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ABSTRACT

This research clarifies the application of different kinds of sacrificial anode cathodic protection (SACP)
in the patch and non-patch repair on more than 40-years severely damaged RC beam due to chloride-
induced corrosion. The most seriously damaged concrete in the middle tensile part of the beam was
replaced by polymer-modified mortar as a patch repair material. Low powered SACPs were installed
on the bottom surface of rebar to provide local cathodic protection and incipient anode protection. Four
additional rib and smooth SACPs &J20mm were embedded in both sides of non-patch repair concrete.
Three connection patterns were demonstrated until one-month including (1) sacrificial anodes in patch
repair only, (2) sacrificial anodes in non-patch repair, and (3) combination sacrificial anodes both in the
patch and in non-patch repair. The results show that the polarization of steel bar occurs when the steel
bars connect to sacrificial anodes in the patch or non-patch repair only. The depolarization test reveals
that the combination of different kinds of sacrificial anodes in the closed distance can’t reach 100 mV
potential decay criterion. So, the application of a different kind of sacrificial anode in the closed area
could not be a suitable repairing system.
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1. INTRODUCTION

Steel bar corrosion leads to deterioration, damage, and destruction of reinforced concrete (RC)
structures, and it is a major issue in infrastructure maintenance [1]. Excessive corrosion can be
dangerous and costly [2,3,4]. The annual cost of corrosion worldwide is estimated to be 3—4% of the
gross domestic product (GDP) of industrialized countries [5], with US$17 billion annual maintenance
investment repeatedly needed to improve bridge conditions in the USA [6].

There are several circumstantial and interconnected influences in designating which repair method to
use, including weight restrictions, budget, the need for a monitoring system, maintenance requirements,
traffic management during repairs, the extent and severity of the damaged, aesthetics, and technical
limitation [7]. Patch repair is the most widely used but is limited to low-impact localized damage [8,9].
The most negative impact of this method is the risk of incipient anodes causing corrosion of the
surrounding areas of steel bar [7]. Sacrificial anode cathodic protection has been used to limit the extent
of concrete replacement and extend the service life of patch repair to RC members. They respond to the
changes in the environmental conditions they are exposed to [10,11,12]. Cathodic protection applies a
small current into the steel bar, forcing it to act as the cathode as opposed to the dissolving anode in an
electrochemical cell [13]. It controlled corrosion in the whole area treated, thus reducing the extent of
concrete repair [14]. Such an effect will be more dominant in parent concrete that has a residual level
of chloride contamination as opposed to non-contaminated repair concrete or mortar [15].

In this paper, an experimental study on the repairing system by using a different kind of sacrificial
anodes in patch repair and parent concrete was demonstrated on severely damaged reinforced concrete
(RC) beam aged more than 40-years exposed to the natural marine environment.

2. EXPERIMENTAL PROGRAMS
2.1. Detail of structures

RC beam was used for this study has a length of 2400 mm and a cross-sectional area of 150 x 300 mm,
with both suffering from chloride-induced corrosion of the reinforcement. Ordinary Portland Cement
(OPC) was used as a binder of the specimens. The RC beam structures used in this experiment were
cast in 1974. The average value of compressive strength and elasticity modulus of concrete after 40
years were 30.0 MPa and 29.0 GPa, respectively [16]. The deformed steel bar with a diameter of 13
mm and yield strength of 363 MPa [16] was used as tensile rebar, and non-deformed steel of 6 mm in
diameter was used as compressive rebar. Two round steel bars of 6 mm in diameter as compressive bars
and stirrups with a spacing of 100 mm were embedded. The detail of the specimen was depicted in
Figure 1.

The RC beam was moisture-cured for one day and demoulded before being air-cured. The structure
exposed to the natural tidal marine environment for 20 years from 1975 to 1995 at Sakata Port,
northwestern part of Japan. In 1995-2010, the beams were kept and sheltered from the rain at Port and
Airport Research Institute (PARI) laboratory, Yokosuka, Japan [17,18] before it was moved to Kyushu
University site, Fukuoka, Japan. The exposure condition was presented in Figure 2.
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Figure 1. Detail of specimen (unit in mm)

The crack pattern, crack width, and initial corrosion map of specimens on the concrete surface after
more than 40-years of exposure are presented in Figure 3. Longitudinal cracks occur not only in the
middle tensile area but also in along of beam span with a maximum width of 0.75 mm. Transversal
cracks concentrated on the middle span of the tensile area were initiated from the pre-cracking,
continuous self-loading, or due to stirrups corrosion [16,19]. No concrete spalling is observed in the
beam. Initial corrosion condition of the beam is recorded. Based on ASTM C 876, the corrosion



probability in dry condition of the specimen is 72% area of RC-2 in uncertainty condition, and 28% in
no corrosion region.

(a) (b) ()
Figure 2. Exposure condition at (a) Sakata Port (1975-1995) [16,17], (b) PARI Laboratory (1995-2010) [20], (¢)
Kyushu University (2010-2016) [19]

Air bubble

5000 1500 2500 3500 4500 5500 6500 7500 8500 93500 1050 1150 12 50 1350 1450 1550 1650 1750 1850 1950 2050 2150 2250 2350

Half-cell potential value (mV; CSE)
300 200 100 0 -100_ -200 -300 -400 -500 -600 -700

- —  Crack pattern
| 90% No corrosion |Uncertain Corrosion| 2.2mm Crack width

Figure 3. Deterioration condition and corrosion (natural potential) map of specimen in dry condition
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The average of total chloride ion concentration in the surrounding of the steel bar surface is 5.35 kg/m’.
These values are higher than the chloride ion threshold initiating corrosion of 1.2 kg/m® (JSCE standard
specification for concrete structures — 2007 “Design”) [21]. Based on JSCE standard specifications for
concrete structures — 2007 “Maintenance” [22] Table C14.3.5.1 Grades of appearance and deterioration
of the structure, this specimen was categorized as Grade II-1 (former acceleration stage) where
corrosion-induced cracking and rust appearance are observed. The intervention methods such as surface
coating, patching, cathodic protection, and electrochemical desalination are required to extend the
service life of members.

2.2. Repairing design and materials

The repairing system by cathodic protection using a different kind of sacrificial anodes were
implemented in this study. The repairing design of the deteriorated RC beams in the previous sub-
section were presented in Figure 4. The polymer-modified mortar (Figure 5(a)) was applied in the
middle of tension area with the dimension of 70 x 150 x 800 mm after replacing the chloride-
contaminated existing concrete by crushing process and rust removal using an EVA (Vinyl Acetate /
Ethylene) copolymer emulsion as adhesive material coating agent (Figure 5(b)) between parent
concrete and patch repair mortar. Cylindrical ribbed sacrificial zinc anode applied for existing concrete
(Figure 5(d)) with a diameter of 20 mm, a length of 139 mm and an approximate weight of 252 grams



were installed in pre-drilled holes of 40 mm diameter in parent concrete and cementitious coating
material with bentonite and LiNO, (Figure 5(e)) was used to cover the anodes after settling position in
the hole. Figure 5(c) presented a rectangular sacrificial anode coated by LiOH based cementitious
material installed in patch repair.
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Figure 4. Repair design

The performance of different kinds of sacrificial anodes in the same structures at a close range is still
unclear. Therefore, three experiments of the appropriate timing of sacrificial anode application were
conducted to simulate the behavior of the system. In the first experiment, a rectangular sacrificial anode
was installed in the steel bar inside the patch repair. In this paper, different kinds of sacrificial anodes
were embedded in the patch and non-patch repair at the same time. Rectangular sacrificial anodes were
embedded in the patch repair. Rib (A1&A2) and smooth (B1&B2) cylindrical sacrificial anodes 320
mm were installed in the left and right part of non-patch repair concrete.

(d)
Figure 5. Materials for repair: (a) polymer modified mortar, (b) coating agent, (c) sacrificial anode in patch
repair, (d) rib and smooth sacrificial anodes @20 mm for non-patch repair, and (e) bentonite and LiNO,

2.3. Testing method

Half-cell potential test of rebar according to ASTM C876-15 was conducted by the calomel-saturated
electrode (CSE) and high impedance multimeter (voltmeter setting) on every 50 mm square grid at the
compressive and tensile rebar position after one hour of pre-wetting to evaluate the potential of the steel
bar. On-potential (Eon) of rebar and the anode are measured under sacrificial anode cathodic protection.
Instant-off potential (Eis) is checked immediately after disconnection, and the rest potential (Ecorr) is
measured at 24 hours after interruption of the steel bar and the anode.



3. RESULTS AND DISCUSSION
3.1. Connection pattern

Three sacrificial anodes connection pattern, as explained in Figure 6, were demonstrated in this study.
Sacrificial anodes in patch repair only were connected to the steel bar as the first pattern shown in (a).
The second pattern describes sacrificial anodes in non-patch repair connected to the steel bar shown in
(b). The last pattern, all sacrificial anodes both in the patch and in patch repair were connected to steel
bar shown in (c). Each pattern was observed during one month of exposure. A similar pattern by a
different type of sacrificial anodes and backfill material were done in the previous study [20, 23].
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Figure 6. Connection pattern of sacrificial anodes and steel bar
3.2. Current flow of sacrificial anodes

The current flow of each sacrificial anode in the three connection pattern was presented in Figure 7. It
shows that the current flow of sacrificial anode both in patch and non-patch repair is 0.7~0.8 mA.
However, the current flows increase to 1.3~1.4 mA and 0.8~0.9 mA for the sacrificial anode in patch
and non-patch repair, respectively. So, the combination anodes stimulate incremental of current flow.
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I (1) Sacrificial anodes in patch repair
(2) Sacrificial anodes in non-patch repair
B (3) Combination sacrificial anodes in patch and non-patch repair
Figure 7. Current flow of sacrificial anodes



3.3. Polarization effect of aodes

The potential development of steel bar after one-month of connection, including instant-off potential,
rest potential, and depolarization test value is presented in Figure 8. The potential of rebar and
sacrificial anodes during connection (on potential), immediately after disconnection (instant-off
potential), and rest potential after 24-hours of disconnection (half-cell potential) were recorded in this
experiment. The polarization of the sacrificial anode effect can be presented by using instant-off
potential data. The rest potential is used to understand the corrosion probability based on ASTM C 876.
The effectiveness of cathodic protection is categorized based on 100 mV potential decay criterion.

From the first pattern when sacrificial anodes in patch repair are connected to a steel bar, the polarization
only occur in the patch repair area. It is confirmed by depolarization value that it can reach 100 mV
potential decay only in the patch repair area. The second connection pattern also shows that the steel
bars in non-patch repair are polarized by the application of sacrificial anodes in non-patch repair. The
depolarization value shows that the protection is concentrated in the surrounding of a sacrificial anode
setting position. It may due to electrochemical incompatibility between polymer modified mortar as
patch repair material and existing concrete [19,23,27]. The first and second connection patterns perform
well to protect the steel bar in its area. The third pattern reveals the less polarization effect of steel bar
due to combination different kinds of sacrificial anodes in the patch and non-patch repair. The
polarization only occurs around A1 and none in other sacrificial anodes.

The protection condition of each connection pattern is illustrated as a depolarization map of the steel
bar and it was presented in Figure 9. Although the current flow of sacrificial anodes is generated from
combination sacrificial anodes, it is not clear the current circulation from anodes to steel bar. So, the
protection trend is unfavorable.
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Figure 8. Potential development of tensile steel bar, (a) instant-off potential, (b) rest potential and (c)
depolarization test value
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Depolarization
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Figure 9. Depolarization map

CONCLUSIONS

The repair method by combining a different kind of sacrificial anodes in the patch and non-patch repair
presented no significant polarization of rebar nor current flow. Therefore, the combination sacrificial
anodes in the patch and non-patch repair method at the same time with closed distance could not be
suitable repairing system.

ACKNOWLEDGMENTS

The authors would like to thank PARI (Port and Airport Research Institute) for offering the RC beams
observed in this experiment. Grateful acknowledgment to Japan International Cooperation Agency
(JICA) by AUN/Seed-Net Project for providing a scholarship to the first author. The authors’
appreciation also extends to all the laboratory members who supported this research.

REFERENCES

[1]

[2]

[3]

[4]

[6]

Raupach, M. (2014). History of Efc-Wpl1 ‘Corrosion in concrete’. Institute for Building Material
Research of Aachen University, Aachen, Germany.

Chiu, C. K. & Lin, Y. F. (2014). Multi-objective decision-making supporting system of
maintenance strategies for deteriorating reinforced concrete buildings. Automation in Construction,
39, 15-31.

Higuchi, S. & Macke, M. (2008). Cost-benefit analysis for the optimal rehabilitation of
deteriorating structures. Structural Safety, 30(4), 291-306.

Val, D. V. & Stewart, M. G. (2005). Decision Analysis for deteriorating structures. Reliability
Engineering & System Safety, 87(3), 377-385.

Schmitt, G. (2009). Global needs for knowledge dissemination, research, development in materials
deterioration and corrosion control. World Corrosion Organization, New York, NY, USA.

ASCE (American Society of Civil Engineers). (2009). Report card for America’s infrastructures
— Facts about transportation — Bridges. American Society of Civil Engineers, Reston, VA, USA.



[7] Pearson, S. & Patel, R. G. (2002). Repair of concrete in highway bridges — A practical guide.
Transport Research Laboratory, Wokingham, UK, AG43.

[8] Qian, S, Zhang, J., & Qu, D. (2006). Theoretical and experimental study of microcell and macrocell
corrosion in patch repairs of concrete structures. Cement and Concrete Composites, 28(8), 685-
095.

[9] Raupach, M. (2006). Patch repairs on reinforced concrete structures — model investigations on the
required size and practical. Cement and Concrete Composites, 28(8), 679-684.

[10] NACE International Publication 01105. (2005). Sacrificial Cathodic Protection of Reinforced
Concrete Element. A state of the art report, USA, March 2005.

[11] John G. & Cottis B. (2003). Laboratory testing and computer modelling of the performance of
sacrificial anodes for use in reinforced concrete structures. Paper number 03302, Corrosion 2003,
NACE International, Houston, USA.

[12] Christodoulou, C., Glass, G., & Webb, J. (2009). Corrosion management of concrete structures,
The Structural Engineer. 87(23/24), December 2009.

[13] Holmes S.P., Wilcox G.D., Robins P.J., Glass G.K., & Roberts A.C., (2011). Responsive behaviour
of galvanic anodes in concrete and the basis for its utilization. Corrosion Science, 53, pp. 3450-
3454.

[14] Byrne, A., Holmes, N., & Norton, B. (2016). State of the art review of cathodic protection for
reinforced concrete structures, Magazine of Concrete Research, 68(13), 664-677.

[15] Highway Agency (HA). (2002). Design manual for roads and bridges, cathodic protection for use
in reinforced concrete highway structures. 3, Highway Agency, London, UK.

[16] Dasar, A., Hamada, H., Sagawa, Y., & Yamamoto, D. (2017). Deterioration progress and
performance reduction of 40-year-old reinforced concrete beams in natural corrosion environment.
Construction and Building Materials, 147, 690-704.

[17] Hamada, H., Otsuki, N., and Haramo, M., (1988). Durability of concrete beams under marine
environments exposed in port of Sakata and Kagoshima (after 10 year’s exposure). Technical Note
of the Port and Airport Research Institute, 614, 3-43.

[18] Yokota, H., Akiyama, T., Hamada, H., Mikami, A., and Fukute, T. (1999). Effect of degradation
of concrete on mechanical properties of reinforced concrete beams exposed to marine environment
(for 20 years in Sakata). Report of the Port and Airport Research Institute, 38 (2).

[19] Astuti, P., Rafdinal, R. S., Hamada, H., Sagawa, Y., & Yamamoto, D. (2018). Potential
development of sacrificial anode cathodic protection applied for severely damaged RC beams aged
44-years. Journal of Thailand Concrete Association, 6(2), 24-31.

[20] Rafdinal, R. S. (2016). Life Extension of RC Structure by Cathodic Protection using Zinc
Sacrificial Anode Embedded in Concrete. Doctoral Thesis, Department of Civil and Structural
Engineering, Kyushu University, Fukuoka, Japan.

[21] Japan Society of Civil Engineer (JSCE), (2007). JSCE standard specification for concrete
structures, Part: Design. Japan Society of Civil Engineer, Japan.

[22] Japan Society of Civil Engineer (JSCE). (2007). JSCE standard specification for concrete
structures, Part: Maintenance. Japan Society of Civil Engineer, Japan.

[23] Astuti, P., Rafdinal, R. S., Hamada, H., Sagawa, Y., & Yamamoto, D. (2019). Application of
sacrificial anodes cathodic protection for partially repaired RC beams damaged by corrosion. In:
Proc. 4" Int. Symposium on Concrete and Structures for Next Generation (CSN2019) (pp. 284-
291). Kanazawa, Japan, Kanazawa Institute of Technology.



[24] Andrea, C. & Alonso, C. (2000). On-site Measurement of Corrosion Rate of Reinforcement.
Durability of Concrete, Proceeding of the Fifth CANMET/ACI International Conference, SP-192,
V.M. Malhotra, ed., American Concrete Institute, Farmington Hills., Mich., 171-183.

[25] CEB. (1998). Strategies for testing and assessment of concrete structure. Bulletin, 243(183).

[26] Otsuki, N., Nagataki, S., & Nakashima, N. (1992). Evaluation of AgNO3 solution spray method
for measurement of chloride penetration into hardened cementitious matrix material. AC/
Materials Journal, 89(6), 587-592.

[27] Astuti, P., Rafdinal, R. S., Kamarulzaman, K., Hamada, H., Sagawa, Y., & Yamamoto, D. (2019).
Repair method of deteriorated RC beams by sacrificial anode cathodic protection and corrosion
inhibitor. In: Proc. The 3™ ACF Symposium 2019 Assessment and Intervention of Existing
Structures. Sapporo, Japan, Hokkaido University.



