion characteristic and was controlled by anode reaction presented by r>1. However,
the variation of r was contrary to that of Icorr, Showing a trend of firstly increasing and then decreasing
[26]. The larger the r was, the stronger the anode control effect was, and the more difficult ion
diffusion was, so the lower leorr was. Therefore, at Icp = 20 A/m? and 40 A/m?, the anode control was
the strongest and the lcor Was relatively lower. However, with the increase of Icp, the anode control
weakened and tended to be mixed control (r=fa/fic=1), resulting in that the lcorr increased gradually.
This was because the HER potential of HRB500 steel in seawater (or 3.0-3.5 wt.% NaCl solution) was
about -1.2 V. With the increase of Icp, the Ecorr Of 1# sample was negative to the HER potential. Under
this circumstance, the HER occurred, and the degree of anode control was weakened. As a result, the
lcorr, Namely the corrosion rate, increased.
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Figure 8. The variation of polarization curves and related parameters including corrosion current
density (lcorr) and anode / cathode Tafel constant (fa. and f¢) of 1# sample under different
conditions of CP current densities in 0-100 A/cm? in 3 wt.% NaCl solution at 20°C

Table 2. The fitted results of related parameters including corrosion potential (Ecorr), corrosion current
density (lcorr) and anode / cathode Tafel constant (fa. and f¢) of 1# sample under different
conditions of CP current densities in 0-100 A/cm? in 3 wt.% NaCl solution at 20°C

CP current densities (A/m?) 0 20 40 60 80 100
Ecorr (mV) -687 -1241 -1279 -1336 -1429 -1607
Leorr (MA/cm?) 7.14 3.24 2.01 10.38 15.91 15.30
Pa (mV/dec) 1697.88 555 407.38 59.3 192.04 448.12
P (mV/dec) 1415.82 64.66 59.5 56.91 186.61 433.74
=Pl Pe 1.20 8.58 6.85 1.04 1.03 1.03

Figure 9 showed the variation of polarization curves and related parameters of 4# sample under
different conditions of CP current densities (Icp) in 0-100 A/cm? in 3 wt.% NaCl solution at 20°C, and
Table 3 presented the fitted results of related parameters. Under the different conditions of Icp applied
on 1# sample, the corrosion behavior of 4# sample showed in an activation state, in which there were
no passivation characteristics in anodic zone and no oxygen-diffusion characteristics in cathodic zone.
With the increase of Icp, the Ecorr Of 4# sample showed an obvious positive deviation. Meanwhile, the
lcorr increased rapidly, but deviated slightly from the positive proportion trend, which was caused by
the non-Faraday process described in Figure 7 [27]. The Tafel constant ratio (r=8«/fc) showed that the
corrosion behavior of 4# sample changed from anodic control (r>1) at Icp = 0 to cathodic control (r<1)
in Icp = 20-100 A/m?2. Furthermore, the r decreased gradually, which indicated that the larger Icp
applied on 1# sample was, the stronger the shielding effect of crevice structure on cathodic protection
was. As a result, the lcorr basically increased linearly.
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Figure 9. The variation of polarization curves and related parameters including corrosion current
density (lcorr) and anode / cathode Tafel constant (fa. and fc) of 4# sample under different
conditions of CP current densities in 0-100 A/cm? in 3 wt.% NaCl solution at 20°C

Table 3. The fitted results of related parameters including corrosion potential (Ecorr), corrosion current
density (lcorr) and anode / cathode Tafel constant (fa. and fc) of 4# sample under different
conditions of CP current densities in 0-100 A/cm? in 3 wt.% NaCl solution at 20°C

CP current densities (A/m?) 0 20 40 60 80 100
Ecorr (mV) -687 -353 -196 -37 36 160
Leorr (MA/cm?) 7.14 13.18 19.61 25.20 28.66 32.36
Pa (mV/dec) 1697.88 920.3 401.85 | 426.84 | 1058.32 520.48
B (mV/dec) 1415.82 | 1074.75 531.87 | 674.42 | 191491 | 1001.92
1=Pal e 1.20 0.86 0.76 0.63 0.55 0.52

3.3 Corrosion morphology and maximum pitting depth of HRB500 steel in the crevice structure under
the different conditions of CP current densities in 0-100 A/m?

Figure 10 showed the corrosion morphology and maximum pitting depth of 1# and 4# samples
under different conditions of CP current densities (Icp) in 0-100 A/cm? in 3 wt.% NaCl solution at
20°C.

With the increase of Icp, the corrosion morphology of 1# sample changed from general
corrosion to pitting corrosion, and the area of corrosion pitting gradually increased. The results of
maximum pitting depth showed that at lcp = 40 A/m?, the maximum pitting depth was 92.843 pm.
With the continuous increase of Ice, the maximum pitting depth was basically unchanged with an
average of 96.034 um, which was caused by the HER. In detail, under the condition of Icp = 20 and 40
A/m?, the Eg of 1# sample was -1158.25 mV and -1186.34 mV, respectively, which was in acceptable
CP potential range of -0.85~-1.2 V. Under this condition, the corrosion was been inhibited. However,
the Esc moved negatively to be lower than -1.2 V, the HER occurred, resulting in severe pitting
corrosion. Therefore, in Icp = 40-100 A/m?, the HER was the main reaction of 1# sample, so the
maximum pitting depth of HRB500 steel was basically unchanged.



Int. J. Electrochem. Sci., 17 (2022) Article Number: 220765 12

Meanwhile, when the CP was applied on 1# sample, the corrosion characteristic of 4# sample
showed obvious pitting characteristics. At lcp = 40 A/m?, the maximum pitting depth reached 104.255
um. As the Icp continued to increase, the area of corrosion pitting of 4# sample gradually increased,
while the maximum pitting depth gradually decreased, which was 51.271 pum at 100 A/m?. This was
because due to the shielding effect of crevice structure on cathodic protection, the larger the Icp applied
on 1# sample was, the higher potential difference of 1# and 4# samples was, in which the 4# sample
worked as anode. The accelerated anodic reaction made the accumulation of corrosion products on the
surface. For another aspect, the loose corrosion products easily promote the diffusion of CI- migrating
from the 1# position. Therefore, the results of increasing corrosion area and decreasing maximum
pitting depth were the synergistic results of accelerated general corrosion and combination of small
pitting.

43.523 51.051 92.843 96.107‘ 96.523 | 98.664

43.523 76.892 104.255 87.146  67.025 51.271
(2) 4# sample

Figure 10. The corrosion morphology and maximum pitting depth of 1# and 4# samples under
different conditions of CP current densities in 0-100 A/cm? in 3 wt.% NaCl solution at 20°C

4. CONCLUSIONS

Focusing on the shielding effect of crevice structure in bridge concrete on cathodic protection,
this paper studied the corrosion behavior of HRB500 steel along the crevice structure in 3 wt.% NacCl
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solution under different conditions of CP current densities through electrochemical experiments and
corrosion morphology characterization. The mainly following conclusions were drawn.

(1) Under the condition of no cathodic protection, the self-corrosion potential (Esc) of four
samples at different positions was positively shifted with the increase of experimental time in 0-36 h,
and the corrosion behaviors showed activation corrosion characteristics. The oxygen-difference cell
began to be formed at 36 h and completed at 72 h, at which the Esc of 1# and 2# samples was
negatively shifted as cathode, while the Esc of 3# and 4# samples was positively shifted as anode, and
the Esc of four samples basically remained unchanged.

(2) Under the different conditions of CP current density (lcp) in 0-100 A/m?, the corrosion
behavior of 1# sample showed the activation corrosion characteristic, which changed from anode
control to mixed control. At Icp = 20 A/m?and 40 A/m?, the corrosion current density of 1# sample
was reduced by cathodic protection. With the continuous increase of Icp, the hydrogen-evolution
reaction of 1# sample occurred, and the corrosion morphology changed from general corrosion to
pitting corrosion, while the maximum depth remained unchanged with an increasing corrosion area.

(3) Under the different conditions of CP current density (Icp) in 0-100 A/m? applied on 1#
sample, the corrosion behavior of 4# sample was controlled by the cathode reaction. With the increase
of Icp, the cathode control weakened. The corrosion morphology changed from pitting corrosion to
general corrosion, and the maximum pitting depth reached 104.255 um at 40 A/m?, which was the
synergistic results of accelerated general corrosion and combination of small pitting.
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