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1. Introduction

The durability and service life of reinforced concrete structures strongly depend
on exposure conditions, particularly environmental aggressiveness. In modern
construction practice, RC deterioration is commonly driven by (i) reduction of the
alkalinity of concrete (decrease in pH) due to carbonation, and (ii) penetration of
chloride ions through concrete pores and cracks, reaching the reinforcing steel surface.
These processes break down the protective passive film on steel and initiate
electrochemical corrosion [1].

Once corrosion begins, the formation of rust products leads to volumetric
expansion that can be several times larger than the original steel volume, generating
internal tensile stresses in the concrete cover. This results in cover cracking,
delamination, and spalling, which significantly reduce load-bearing capacity and may
lead to unsafe structural conditions. The problem is particularly critical in
Uzbekistan’s climatic and geotechnical context, especially in areas with saline
groundwater, high temperature gradients, and cyclic wetting-drying exposure.
Therefore, developing and implementing effective methods to enhance corrosion
resistance of RC structures is a key task for geotechnical and hydraulic engineering
practice.

2. Types of Corrosion and Fundamental Mechanisms
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2.1. Concrete deterioration (chemical corrosion of concrete)

Concrete may degrade due to sulfate attack, acid exposure, or other chemically
aggressive media. These interactions can weaken the cement paste matrix, increase
microcracking, and raise permeability-thereby accelerating the ingress of CO2 and
chlorides and indirectly intensifying reinforcement corrosion.

2.2. Reinforcement corrosion (electrochemical corrosion of steel)

Rebar corrosion in concrete is an electrochemical process requiring:

« an anode region (steel dissolution),

 acathode region (oxygen reduction),

 an electrolyte (pore solution with moisture), and

« ionic transport through concrete pores/cracks.

A simplified corrosion sequence includes:

« Initiation stage: ingress of CO2/chlorides reduces pH or breaks passivity.

« Propagation stage: corrosion rate increases depending on oxygen availability,
moisture, temperature, and resistivity of concrete.

Key drivers:

o Carbonation-induced corrosion: CO2 reduces pH, depassivating steel.

o Chloride-induced corrosion: chlorides locally destroy the passive film even
at high pH, causing pitting corrosion-often more dangerous due to localized cross-
section loss.

3. Scientific Approaches to Improve Durability (Corrosion
Resistance)

An effective anti-corrosion strategy is typically structured as a multi-barrier
system, combining;:

1. Primary protection (material-based): limiting transport of aggressive agents
by reducing permeability and cracking.

2. Secondary protection (reinforcement-based): improving the corrosion
resistance of steel or replacing it.

3. Active protection (electrochemical): suppressing corrosion reactions
through cathodic protection.

4. Operational protection: inspection, monitoring, and preventive maintenance.

4. Primary Protection: Modifying Concrete Composition and
Microstructure

The most fundamental and often most cost-effective method is reducing
concrete porosity and permeability.

4.1. Lowering water-to-binder ratio and improving compaction

Reducing the water-to-cement (or water-to-binder) ratio decreases capillary
pore connectivity, limiting chloride diffusion and carbonation depth. Superplasticizers
enable low w/b ratios while maintaining workability. Proper vibration, finishing, and
curing are essential; poor curing increases surface porosity and accelerates ingress.

4.2. Pozzolanic and supplementary cementitious materials (SCMs)

SCMs densify microstructure and reduce permeability:

o Silica fume (microsilica): refines pore structure and improves chloride
resistance.

o Fly ash and slag: reduce heat of hydration and improve long-term durability;
slag can significantly enhance chloride binding and reduce diffusivity.

4.3. Hydrophobic admixtures
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Hydrophobic modifiers reduce water absorption and interrupt moisture
transport in capillaries. Since corrosion strongly depends on moisture availability,
reducing water uptake can significantly lower corrosion risk.

4.4. Corrosion inhibitors (admixture-based protection)

Inhibitors added to concrete mix can slow corrosion initiation and propagation
by stabilizing passivity or suppressing anodic/cathodic reactions. Their effectiveness
depends on dosage, chloride exposure level, and concrete resistivity.

5. Secondary Protection: Reinforcement Protection and Alternative
Reinforcement

When exposure is very aggressive (chemical plants, marine/saline zones,
deicing salts), reinforcement-level strategies become critical.

5.1. Epoxy-coated reinforcement

Epoxy coatings provide a physical barrier. However, coating defects may create
localized corrosion cells; handling and quality control are essential.

5.2. Galvanized reinforcement (zinc-coated)

Galvanization offers sacrificial protection and delays corrosion initiation. It is
beneficial in humid environments and moderate chloride exposure.

5.3. Stainless steel reinforcement

Stainless steel provides high corrosion resistance and long service life but at
significantly higher initial cost-often justified for critical structures.

5.4. Composite (FRP) reinforcement

Glass-fiber or basalt-fiber reinforced polymer bars (GFRP/BFRP) are immune
to rusting. Design should account for different mechanical behavior (lower modulus
than steel, creep/relaxation characteristics, temperature/fire considerations).

6. Active Electrochemical Protection: Cathodic Protection

Cathodic protection (CP) is among the most effective solutions for heavily
exposed or strategic assets. By applying a low-voltage direct current, reinforcing steel
becomes the cathode, suppressing oxidation (rusting).

Two main systems:

o Galvanic CP (sacrificial anodes): simpler, lower maintenance, limited driving
voltage.

o Impressed current CP (ICCP): controllable and suitable for large structures;
requires monitoring and power supply.

CP is highly effective in extending service life, especially for bridges, hydraulic
structures, and critical facilities, but involves higher installation and operational costs.

7. Comparative Evaluation of Protection Methods

Table 1 provides a comparative overview (typical ranges). Actual performance
depends on exposure class, workmanship, and maintenance.

Table 1. Comparative efficiency of corrosion protection methods

Protection method Typical Approx. Recommended
service-life cost applications
extension increase
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Dense/low-permeability 15-20 years +5-10% General construction,
concrete (e.g., low w/b, foundations, slabs

high curing quality)
Corrosion inhibitors 25-30 years +15-20% Bridges, coastal/saline
(admixture or migrating zones, foundations
type)

Composite 50+ years +30-40% | Chemically aggressive
reinforcement zones, hydraulic
(GFRP/BFRP) facilities

Cathodic protection 40+ years High (capex | Strategic assets, high-
(galvanic/ICCP) + opex) risk infrastructure

8. Innovative Solution: Self-Healing Concrete

Recent research proposes incorporating bacteria-based systems or
microencapsulated healing agents into concrete. When cracks form, capsules rupture
(or Dbacteria activate), precipitating products that seal cracks and reduce
moisture/chloride transport [3]. Self-healing approaches are promising for controlling
microcracks-especially in water-retaining or underground structures-though field
scalability, long-term reliability, and cost-effectiveness still require further validation.

9. Practical Recommendations for Uzbekistan’s Conditions

Based on the exposure characteristics common in Uzbekistan (saline
groundwater, temperature variation, wetting-drying cycles), the following priority
measures are recommended:

1. Durability-oriented mix design: low w/b, SCMs, proper curing as mandatory
baseline.

2. Permeability control: target low water absorption and low chloride diffusivity;
avoid honeycombing and poor compaction.

3. Crack control: adequate reinforcement detailing, shrinkage management,
joint detailing, and early-age curing.

4. Protective systems: hydrophobic impregnation and coatings in splash/soil-
contact zones.

5. Critical assets: consider inhibitors + coated/galvanized reinforcement, and
CP for high-importance structures.

6. Monitoring: periodic assessment of carbonation depth, chloride content
profiles, and corrosion potential for timely intervention.

10. Conclusion

Improving corrosion resistance of reinforced concrete requires an integrated
approach combining concrete microstructure densification, reinforcement protection,
and-when necessary-electrochemical methods such as cathodic protection. Under
Uzbekistan’s environmental conditions, using low-permeability concrete with
properly selected chemical admixtures (including inhibitors) represents a cost-
effective solution for a wide range of structures. Wider adoption of composite
reinforcement can significantly enhance long-term durability in highly aggressive
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environments. Ultimately, a risk-based durability design + monitoring + timely
rehabilitation framework ensures increased reliability, reduced accident risk, and
optimized life-cycle costs.
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