Chapter 17: Durability & Permeability - Freeze-
Thaw, Sulphate Attack, Marine Durability

1. Introduction to Durability and Permeability

Durability

Durability is the ability of a material to withstand the effects of its environment
without significant deterioration over its intended service life. In the context of
concrete and construction materials, durability refers to the material's resistance
to physical, chemical, and mechanical degradation due to environmental factors
like water, temperature fluctuations, chemicals, and aggressive ions.

Durability affects not just structural safety but also long-term maintenance and
repair costs. Hence, ensuring durable construction is a key concern in civil
engineering.

Permeability

Permeability is the property of a material that determines the rate at which fluids
(usually water or gas) can pass through it. For concrete, low permeability is
desirable because it prevents the ingress of harmful substances like chlorides,
sulphates, carbon dioxide, and water, which can initiate or accelerate deterioration
processes such as corrosion of reinforcement, freeze-thaw damage, and chemical
attacks.

Permeability is controlled by factors such as:

e Water-cement ratio

e Degree of hydration

e Porosity and pore size distribution
e Compaction and curing quality

e Presence of cracks and voids




2. Freeze-Thaw Resistance
Mechanism

In cold climates, the durability of concrete is significantly affected by freeze-thaw
cycles. When water inside the capillary pores of concrete freezes, it expands by
approximately 9%. If the concrete is saturated and does not have sufficient space
to accommodate this expansion, internal stresses develop, leading to micro-
cracking and eventual surface scaling or disintegration.

This repeated cycle of freezing and thawing can cause:

e Scaling of surfaces

e Cracking and spalling

e Reduction in strength and stiffness
e Loss of service life

Factors Influencing Freeze-Thaw Durability

e Saturation level of concrete: Fully saturated concrete is more susceptible.
e Air-entrainment: Entrained air provides pressure relief space for freezing
water and improves freeze-thaw resistance.

e Water-cement ratio: Lower w/c ratios reduce permeability, thus less water
can enter the concrete.

e Curing: Proper curing ensures better hydration and reduces permeability.

e Use of supplementary cementitious materials (SCMs): Fly ash, slag, and
silica fume can reduce permeability.

Testing Methods

e ASTM C666: Standard test for resistance of concrete to rapid freezing and
thawing. Specimens are subjected to 300 freeze-thaw cycles and mass loss
or relative dynamic modulus is measured.

e IS 516 (Part 5/Sec 1): Indian standard test for freeze-thaw resistance in
concrete.

3. Sulphate Attack
Mechanism

Sulphate attack occurs when sulphate ions present in groundwater, soil, or
industrial effluents react with hydrated compounds of cement. This chemical



reaction leads to the formation of expansive products like ettringite and gypsum,
which disrupt the hardened matrix and cause:

e Expansion and cracking

e Loss of strength and stiffness

e Surface spalling

e Increased permeability and deterioration

Sources of Sulphates

e Natural soils and groundwater rich in gypsum (CaSO4:2H,0)
e Seawater (contains MgSO, and Na,SOy,)

e Industrial waste discharge

e (Certain construction materials like bricks or aggregates

Types of Sulphate Attack

1. External Sulphate Attack: Sulphate ions penetrate from external sources.
2. Internal Sulphate Attack: Occurs due to sulphate-bearing compounds
present within the concrete mix.

3. Thaumasite Form of Sulphate Attack (TSA): A form of chemical
degradation involving carbonate ions, common in cold and wet
environments.

Preventive Measures

e Use sulphate-resisting Portland cement (SRPC) or blended cements with fly
ash, slag.

e Maintain low water-cement ratio.

e Provide proper curing to reduce permeability.

e Avoid use of sulphate-containing aggregates.

e Protective coatings and surface sealers for concrete in sulphate-rich
environments.

Testing Methods

e IS 12330: Test method for sulphate resistance of concrete.
e ASTM C1012: Standard test method for length change of hydraulic cement
mortars exposed to a sulphate solution.




4. Marine Durability

Challenges in Marine Environment

Concrete structures in marine environments are exposed to a combination of
aggressive conditions:

Chloride attack (from NaCl in seawater)
Sulphate attack

Carbonation

Abrasion due to waves and suspended solids
Biological attack (microbial action)
Alternate wetting and drying cycles

Mechanism of Chloride-Induced Corrosion

Chlorides penetrate concrete through cracks or pores and reach the
reinforcement bars.

When the chloride concentration exceeds a threshold limit (typically 0.4-
1.0% by weight of cement), the passive oxide layer on steel is destroyed.
This leads to corrosion, rust formation, and volume expansion, resulting in
cracking, delamination, and eventual spalling of concrete.

Zones of Exposure

1.

3.
4.

Atmospheric Zone: Above high tide; prone to carbonation and chloride
deposition.

. Splash Zone: Most aggressive; exposed to wave action and wetting-drying

cycles.
Tidal Zone: Alternately submerged and exposed; high chloride ingress.
Submerged Zone: Continuously underwater; less oxygen, slower corrosion.

Design Strategies for Marine Durability

Use of high-performance concrete (HPC) with low permeability.

Use of pozzolanic or mineral admixtures (fly ash, silica fume, slag).

Lower water-cement ratio (<0.40).

Adequate cover to reinforcement (as per IS 456: 2000 recommendations).
Use of corrosion inhibitors or coated rebars.

Surface treatments like epoxy coatings, sealants, or membranes.
Cathodic protection systems for reinforcement in extreme cases.



Testing for Marine Durability

Rapid Chloride Penetration Test (RCPT) - ASTM C1202
Water permeability test - IS 3085

Chloride content analysis - IS 14959

Accelerated corrosion testing - Impressed current technique

5. Role of Permeability in Durability

Permeability directly influences all three degradation processes described above.
High permeability allows:

Water and harmful ions to penetrate easily.

Faster carbonation and corrosion initiation.

Reduced freeze-thaw resistance due to high moisture saturation.
Quicker sulphate ion diffusion and attack.

Reducing Permeability

Use well-graded aggregates.

Ensure low water-cement ratio.

Employ supplementary cementitious materials.

Compact and cure concrete properly.

Minimize micro-cracks using good construction practices.

6. Durability Design Considerations in Concrete Structures

Modern codes and construction practices emphasize durability-based design
rather than only strength-based design. This ensures the service life of concrete
structures under aggressive environments.

6.1 Exposure Classifications (As per IS 456:2000)

IS 456 classifies exposure conditions to guide concrete mix design:

Min.
Cement
Environm Min. Max. w/c Content
Exposure ent Examples Grade Ratio (kg/m?)
Mild Protected Indoors M20 0.55 300



Min.

Cement
Environm Min. Max. w/c  Content
Exposure ent Examples Grade Ratio (kg/m3)
concrete
Moderate External Sheltered M25 0.50 300
concrete external
not walls
exposed
to
aggressiv
e
chemical
S
Severe Alternate Coastal M30 0.45 320
wetting areas,
and footings
drying
Very Marine/  Jetty M35 0.45 340
Severe spray piles, sea
zones walls
Extreme  Aggressiv Sewage M40 0.40 360
e tanks
industrial
environm
ents

These specifications help ensure long-term durability by reducing permeability
and increasing resistance to environmental loads.

6.2 Durability Index Parameters
Durability assessment includes quantitative indices such as:

¢ Chloride diffusion coefficient (Dcl) Indicates rate at which chloride ions
can diffuse through concrete. Lower values indicate better resistance.



e Water absorption (%) Measures the capillary absorption; high absorption
correlates with high permeability.

e Electrical resistivity (Q-m) High resistivity indicates low ionic movement,
hence low permeability and reduced corrosion risk.

e Sorption coefficient Indicates moisture movement due to capillary action.

These indices are often part of performance-based specifications in major
infrastructure projects.

7. Case Studies of Durability Failures

7.1 Freeze-Thaw Failure: Bridge Decks in Cold Regions

Several highway bridges in North America have shown early signs of surface
scaling and cracking due to inadequate air entrainment. Poor compaction and
high water-cement ratio made the concrete vulnerable to freezing and thawing,
leading to costly repairs.

Key Lesson: Proper air-void system and low permeability mix is essential in cold
climates.

7.2 Sulphate Attack: Foundation Failure in Black Cotton Soil

A commercial building constructed on sulphate-rich expansive soil in central India
faced early foundation distress. The concrete used was OPC with high
permeability. Within 5 years, visible cracking and surface spalling were observed.

Key Lesson: For sulphate-rich environments, sulphate-resisting cement and low-
permeability mix are mandatory.

7.3 Marine Durability: Jetty Structure in Coastal Gujarat

A reinforced concrete jetty experienced severe rebar corrosion within 7-8 years
due to inadequate cover and lack of protective coatings. The splash zone was
especially affected due to cyclic wetting and chloride penetration.



Key Lesson: Enhanced cover, HPC, corrosion inhibitors, and cathodic protection
should be considered in marine splash zones.

8. Advanced Durability Enhancing Techniques

8.1 Use of Supplementary Cementitious Materials (SCMs)

Fly Ash: Improves workability, reduces heat of hydration and permeability.
Silica Fume: Greatly reduces pore size, enhances strength and chemical
resistance.

Ground Granulated Blast Furnace Slag (GGBS): Increases sulphate and
chloride resistance.

Metakaolin: Refines pore structure, increases durability.

These reduce calcium hydroxide content, make the concrete denser, and improve
durability properties.

8.2 Surface Protection Systems

Sealants: Silicone or silane-based for reducing water ingress.
Membranes and Coatings: Epoxy coatings to protect exposed surfaces.

Crystalline waterproofing: Forms insoluble crystals in concrete pores,
blocking water.

8.3 Corrosion-Resistant Reinforcements

Epoxy-coated bars

Stainless steel bars

Galvanized rebars

Fiber Reinforced Polymers (FRP) - especially in marine and chemical
environments

These reinforcements delay corrosion even when permeability exists.

8.4 Nanotechnology in Durability

Nano-silica: Fills micro-pores and enhances microstructure.



* Nano-TiO; coatings: Provide self-cleaning and UV resistance to concrete
surfaces.

Such innovations are being researched for future integration into infrastructure
projects.
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