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The galvanic couple effect decreases a few weeks after performing local repairs, nonetheless, there is
few information on the effect the anodic/cathodic area (aA/aC) ratio has on the magnitude of the
galvanic couple. The selective use of stainless steel represents an alternative to repair concrete
structures, but it remains understudied, particularly in tropical marine environments of the Gulf of
Mexico. In this paper, the influence of the anodic/cathodic area ratio on the galvanic behavior, before
and after local repairs, conducted on small beams made of low-quality concrete and 304 stainless steel
(SS) bars is analyzed and discussed. Some of the results from this experiment indicate that an aA/aC
ratio of more than five causes a significant decrease in the galvanic couple of the adjacent areas.
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1. INTRODUCTION

The use of stainless steel as a repair material in corrosion-damaged concrete structures remains
as a controversial subject. In order to evaluate the use of stainless steel for such end, further research
should look at: the effectiveness of the material used in the repair, the effects this material has on the
repaired structure, and how the material’s electrochemical behavior affects the existing carbon steel in
the repaired structure. In this study, we evaluate the electrochemical effectiveness of using 304 SS to
partially substitute the reinforcement on small corrosion-damaged concrete beams exposed to an
aggressive marine environment simulated under laboratory conditions. Such evaluation was conducted
shortly before and after repairs were performed (i.e., early-stage electrochemical behavior). The main
objective was to determine the influence of the anodic/cathodic area ratio on the galvanic couple of
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local repairs in concrete beams for which black steel had been replaced by 304 SS. Galvanic couple
before repairing was also analyzed.

2. TESTING METHODOLOGY

We manufactured under laboratory conditions four reinforced concrete beams of 15 by 15 cm
of section and 56.5 cm in length. Specimens were designed based on the most common type of section
(rectangular or square) used in the Yucatan Peninsula, especially for school buildings. Reinforced
concrete beams with a square section were made with four carbon steel bars, no stirrups, but
electrically-connected by cables exposed at the end of the beam which joined the four reinforcement
bars. These beams imitated existing structures located on the Gulf of Mexico coast, and were exposed
to a simulated coastal marine environment under controlled laboratory conditions. On the other hand,
specimens made with a square section were much easier to monitor in terms of corrosion parameters.
The beams had three unsegmented bars and another segmented one. The latter was divided into three
central sections of 10.5 cm each, and one external section of 11.5 cm on each side. All the
reinforcement bars were made of carbon steel of 3/8 inch (0.95 cm) in diameter and degree 42.
Unsegmented bars were numbered clockwise, starting with the bar that would be exposed to chlorides.
On the other hand, the four segmented bars were named as 1s, 2s, 3s and 4s. Figure 1 shows a
schematic representation of a beam with its segmented bar, as well as unsegmented bars.
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Figure 1. Example of a segmented bar in a beam; values are in cm. a) front view, b) lateral view.

Each segmented bar had five sections joined by a nylamid connector bar (nylon polymer) 1/2”
(1.27 cm) in diameter and 1” (2.54 cm) in length, which was drilled inside in order to fit the steel bar
(3/8° = 0.95 cm in diameter). The segments also had cables at the end in order to conduct
measurements for each segment. Sections were numbered from 1 to 5 and named: SI, SlI, SlI, SIV and
SV. Once all the segments had been fitted in the nylamid, epoxy resin was placed in the joints to
provide stability and rigidity to the segmented bar. The concrete mix used was made with a local
Portland cement (ASTM type 1) and the mix design was based on the ACI design method by absolute
volumes, considering a water/cement ratio of 0.60 and a total cement content of 307 kg/m®. No
additives or bonding materials were used for concrete adherence. The beams were cured for 7 days.
The compressive strength resulted in a f'c.= 23,5 MPa. All four beams were exposed to accelerated
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corrosion and then repaired following the traditional method. Figure 2 shows the final arrangement for

beams with segmented and un-segmented bars.

Group |
Beam# Bar# Exposed bar
1 1,2,3,4 1 Continuous (SII)
2 5,6,7,8 5 Continuous (SIII)
3 9,10,11,12 9 Continuous (SIII)
4 13,14,15,16 13 Continuous (SIII)
5 17,18,19,20 17 Continuous (SIII)
6 21,22,23,24 21 Continuous (SIII)
Group Il
Beam#  Bars Exposed bar
7 1s,25,26,27 1s Segmented (SIII)
8 2s,28,29,30 2s Segmented (SIII)
9 3s,31,32,33 3s Segmented (SIII)
10 4s,34,35,36 4s Segmented (SII1)

2.1 Experimental procedure to measure galvanic currents
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Figure 2. Final arrangement for beams with segmented and continuous bars.

Galvanic current (Ig) was measured for all four beams by means of a zero resistance ammeter
(ZRA), which is capable of giving the anodic and/or cathodic contribution of each measured bar [1].
Measurements were conducted by introducing the ZRA between the segments. According to Figure 3,
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to obtain the first datum, cable 1 was connected to segment 1, and cable 2 was connected to the other
inter-connected segments. This allowed us to measure the galvanic current value between segments 1
and 2. See Figure 3 for details. In order to obtain the Ig between segments 2 and 3, segments 1 and 2
were connected to cable 1, and segments 3, 4 and 5 were connected to cable 2. This allowed us to
measure the galvanic current of all 5 segments. The segmented bar was disconnected from the other
three unsegmented ones during galvanic current measurements for each segment.

Sl Sl S SIvV SV

Ig SI-SlI

Cable 1 Cable 2J

Figure 3. Closer look of a segmented bar and one of the connection arrangements.

The resulting values from the ZRA measurements were the galvanic current contributions of
each segment or bar, and this is why the first value shown by the ZRA was taken as that of the first
segment. To calculate the Ig, we calculated the arithmetical difference between the galvanic currents
for segments 1 and 2, which in this case was taken to be the Ig for segment 2. This method was used to
calculate the g values for all the other segments [1- 3].

2.2 Anodic/Cathodic area ratio (aA/aC)

The period prior to repairing was named BR (before repairing) while that after repairs had been
conducted was named AR (after repairing), and included the first days of curing. Results were
described in four stages based on relevant conditions and changes occurring at different moments after
the repair had been conducted. Stage 1: period of time before the repair had been performed (BR). This
stage lasted from the beginning of the wetting and drying cycles to the first moment at which a greater
difference in galvanic current (between anode and one of the cathodes) between the affected bar and
any of the others was detected. During this period, the concrete had a high level of humidity due to the
wetting and drying cycles, and thus presented high galvanic current values. Stage 2: period of time
which took place before the repair had been conducted (BR), and lasted from the moment at which the
greater difference in galvanic current was first found to the end of the wetting and drying cycles. This
stage was very important since it also showed a decrease in the galvanic couple due to an activation of
the bars which are assumed to be cathodes due to chloride contamination that has started to reach
them, resulting in high potential and corrosion rate values. Stage 3: period of time that included the
repair and curing of the repair (AR). It is during this period that greater galvanic current values start to
appear. Concrete humidity is high due to curing conditions. Stage 4: this period of time corresponded
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to the last measurement taken on the repaired beams; at this time the Ig started stabilizing towards
smaller values than those observed shortly after the repair had been made. During this stage, concrete
humidity has decreased because the curing has already previously finished, and subsequent exposure
cycles have not yet begun.

In the present investigation, we were able to observe that there is an initial condition that occurs
during stages 1 and 2, when chlorides penetrate the concrete, in which anodic and cathodic areas are
formed and have a certain magnitude of effect that takes place while the aggressive conditions last or
until a repair is performed. After a repair has been conducted, anodic (active carbon steel) and cathodic
(stainless steel 304) areas are defined, and this is why it is possible to study the influence this
relationship has on the electrochemical behavior of repaired structures during stages 3 and 4.

The aA/aC relations used here were obtained according to electrochemical measurements taken
from the exposed bars. Therefore, in agreement with the convention of signs previously fixed, when
taking the measurements with the galvanostate, anodic (positive) and cathodic (negative) values were
recorded and were assigned to each segment within each bar. Thus, the galvanic behavior of each
segment was characterized for all of the repaired bars.

Once the anodic and cathodic values had been recorded for each section of the segmented bar,
anode-cathode relations were calculated.

2.3 Specimens exposure to wet and dry cycles with sodium chloride

Once specimens were in a passive state, pre-corrosion was promoted in one corner of each
beam through wet and dry cycles. The corners exposed to the wet and dry cycles were those
corresponding to bars 1, 5, 9, 13, 17 and 21 from the group 1, and 1s, 2s, 3s and 4s from the group 2.
The complete cycles had duration of 24 h:

Wetting: each of the 10 beams was positioned on a wood base whose purpose was to expose
the selected corner of the beam (that to be repaired later) (see Figure 4). The central part of the corner
was exposed to a 3.5% NaCl" solution by means of a wet sponge.

Sponge with 3.5%
saline solution

‘ Concrete O
F 104 % beam 1
Oy O
4 V-1 2
O
Wooden 3

support




Int. J. Electrochem. Sci., Vol. 8, 2013 395
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Figure 4. Sketch (a) and photo (b) of beams during wet and dry cycles

One single corner of each beam was exposed to the aggressive condition to simulate what
usually occurs under real conditions in the Port of Progreso, Yucatan, where breeze blows from the NE
[4]. Galvanic current was measured after finishing the wetting stage.

Drying: the drying stage started once measurements were performed. Beams were positioned in
a dry oven at constant temperature (50 C) during 24 h.

The same procedure was performed during 48 days until reaching the desired corrosion
potential and rate

3. RESULTS

Figures 5 to 10 show the Ig behavior of beams from Group 1. Measurements do not show
significant differences between anodic and cathodic values at the beginning of the exposure. However,
after the third cycle, bars 1, 5, 9, 13, 17 and 21 started to show a strong anodic character which
decreased little by little.
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Figure 5. Plot of Ig for bars from Beam 1 (group 1). Positive zone is anodic and negative zone is
cathodic.



Int. J. Electrochem. Sci., Vol. 8, 2013 396

1000

800 A

600 A

Ig (nA)

-200 A

-400 A

-600 A

-800 T T T T T T T
166 174 182 190 198 206 214 222 230
Time (Days)

Figure 6. Plot of Ig for bars from Beam 2 (group 1). Positive zone is anodic and negative zone is
cathodic.
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Figure 7. Plot of Ig for bars from Beam 3 (group 1). Positive zone is anodic and negative zone is
cathodic.
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Figure 8. Plot of Ig for bars from Beam 4 (group 1). Positive zone is anodic and negative zone is
cathodic.
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Figure 9. Plot of Ig for bars from Beam 5 (group 1). Positive zone is anodic and negative zone is

cathodic.
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Figure 10. Plot of Ig for bars from Beam 6 (group 1). Positive zone is anodic and negative zone is

cathodic.
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Figure 11. Plot of Ig for from Beam 7 (group 2). Anodic zone is positive and cathodic zone is

negative.



Int. J. Electrochem. Sci., Vol. 8, 2013 398

1000
800 -
600 -
400 -
200
ER
‘_5 0
-200 1
“-B2s
-400 bos
-600 | -5B29
—><-B30
-800

166 174 182 190 198 206 214 222 230
Time (Days)

Figure 12. Plot of Ig for from Beam 8 (group 2). Anodic zone is positive and cathodic zone is
negative.
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Figure 13. Plot of Ig for from Beam 9 (group 2). Anodic zone is positive and cathodic zone is
negative.
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Figure 14. Plot of Ig for from Beam 10 (group 2). Anodic zone is positive and cathodic zone is
negative.
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On the other hand, figures 11 to 14 show the Ig behavior of beams from Group 2. Similar
tendencies to those from Group 1 were observed for bars Bls, B2s, B3s and B4s . Also, most of the
rest of the bars in both groups developed and conserved a cathodic behavior.

Until now, plots are showing a galvanic behavior of juxtaposed bars. However, it can also be
analyzed the behavior of the coplanar bars as observed in Figures 15 to 18. It is very clear the anodic
behavior of the attacked segment compared with the cathodic one of most of the rest of the coplanar
segments.

1000

800

600

400 ~

200

)
z'-,/ 0 Ei_’_;...
-200
—A—-B1sSll
-400 ——B1sSI
-%-B1sSll
-600 - ~*-B1sSIV
—=-B1sSV

-800

166 174 182 190 198 206 214 222 230
Time (Days)

Figure 15. Plot of Ig for the 5 coplanar segments of bar 1s. Anodic zone is positive and cathodic zone
is negative.
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Figure 16. Plot of Ig for the 5 coplanar segments of bar 2s. Anodic zone is positive and cathodic zone
is negative.
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Figure 17. Plot of Ig for the 5 coplanar segments of bar 3s. Anodic zone is positive and cathodic zone
IS negative.
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Figure 18. Plot of Ig for the 5 coplanar segments of bar 4s. Anodic zone is positive and cathodic zone
IS negative.

Once knowing the single galvanic behavior of the beams during the pre-corrosion period, data
were prepared and analyzed for the entire described 4 stages. Representative plots of the 4 stages for
groups 1 (beam 2) and 2 (beam 7), as well as for segmented bars (B1s from beam 7) can be analyzed
in Figures 19, 20 and 21. Then, the measured aA/aC ratio values were calculated and presented in
Table 1. These values were calculated by dividing the number of anodes by the number of cathodes for
each segmented bar. For example, if we have five segments on the segmented bar and one of them
works as an anode, then, the aA/aC ratio is %, this is 0.25 and so on. The greatest anodic values found
throughout the bar were recorded as Ig.
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Figure 19. Representative plot of the 4 stages for beam 2, group 1
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Figure 20. Representative plot of the 4 stages for beam 7, group 2.
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The aA/aC ratio varied among the stages in such a way that four relations were observed: 0.25,
0.67, 1.5 and 4. Figure 22 plots the values shown in Table 1, where the galvanic current (Ig) was
inversely proportional to the aA/aC area ratio. This behavior is appraised for stages 3 and 4. Such
overall tendency was observed based on all of the data recorded for stages 1, 2, 3 and 4, resulting in the
following regression equation.

y=72.69x %% with an R? of 0.6065.
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Figure 21. Representative plot of the 4 stages for segmented bar (B1s from beam 7).

Table 1. aA/aC area ratio measurements and corresponding Ig values.

Beam Stagel Stage 2 Stage 3 Stage 4 \
aAlaC g aAlaC g aAlaC g aAlaC g

7 025 265.20 0.25 173.70 400 36.82 4.00 11.10

8 025 176.60 150 80.10 4.00 4565 4.00 2.90

9 0.67 209.00 0.67 175.70 0.67 180.50 0.67 43.40

10 0.67 21229 0.67 166.09 0.67 173.90 0.67 40.75
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< X g
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- < Stage 2
10 1 X Stage 3 &
] + Stage 4
&
0.10 1 10

aA/aC Ratio

Figure 22. Predicted relationship between a A/aC ratios and Ig values based on a cuadratic regression
equation.
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The recorded galvanic current values based on the regression equation are shown in Table 2.
The aA/aC ratio values ranged from 0.01 to 10, and when ratio values were equal to 5, the difference
in the increase of the galvanic current remained almost constant. Differences were not significant when
ratio values were greater than 5.

Table 2. Regression equation values when changing the aA/aC area ratios.

Present study

aA/aC Ig (pA)
X y = 72.69x°7°%
0.001 64859.66
0.01 6737.13
0.05 1383.69
0.10 699.80
0.50 143.73
1.00 72.69
5.00 14.93
6.00 12.48
7.00 10.72
8.00 9.40
9.00 8.37
10.00 7.55

4. DISCUSSION

In the present study, galvanic current measurements were carried out and a regression equation
was developed based on the recorded data (Figure 22). These data, together with those reported
previously by other authors, were used to develop a new regression equation (Figure 23). Five series of
data were presented, and two groups identified and classified depending on their behavior. Therefore,
two regression equations were obtained: one based on data from Rodriguez [4], Arya [5] and Song [6],
and another with data from Andrade [7] and those from this study. Both regressions show a similar
tendency, and an almost constant difference among each line of approximately two orders of
magnitude was observed. In the case of data reported by Rodriguez, Arya and Song, the regression
equation was y = 0.7537x 83 with an R? of 0.6492. On the other hand, based on data from Andrade
[7] and that reported here, the resulting equation was

y = 85.761x"?"2 and the R? = 0.7145.

The galvanic current values for the two tendency curves are shown in Tables 3 and 4. aA/aC
values ranging from 0.001 to 10 were proposed to solve the equation of the curve. It was observed that
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when aA/aC = 5, the difference between galvanic current values decreased
differences were not significant when area ratios were greater than 5.
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Figure 23. Predicted relationship between aA/aC ratios and Ig values based on a cuadratic regression
equation and comparison with data from other authors.

Table 3. Regression equation values when changing the aA/aC ratios reported in the present study.

Present study |

aAlaC Ig (nA)

X y = 85.76x"/*"
0.001 13028.36

0.01 2441.69

0.10 457.60

1.00 85.76

5.00 26.61

10.00 16.07

Table 4. Regression equation values when changing aA/aC ratios reported by other authors.

P. Rodriguez, C. Arya, X. Song

aA/aC Ig (LA)

X y = 0.7537x "
0.001 313.69

0.01 42.01

0.10 5.63

1.00 0.75

5.00 0.18

10.00 0.10
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5. CONCLUSIONS

The conclusions drawn from this investigation only apply to a set of experimental conditions
specific to this study, which suggests that any type of generalization to concrete structures found in
natural settings must be made with caution.

a) A strong influence of the anodic/cathodic area ratio on the galvanic behavior of beams
before and after local repairs was observed when black steel is replaced by stainless steel. The smaller
the aA/aC ratio, the higher the anodic Ig.

b) Before repairing, galvanic couple from tested beams can be very high when chlorides
reach the main exposed bar but it decreases when the other bars activate.

c) In practical terms and after repairing, the galvanic current is significant, and therefore
detrimental for the beam’s structural elements, when the aA/aC ratio is smaller than 5. Under such
circumstances, additional measures must be taken in order to control for the galvanic effect when
repairing.
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