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Preface 
 

In spite of employing the best available technique and materials every concrete deteriorates with 

time depending on its exposure conditions. The monograph on “Durability of concrete” throws 

light on the important aspects related to major physical and chemical causes responsible for the 

concrete deterioration, mechanisms involved in deterioration, protection of concrete from 

adverse environmental conditions and available remedial measures for preventing concrete and 

concrete structures from such damages. The provisions available in National and International 

codes and practices for repair and rehabilitation of concrete have been discussed briefly in the 

relevant chapters. Few case histories of National and International hydro-structures have also 

been made part of this Monograph to give the students and practitioners involved in the field of 

concrete technology a fair idea about the changes in behavior of concrete and its ingredients due 

to changes in exposure conditions that challenges the project authorities to tackle repair and 

rehabilitation of the concrete structures and also about remedial measures.  
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CHAPTER I 
 
1. 0 INTRODUCTION 
 

Concrete is an excellent building material.  Human civilization has been using concrete for 
many centuries for its satisfactory performance under anticipated exposure conditions during 
its life span. Though concrete is quite a durable material and requires very little maintenance 
under normal environmental conditions, however, it undergoes deterioration and severe 
damages resulting in premature failure of structures when subjected to highly aggressive or 
hostile environment which needs costly repairs. Due to the rapid urbanization of world during 
mid twentieth century onwards until 1970s, strength was considered as the only criteria for the 
characterization of quality of concrete. Structures built during this phase started suffering from 
various types of deteriorations and damages at a relatively early age. A lot of resources and in 
turn national economy is diverted for their repair / rehabilitation / total demolition and 
building of new structures in their place. This has emphasized the need of some other 
dimension other than strength of concrete to express the quality of concrete. The concept of 
durability of concrete has emerged and gained its due importance with time. The regeneration 
of infrastructure is the fourth security (after food, water and energy) required by the 
developing world including India for the poverty eradication and providing a decent quality of 
life to its people. Hence, it is the pressing need to build the durable structures which withstand 
test of time and environment they are designed for in an economic and environment friendly 
manner without requiring much repairs and maintenances.  
 
It is an established fact that every concrete deteriorates with passage of time when exposed to 
its environment. Severe the exposure, higher may be the degree of deterioration. Lack of 
proper consideration to the factors responsible for deterioration of concrete may damage it in 
many ways and forms. Factors like physical and / or chemical, alone or in combination, may 
be responsible for deterioration of concrete. Cement paste or concrete suffers deterioration 
under exposure to aggressive chemicals, causing damage to concrete in the form of attack on 
cement paste / aggregate / reinforcement. Physical or mechanical causes of concrete 
deterioration are represented by abrasion, erosion, cavitations and cycles of freezing and 
thawing. Access of moisture to concrete plays a common factor for most of the deterioration 
mechanisms as solid chemicals rarely attack concrete.  
 
It is of paramount importance to have a fair understanding of determinants which are 
vulnerable to concrete. Generally concrete in an advanced state of deterioration is found to be 
suffering simultaneously from more than one causes of deterioration, which ultimately causes 
for loss in strength of concrete. Construction of fairly durable structures can be achieved by 
use of improved quality control mechanism by using state of the art techniques, proper design 
and above all use of good construction materials and practices. In recent years durability of 
concrete structures has been the cause of concern for scientists and engineers world over; 
hence this has prompted the need to codify the durability requirements. IS 456-2000 has also 
enlarged the scope of durability clause to include detailed guidelines concerning the factors 
affecting durability along with a clause on “Quality Assurance Measures of concrete”. 
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1.1 WHAT IS CONCRETE? 
 
Concrete is a composite construction material with changeable properties according to the 
requirement. Concrete is a versatile construction material with properties like strongness, 
durability and economic, therefore, adaptable to a wide variety of uses. Properties of concrete 
depend upon the properties of basic ingredients, use of appropriate admixture(s) and curing. 
Basic Ingredients of concrete are summarized as below:  
 

 Cement  
 Coarse aggregate  
 Fine aggregate  
 Water  
 Admixtures 

 Mineral Admixtures 
 Chemical Admixture as per the requirement 

 Other cementitious materials 
 Corrosion inhibitors 
 Curing regimes 
 Mixing / Placing 

 
Concrete components must be selected keeping in mind the expected service life of the 
structure in the environment of use and by adhering to National / International standards, 
codes & practices and regulations.  
 
1.1.1  CEMENT 

Portland cement is one of the important material used in concrete construction, however, other 
binding materials such as lime, fly ash, silica fume etc. are also used as binding agent. 
Portland cement is made by grinding a mixture of limestone, clay and other corrective 
materials such as laterite, bauxite, iron ore etc. burning the appropriate mixture at a high 
temperature, cooling the resultant product called ‘clinker’ and grinding the same with retarder 
i.e. gypsum.  

Major constituents of Portland cement 

Chemical analysis of cement gives the chemical composition in terms of loss on ignition, 
silica (SiO2), alumina (Al2O3), lime (CaO), magnesium oxide (MgO), sulphuric anhydride 
(SO3), Chchloride (Cl-), alkalis (Na2O.K2O) and insoluble residue and shall satisfy the various 
moduli as L.S.F (Lime saturation factor), S.M (Silica modulus) and A.M. (Alumina modulus). 
Oxide composition of Portland cement is given in Tables 1.1. 
 
 
 
 
 
 
 

http://www.acivilengineer.com/2012/01/properties-of-hardened-concrete.html
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Table 1.1: CHEMICAL COMPOSITION OF CEMENT 
 

Sl. No Parameters Composition (wt. %) 

1 CaO 56 –64 

2 SiO2 17-25 

3 Al2O3 3-8 

4 Fe2 O3 3 –5 

5 IR 4 % max 

6 MgO 2 –6 

7 Total Alkalis as Na2O 0.5-1.4 

8 SO3 1-3 

9 Chloride 0.05 % max 

 
Oxides interact with each other in the kiln to form more complex products (compounds). Their 
composition depends upon the mineralogy and oxides of ingredients and varies from cement 
to cement. The potential phase composition of cement is chemically related to various 
compounds as given by Bogue: 
 
 C3S = 4.07 (%CaO) – 7.6(%SiO2) – 6.718 (%Al2O3) - (%Fe2O3) – 2.85(%SO3) 
 C2S = 2.87(%SiO2) – 0.75(%C3S) 
 C3A = 2.65 (%Al2O3) – 1.692 (%Fe2O3)  
 C4AF = 3.043(%Fe2O3) 
   Where C = CaO, S = SiO2, A = Al2O3, F = Fe2O3 

The range of mineralogical composition of OPC is given Table 1.2 and their role on physical 
properties of cement is given in Table 1.3. 

TABLE 1.2: RANGE OF MINERALOGICAL COMPOSITION OF CEMENT 
 

Compound Contribution Name % by mass 
Alite (C3S)    Early strength           Tri-calcium silicate  , 

(Ca3SiO5 or 3CaO.SiO2), 
30 – 55 

Belite (C2S)         Later strength          Di-calcium silicate  
Ca2SiO4 or 2CaO.SiO2 

20 – 45 

Aluminate 
(C3A)  

Fluxing  phase   
Early strength 

Tetra-calcium Aluminate 
Ca3Al2O6 or 3CaO.Al2O3 

5 - 12 

Ferrite 
(C4AF)    -      

Fluxing phase          Tetra calcium alumino 
Ca4Al2Fe2O10 or 

4CaO.Al2O3.Fe2O3 

6 –14 
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TABLE 1.3: ROLE OF COMPOUNDS ON PROPERTIES OF CEMENT 
 

Characteristics C3A C3S C2S C4AF 
Setting Rapid Quick Slow -- 
Hydration Rapid and very high Rapid, moderate Slow, low moderate 
Heat Liberation 
(cal/g)        7 days 

28 days  

 
2.3 

 
1.1 

 
0.2 

 
-- 

2.4 1.2 0.4 0.1 

Early Strength Not much beyond 1Day High up to 14 Day Low up to 14 Day Nil 

Later Ages -- Less High -- 
Remarks It turns out higher heat of 

hydration and contributes 
to faster gain in strength. 
Results in poor sulfate 
resistance and increases the 
volumetric shrinkage upon 
drying. 

A bigger % of this 
compound produces 
higher heat of 
hydration and also 
accounts for faster 
gain in strength. 

Responsible for 
long term strength 

 

The L S F controls the ratio of lime to argillaceious and silicious component affecting the   
nature of cement. To achieve the desired setting qualities in the finished product, around 5% 
of gypsum is added to the clinker and the mixture is finely ground to form the finished cement 
powder. 

The insoluble residue in cement reflects the impurities present in gypsum or due to under 
burnt raw meal. The insoluble residue should be less for better quality.  

Loss on ignition in cement comes from moisture or carbonates present in gypsum or due to 
under burnt kiln feed. It also indicates the extent of un-reacted carbonates or carbonation and 
hydration of free lime and free magnesia present in cement. 

The chloride content in cement is responsible for corrosion in reinforced concrete structures 
and should be less than 0.05%. 

Minor constituents also play a dominant role in the cement quality and deteriorate the cement 
strength or cause expansion if exceed beyond a limit. Free magnesia present in crystalline 
form as MgO may cause excessive expansion at later stage in hardened cement paste. Free 
CaO known as free lime is responsible for expansion at a later date. 

The alkalis, primarily sodium and potassium, are impurities that arise from shales, clays, or 
the fuel used in the manufacture of the cement. Although present in small amounts, < 1%, 
they have a significant effect on the hydration of cement. Typically, they are present as 
sulfates, in the form of K2SO4, Na2SO4, Na2SO4•3K2O (aphthitalite), and / or 2CaSO4•K2SO4 
(calcium langbeinite), and are usually deposited on the surface of the cement particles. The 
alkali sulfates dissolve almost immediately on contact with water. Under favorable conditions 
they may react with active silicate of certain aggregates causing extensive expansion and 
cracking. Alkalis are kept 0.6% in cement to control the alkali aggregate reaction. Increase in 
alkali content may also be associated with increase in the drying shrinkage of the hardening 
paste. 
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Minor constituents such as P2O5, TiO2, Mn2O3 and Cr2O3 also affect the strength and colour of 
the cement if present in appreciable amounts. 

1.1.2   WATER 

Water is the most important key ingredient of concrete. Water plays a very crucial role in 
concrete from the very initial stage of making of concrete to its entire life span. Both quality 
and quantity of water play important roles towards the strength and durability of concrete.  

Water / cement ratio plays defining role for concrete durability. The water to cement ratio 
largely determines the strength and durability of the concrete when it is cured properly. As the 
strength development of concrete depends upon the hydration reactions; therefore the quantity 
of water plays a very critical role in concrete making. Low water to cement ratio leads to high 
strength but low workability and vice versa. Generally concrete is made up with more water 
than what is actually needed for completion of the hydration reactions. This extra water is 
added to give concrete sufficient workability. The water which is not consumed during the 
hydration reactions remains in the microstructure pore of concrete. When concrete dries and 
this excess water evaporates, it leaves a porous concrete with low compressive strength, 
tensile strength, flexural strengths, shrinkage and is more susceptible for further deterioration 
processes due to the presence of cracks and vide pores. Once the fresh concrete is placed, 
excess water is squeezed out of the paste by the weight of the aggregates and the cement paste 
itself. The excess water from the mix bleeds out onto the surface. The micro channels and 
passages that were created inside the concrete to allow that water to flow become weak zones 
and micro-cracks develop. 

For good strength and durability of concrete, concrete should be denser to reduce the 
permeability, which in turn decreases the ingress of water into concrete. As we know that 
chemical reactions take place in solution, therefore, access of moisture to the concrete is the 
most common cause of its deterioration.  

Various types of aggressive chemical environments which may affect concrete adversely are 
discussed in the present monograph in detail. 

1.1.3  AGGREGATES 

Good concrete results from good mix design. Next important component of concrete is 
aggregate. Aggregates are granular material such as sand, gravel, crushed stone, demolition 
waste etc. that is used with cementing medium to produce concrete. Aggregates are filler 
elements and generally occupy 60 to 80 percent of the volume of concrete. Coarse aggregate 
refers to the aggregate particles larger than 4.75 mm and the term fine aggregate refers to the 
aggregate particles smaller than 4.75 mm but larger than 75µm. All aggregates must be 
essentially free of silt and organic matter. Generally aggregates are non-reactive, but in case 
they are reactive in nature, then they may cause the reactions like alkali-silica reaction and 
alkali-aggregate reaction under favorable conditions, which may have detrimental effects on 
concrete. 
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1.1.4   MINERAL AND CHEMICAL ADMIXTURES 
 
Mineral and chemical admixtures are accepted components of modern concrete. They are used 
to enable easier processing of fresh concrete, to better the properties of hardened concrete in a 
structure, and to improve concrete durability and extend its service life. If used properly, 
admixtures can improve the economy of concrete making and enable use of concrete in new 
applications. 

Since admixtures affect the microstructure of the hardened concrete matrix, they may 
dramatically influence concrete durability.  This is done primarily through their effect on 
overall paste porosity and permeability to water containing dissolved chemical species.  
Although admixtures are typically used to decrease porosity and permeability, if misused, 
admixtures – whether mineral or chemical – can lead to unwanted problems. 

Indian Standard IS 456 : 2000 permits the use of  pozzolanas such as fly ash, silica fume, rice 
husk ash, metakaoline;  cementitious and pozzolanic materials, granulated blast furnace slag 
as mineral admixtures in concrete. 

Admixtures enhance the workability of fresh concrete with lesser amount of water than the 
required one. In this case concrete will have more strength because water aids in workability 
but in the same manner it has a negative effect on the strength of concrete. Therefore,     
finish-ability of concrete also becomes noticeable. Depending upon the functions and 
composition; admixtures are mainly divided in to two main types: 

 Mineral admixtures (finely ground solid material) 
 Chemical admixtures (water soluble compounds) 

 
1.1.4.1  MINERAL ADMIXTURES 

Mineral Admixtures are insoluble siliceous materials, used at relatively large amounts (15-
20% by weight of cement). These are fine particle size siliceous materials that can slowly 
react with CH (free lime) at normal temperature to form cementitious products. 

CH+ S → C-S-H 

Mineral admixtures produce low heat of hydration, transform large pores to fine pores and 
have an ability to enhance workability as well as finish-ability of freshly laid concrete. 
Mineral admixtures are also utilized as a replacement of cement. Since cement is the most 
expensive material in concrete, hence, with the use of mineral admixtures, reduction in 
concrete cost is very likely possible. They play a major role to enhance the durability of 
concrete in respect of thermal cracking and chemical attack. 
 
Historically mineral admixtures are the volcanic ashes. Industrial by-products / wastes such as 
fly ash, silica fume, slag, metakaolin, rice husk ash etc. are also used as mineral admixtures. 
By using these products in concrete, maximum sustainability can be achieved as they enhance 
the durability and serviceability of concrete. 
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FLY ASH 

Supplementary cementitious materials such as fly ash are currently used as clinker 
replacement to reduce cost and environmental pollution associated with the production of 
cement. Fly ash is used in concrete both as separately batched material and as an ingredient in 
blended cement. It is used for economy and to improve the properties of concrete used for 
certain applications. Fly ash makes efficient use of the products of the hydration of Portland 
cement as below: 

 Solutions of calcium and alkali hydroxide which exist in the pore structure of the 
cement paste; and  

 The heat generated by hydration of Portland cement is an important factor in 
initiating the reaction of the fly ash. 

 
When fly ash concrete is properly cured, the reaction products of fly ash help fill in the spaces 
between cement particles in the cement paste, thus lowering its permeability to water and 
aggressive chemicals. The heat of hydration of fly ash is low and this helps in limiting the 
amount of early temperature rise in massive structures. Using fly ash in concrete saves energy 
by reducing the amount of Portland cement required to achieve the desired concrete 
properties.  

Effect of fly ash in fresh concrete:   

Use of fly ash in concrete generally causes an increase in setting time-both initial and final set. 
It normally allows a reduction in the quantity of mixing water in a concrete mixture necessary 
to produce a target slump. Because of fineness and rounded shape of fly ash particles, its use 
generally improves the cohesion and workability of the concrete at a given slump. Segregation 
and bleeding are often reduced. Fly ash improves the pumpability of concrete mixtures and 
improves the ease of flat-work finishing operations 

Effect of fly ash in hardened concrete 

Pozzolanic reaction of fly ash continues for a longer period if the concrete is maintained in a 
moist environment at moderate temperature and it contributes towards the increase in long-
term strength of concrete. Also this reaction reduces the size of pore spaces in the cement 
paste phase of the concrete. Permeability and the rate of diffusion of moisture and aggressive 
chemicals into the concrete are reduced, thereby reducing the danger of damage due to 
sulphate attack, steel corrosion, and alkali-silica reaction. The performance of a concrete 
mixture containing fly ash depends upon the factors as below:   

 Characteristics of the materials incorporated in the mixture. 
 Proportioning of the mixture. 
 Quality assurance programmes for material quality and the quality control exercise 

over concrete production and placement. 
 Quality of workmanship employed in all facets of the concrete construction; 
 Extent  of curing         
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Chemical and physical requirements of fly ash to be used in concrete must conform to the 
specifications as per IS 3812 (part 1) 
 
 SILICA FUME 

Silica fume is very fine pozzolanic material composed of ultra-fine, amorphous glassy sphere 
(average diameter, 0.10 –0.15 microns) of silicon dioxide produced during the manufacturing 
of silicon or ferro-silicon by electric arc furnaces at temperatures of over 20000c. The micro- 
silica is formed when SiO2 gas produced in the furnace oxidized to SiO2 and condenses into 
the pure spherical particles of micro silica that form the major part of the smoke or fume from 
the furnace. These fumes collected and bagged or condensed for easy transportation are called 
silica fume. 

Effect of silica fume on concrete properties: 
 

 Silica fume is relatively darker in colour. 
 Workability of concrete is improved when silica fume added in leaner mixes. 
 Cohesiveness of concrete increases by addition of silica fume inhibits segregation. 

This can be easily used for under water concreting.  
  Bleeding in concrete does not exist even with high slump. 
 Compressive strength of concrete increases with the use of silica fume. 
 Permeability of concrete decreases as average pore size in concrete reduces due to 

the use of silica fume.  
 Use of silica fume reduces the occurrence of plastic-shrinkage cracks in concrete. 

RICE HUSK ASH 

Rice husk ash consists essentially of pure silica in non-crystalline form and is highly reactive 
pozzolana. To achieve amorphous state, it is necessary to burn rice husk at controlled 
temperature. As per Indian standard IS: 456: it is essential to get the product evaluated for its 
performance and uniformity. 
 
METAKAOLINE 

Metakaoline is obtained by calcination of pure or refined kaolintic clay at a temperature 
between 6500 and 8500c followed by grinding to achieve a fineness of 700 to 900 square 
meters per kg. The resulting material has high pozzolanicity.  

GROUND GRANULATED BLAST FURNACE SLAG 

Ground granulated blast furnace slag (GGBS) obtained by grinding granulated blast furnace 
slag conform to the provisions of IS: 12089. The GGBS is a non-metallic product consisting 
essentially of glass containing silicates and aluminates of lime and other bases. There are four 
major factors that influence the hydraulic activity of slag: 

 The  glass content    
 Chemical  composition 
 Mineralogical composition, and 
 Fineness      
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When slag is used in concrete with Portland cement, the levels and rate of strength 
development will depend importantly on the properties of the slag, the properties of Portland 
cement, the relative and total amounts of slag and cement, and the curing temperature. 
Performance of slag with other Portland cements may be significantly different. Hence it is 
essential to evaluate the slag and Portland cement for their compatibility. 
 
1.1.4.2  CHEMICAL ADMIXTURES 

Chemical admixtures are added to concrete in a very small amount for a specific function to 
concrete. If chemical admixtures are added more than the defined quantity, then it has a very 
wide range of negative effects on the properties of fresh as well as hardened concrete. 
Chemical admixtures are more likely to be added as a water reducing admixtures, for retarding 
setting time, for accelerating setting time, as a super plasticizer or added as an air-entrainment. 
The most common types of chemical admixtures are: 

 Air entraining: Produce microscopic air bubbles throughout the concrete. Entrained 
air bubbles improve the durability of concrete exposed to moisture and freeze / thaw 
action.  

 Water reducers: Increase the workability of plastic or "fresh" concrete, allowing it 
to be placed more easily with less consolidating effort. High-range water-reducing 
admixtures are a class of water-reducing admixtures. They increase workability of 
the paste even by reduce of the water content in concrete and improves its strength 
and durability characteristic. 

 Retarding admixtures: Slow the hydration of cement. Typical retarder is table 
sugar, or sucrose (C12H22O11). 

 Accelerating admixtures: Speed up the hydration (hardening) of the cement. 
Typical materials used are CaCl2 and NaCl. 

 Super plasticizers: High range water reducers, used where well-dispersed particle 
suspension is required. These polymers are used as dispersants to avoid particle 
segregation (gravel, coarse and fine sands), and to improve the flow characteristics 
of suspensions such as in concrete applications. Their addition to concrete or mortar 
allows the reduction of water to cement ratio without affecting the workability of 
mixture and enables the production of self-consolidating concrete and high 
performance concrete. This effect drastically improves the performance of the 
hardening fresh paste. The strength of concrete increases when the water to cement 
ratio decreases. 

 Corrosion-inhibiting admixtures 
 
1.1.5  MIXING, PLACING AND CONSOLIDATION 
 
Proper mixing of ingredients is as important as the quality of ingredients for durable concrete. 
Extended mixing may affect the strength as well as durability of concrete in following ways: 
 

 Reduction in air entrainment  
 Higher concrete temperatures  
 Slump loss  
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If more water is added to restore slump, it may cause  
 

 Increases porosity   
 Impacts air void pore size distribution   
 Increases drying shrinkage  
 Reduces concrete strength 

 
Placing and consolidation of concrete has important role towards the strength and durability of 
concrete as excessive free fall may reduce the entrained air content and pumping may change 
air content of concrete.  Consolidation by vibration may impact the quality of concrete as 
increased vibration reduces air content, reduced vibration leaves voids and inadequate 
vibration may result in honey combing 
 
1.2  HYDRATION OF CEMENT 
 
Hydration of cement is a series of exothermic chemical reactions with water. As water comes 
into contact with cement particles, hydration reactions immediately start at the surface of the 
particles. Process of hydration is a complex one and results in the formation of new hydrated 
compounds. Formation of hydration products leads to the stiffening (loss of workability), setting 
(solidification) and hardening (strength gain) of mortar / concrete. Major compounds such as 
calcium-silicate-hydrate gel, calcium-hydroxide and calcium- alumino- sulphohydrates start to 
produce during the hydration process. 
 
Mineralogical phases react with water in order of their reactivity. C3A phase reacts first as it is 
highly soluble and the most reactive of the four main clinker minerals. Reaction of C3A with 
water is exothermic and large amount of heat is evolved with calcium aluminate hydrate as 
reaction product. 
 

C3A + 21H → C4AH19 + C2AH8 (1) 
C4AH19 + C2AH8 → 2C3AH6 + 9H (2) 

 
These reactions release large amount of heat which can cause the flash set, hence some 
gypsum is added to avoid the flash set and modify the hydration reaction of C3A. Due to high 
solubility, gypsum rapidly releases calcium and sulfate ions into the pore solution which react 
with C3A forming calcium -alumino –mono- sulpho- hydrate and calcium-alumino-tri-sulpho-
hydrate, “ettringite”, as reaction products.  
 

C3A+ CŚH2+10H→C4AŚH12 calcium- alumino-mono-sulpho-hydrate)  (3) 
C3A+3CŚH2+26H→C6AŚ3H32 (calcium-alumino-tri-sulpho-hydrate, ettringite)  (4) 

Ś: silicate 
 
C3S and C2S together contribute around 70-80% of cement. C3S being more reactive than C2S, 
reacts at a faster rate with greater heat generation and develops early strength of the paste. On the 
other hand, C2S hydrates & hardens slowly, therefore, results in less heat generation & develops 
most of the ultimate strength. Main hydration products of both C3S and C2S are calcium –silicate 
– hydrates and contribute towards most of the strength giving properties of cement. 
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2C3S+6H → C3S.2H3 + 3CH  (5) 
2C2S+4H → C3S.2H3 + CH  (6) 

 
Calcium hydroxide (CH) produced as a by-product does not contribute towards strength, but 
makes the mortar or concrete highly alkaline. The alkaline environment of cement / concrete 
is essential for the stability of calcium silicate hydrates and also prevents the corrosion of 
steel.  
 
Ferrite phase has lesser role in development of strength. Its use allows lowering kiln temperature 
during the manufacturing of Portland cement and imparts the typical grey colour to Portland 
cement.   
 
Heat is evolved with cement hydration. This is due to the breaking and making of chemical 
bonds during hydration. The heat generated during different stages of hydration is shown 
below in Figure 1.1 as a function of time. 

 
Figure 1.1:  Liberation of heat during hydration of cement 

There are different crucial stages from which the whole hydration process of cement passes:  

 Stage I: During this stage rapid hydrolysis of cement compounds with a temperature 
increase of several degrees occurs.  

 Stage II: It is known as the dormancy period where the concrete is in the plastic state, 
which allows the concrete to be transported and placed without any major difficulty. 
The evolution of heat slows dramatically in this stage. The dormancy period can last 
from one to three hours. It is at the end of this stage that initial setting begins. 

 Stage III and Stage IV: In stages III and IV, the concrete starts to harden and the heat 
evolution increases primarily due to the hydration of tricalcium silicate. 

 Stage V: This stage is reached after 36 hours. Densification of concrete occurs during 
this stage with slow formation of hydrate products. It continues as long as water and 
unhydrated silicates are present. 

Around 5% Gypsum, CaSO4.2H2O is added to cement during grinding to control the setting 
time of cement. If not added, the cement will set immediately after mixing with water, leaving 
no time for placing of concrete. 
 
Formation of calcium hydroxide and calcium silicate hydrate crystals acts as seeds upon 
which more calcium silicate hydrate can be formed. With the passage of time calcium silicate 
hydrate crystals grow thicker; making it more difficult for water molecules to reach the 
unhydrated tricalcium silicate. The speed of the reaction at this stage is controlled by the rate 
at which water molecules diffuse through the calcium silicate hydrate coating. Hydration 
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reactions do not cease within the first period of setting and solidification of cement / concrete 
but continue for a considerable period of time which may vary for different types of cements, 
contributing towards the gaining of strength. 
 
1.3 MICRO STRUCTURE OF CONCRETE 
 
Microstructure of concrete intrinsically controls the durability of concrete. Formation of 
microstructure and its process takes place during mixing, placing and curing of concrete. 
Consequently the variables which control the cement hydration also control the formation of 
microstructure of concrete. The type, amount, size, shape and distribution of phases present in 
a solid constitute its microstructure. 
 

 
Figure 1.2: Microstructure of Concrete 

Development of the cement paste properties initiates immediately upon mixing the 
cementitious materials with the mixing water. The ultimate concrete quality is meaningfully 
influenced by the very early hydration of the cement components, therefore, proper mixing 
and curing procedures are crucial for concrete. Improper mixing of concrete may result in 
inadequate dispersion of cement paste in the original, fresh concrete, which in turn may cause 
the variability in properties and performance of the concrete. Thus, the performance of 
concrete is a direct result of microstructure development during its mixing, setting and 
hardening process. Dispersion and hydration together control the micro structural 
development, and as a result the properties and performance of the concrete.  
 
A number of durability problems of concrete such as unpredicted variation in the ability of the 
concrete to restrict the transport of harmful species which permeate or diffuse through 
hardened concrete may start from the mixing stage only. Pore structure of concrete plays a 
significant role in physical and chemical deteriorations of concrete. Lower porosity, smaller 
average pore size and lower pore connectivity usually lead to a higher resistance of concrete 
against the aggressive agents. Concrete using mineral admixtures is known to have lower pore 
connectivity and smaller average pore size which means to have lower penetration rate of 
water and other aggressive ions. 

 

1.4 STRENGTH OF CONCRETE 

 
Strength development in Portland cement concrete is affected by number of factors such as the 
physical and chemical properties of the cement, water quality, water to cement ratio, 
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admixtures, curing and environmental conditions. Mainly strength of concrete depends upon 
the hydration reactions of cement. Quantity of water plays a critical role. Low water to cement 
ratio leads to high strength but low workability and vice versa. The influence of W/c ratio on 
the strength of concrete is shown in Figure. 1.3 

 
Figure 1.3: Relationship between concrete strength with water to cement ratio. 

The strength of concrete depends upon the following factors: 

 Ratio of cement to mixing water 
 Ratio of cement to aggregates, the strength of the mortar, the bond between the 

mortar    and the coarse aggregate. 
 Grading, surface texture, shape, strength, and stiffness of aggregate particles. 
 Maximum size of aggregate. 

 
Concrete hardens with passage of time and the hydration reactions get slower and slower as 
the calcium silicate hydrates are formed. It takes a very long time (even years) for all the 
bonds to form and determine the strength of concrete. As per international code of practices as 
well as the provisions of IS 456-2000; 28-days compressive strength test is done to determine 
the relative strength of concrete.  

 
1.5 WHAT IS DURABILITY OF CONCRETE? 
 
According to ACI 201.2R-8 Guide to Durable Concrete, durability of Portland cement 
concrete is defined as its ability to resist weathering action, chemical attack, abrasion, or any 
other process of deterioration. Durable concrete will retain its original form, quality, and 
serviceability when exposed to its environment. Durable structures help the environment by 
conserving resources and reducing wastes and the environmental impacts of repair and 
replacement. The production of replacement building materials depletes natural resources and 
can produce air and water pollution. 

Concrete resists weathering action, chemical attack, and abrasion while maintaining its desired 
engineering properties. Different concretes require different degrees of durability depending on 
the exposure environment and the properties desired. Durability of concrete should not be 
specified solely by minimum compressive strength, maximum water-cement ratio, minimum 
cementitious content and air entrainment. Durability of concrete can be quantified by its two 
performance characteristics;  
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 Low permeability, and  
 Shrinkage that can prolong the service life of structure that is subjected to severe 

exposure conditions. 
 
Ultimate durability and life of concrete depends upon concrete ingredients, their 
proportioning, interactions between them, placing and curing practices, and the service 
environment. Durability of concrete depends upon the following factors: 
 
1.5.1 Cement content 

Mix must be designed to ensure cohesion and prevent segregation and bleeding. If cement is 
reduced then at fixed w/c ratio the workability will be reduced leading to inadequate 
compaction. However, if water is added to improve workability, water/cement ratio increases 
resulting in highly permeable material. 

1.5.2 Compaction 

The concrete as a whole contain voids can be caused by inadequate compaction. Usually it is 
being governed by the compaction equipment used, type of formworks, and density of the 
steelwork 

1.5.3 Curing 
 
It is very important to permit proper strength development by maintaining proper moisture 
retention in concrete matrices to ensure hydration process occur completely. 
 
1.5.4 Cover 

Thickness of concrete cover must follow the limits set in codes. 

1.5.5 Permeability 

It is considered the most important factor for durability. It can be noticed that higher 
permeability is usually caused by higher porosity. Therefore, a proper curing, sufficient 
cement, proper compaction and suitable concrete cover could provide a low permeability 
concrete. 

Since concretes with different desired properties require different degrees of durability 
depending on their environmental exposure, hence, every concrete mix should be proportioned 
in accordance with exposure conditions, construction considerations and structural criteria. 
Components must be selected in the guidance of National and International Codes and 
Practices, Standards and regulations. Quality of concrete depends not only upon the properties 
of its ingredients but also upon the factors viz., interaction between ingredients, placing and 
curing of concrete etc. Durability aspects of concrete structures are a major consideration for 
scientists and engineers. Indian Standard for Plain and Reinforced Concrete IS: 456-2000 
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describes requirements for the durability of concrete under various environmental exposure 
conditions so that they can withstand the environment in which they are to be placed.  

A concrete structure is considered to be of adequate durability if it performs in accordance 
with its intended level of functionality and serviceability over an expected or predicted life 
cycle. Durable concrete must have the ability to withstand the potentially deteriorative 
conditions to which it can reasonably be expected to be exposed. 

Deterioration of concrete may be caused by chemical and physical processes individually or in 
combination. According to ACI 201 2R-08 following are the modes of deterioration of 
concrete: 
 

 Freezing and thawing 
 Alkali-aggregate reaction  
 Abrasion 
 Chemical attack 
 Corrosion of embedded metals 

 
Aspects having direct bearing on durability of structures are: 
 

 Nature of the project 
 Type of structure 
 Expected service life 
 Exposure conditions 

 
The above aspects should be considered concurrently to assess the level of durability of the 
structure.  

1.6 FACTORS AFFECTING DURABILITY OF CONCRETE 

Durability of concrete depends on two main factors:  

I. The concrete system, which is based upon quality & quantity of materials used 
and the process involved in manufacturing of concrete. 

II. The service environment, which affects concrete by way of physical and 
chemical action on concrete. 
 

Durability of concrete may be affected by both external factors as well as internal factors.  
 

 External Factors: Physical, chemical or mechanical; Environments such as 
extreme temperatures, abrasion and electrostatic action. Attack by natural or 
industrial liquid and gases. 

 Internal Factors: Permeability of concrete, Alkali-aggregate reaction. Volume 
change due to difference in thermal properties of the aggregate and cement paste. 

 
The factors responsible for durability of concrete are themselves the causes of deterioration if 
not maintained properly. Generally, many of these mechanisms act simultaneously resulting 
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into deterioration of concrete to a greater extent. IS 456-2000 elaborates the factors affecting 
durability of concrete as: 
 

 The Environment  
 Type and quality of constituent materials  
 Cement content and W/C ratio of concrete  
 Workmanship especially in compaction curing – it is very important  
 Cover to embedded steel &Shape and size of the member  

 
Table 1.4 summarizes the factors affecting durability of concrete.  
 

Table 1.4: FACTORS AFFECTING DURABILITY OF CONCRETE 
FACTORS 

Physical effects and Weathering 
Factors 

Chemical and 
Environmental Factors 

Internal  
Factors 

Biological  
Factors 

Physical effects: 
 Shrinkage 
 Temperature 
 Freezing & Thawing 
 Moisture movement 
Mechanical effects:   
  Abrasion and Cavitation 
 Over-loading 
Internal stresses: 
• Fire effects 
• AAR induces stresses 
• F/T induced stresses 
• Stresses induced due to 

earthquake 

 Sulphate attack 
 Acid attack 
 Soft Water attack 
 Carbonation 
 Chloride attack 
 Corrosion of 

reinforcement 
 Alkali-aggregate 

reaction 
 Organic substances 

 

 Faulty planning and 
design 

 Inferior constituent 
materials 

 Poor construction 
practice 

 Lack of quality 
assurance / control 

 Poor maintenance  
 Effect of chelating 

chemicals 
 Fire 
 Crystallization 
 Efflorescence 

Microbiological 
induced attack 

 
1.7 PROTECTION OF CONCRETE AGAINST AGGRESSIVE ENVIRONMENTAL 

ATTACK 
 
There are two fundamental ways to make concrete durable.  
 

 By addressing the properties of concrete, and 
 By providing external protective systems to the concrete. 
 

As we know that the factors responsible for durability of concrete are themselves the causes of 
deterioration if not maintained properly, therefore, proper consideration should be given to the 
particular set of factors and conditions to protect concrete from aggressive environmental or 
other types of attack. The first and foremost line of defense against chemical attack is to use 
quality concrete with maximum chemical resistance. In general, correctly made concrete is 
capable enough to withstand the aggressive environmental exposure at minimum maintenance 
for its projected life. Proper cement content, water – cement ratio, cover, compaction and 
curing are the basic parameters to be taken care off for making durable concrete. Above all, 
the good workmanship is the key for good quality concrete. 
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Making of good quality concrete depends upon a number of factors such as: 
 

 Low water-cement ratio (w/c): The water-cement ratio or the water-cementitious 
materials ratio (where applicable) should be in accordance to the codal provisions 
for plain and reinforced concrete and for the particular degree of environmental 
exposure condition.  

 Cement content: Sufficient quantity of suitable cement or cementitious materials 
in accordance to the codal provision should be used for the type and extent of 
exposure conditions. 

 Suitable cement type: Cement should be suited to the exposure condition.  
 Suitable aggregate: Quality aggregate is resistant to abrasion and not prone to 

freeze/thaw deterioration or chemical attack. Aggregate should be tested for alkali-
aggregate reaction (AAR),  

 Suitable water: Mixing and curing water should be in accordance to the codal 
provisions and not contain impurities that can impair basic concrete properties or 
reduce chemical resistance. 

 Suitable workability: Mix should neither be too harsh nor stiff nor so fluidly that 
excessive water rises to the surface. Supplementary cementitious materials may 
increase or decrease the workability of fresh concrete which demands for 
appropriate mix adjustments. 

 Good workmanship: good workmanship makes a difference in making good 
quality concrete. It includes proper mixing, compaction, consolidation, finishing, 
proper jointing, and adequate curing. 

 Use of Supplementary Cementitious Materials: SCMS are the materials that 
have cement like properties having two fold benefits:  
 

 Get rid of a waste product (Fly ash, Silica Fume, GGBFS)  
 Enhances the durability of concrete by reducing permeability. 

 

The above mentioned methods of concrete protection are called passive protective measures 
where concrete is made in such a way that it can resist its environment. There are some active 
protective measures also where concrete is protected by separating it from its environment. 
These methods include: 

 Removal (drainage) of aggressive water, 
 Neutralization of aggressive water by chemical or biological methods. 

 
In spite of observing the best available techniques and materials, every concrete deteriorates 
with time under its exposure conditions. The monograph on durability of concrete throws 
light on the important aspects and major causes, physical or chemical, responsible for concrete 
deterioration, mechanisms of deterioration, protection of concrete from vulnerable exposed 
environmental conditions and recommendations to prevent concrete from exposure damages. 
Quotes and provisions available in National and International codes and practices for repair 
and rehabilitation of concrete have also been summarized for ready reference. In addition, 
some case histories have also been incorporated to give an idea about the real field exposure 
conditions, behavior of concrete and its ingredients and the problems faced by the project 
authorities and suitable remedial measures suggested by CSMRS. 
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CHAPTER II 
 
2.0 AGGRESSIVE CHEMICAL EXPOSURE 
 
Concrete will perform satisfactorily when exposed to various atmospheric conditions, to most 
waters and soils containing aggressive chemicals, and to many other kinds of chemical exposure. 
There are, however, some chemical environments under which the useful life of even the best 
concrete will be short, unless specific measures are taken. An understanding of these conditions 
permits measures to be taken to prevent deterioration or reduce the rate at which it takes place. 
Significant chemical attack may take place when aggressive chemicals are present above certain 
minimum concentration in the solution. Solid and dry chemicals rarely attack concrete. The 
degree of attack and the deteriorating effects of aggressive waters depend upon various 
conditions such as: 
 

 Type of cement, its chemical and physical properties, 
 Quality of aggregates and admixtures, 
 W/c ratio and the method used for preparation of concrete, 
 Condition of concrete surface exposed to aggressive water,  
 Composition and concentration of aggressive water, and 
 The manner in which the aggressive water acts on concrete surface. 

 
Some other factors such as movement of ground water, temperature of water, size of concrete 
structure, evaporating surface, water pressure on the structure etc. also contribute towards the 
deterioration of concrete and enhance its effect to a greater extent. 
 
Deterioration of concrete by chemical attack can occur due to reaction of aggressive chemicals 
either with cement paste, coarse aggregates or embedded metal. Causes for chemical attack and 
deterioration of concrete can be grouped into following three categories: 
 

Type I   : Leaching of free lime, i.e. leaching corrosion  
Type II   : Exchange corrosion of readily soluble substances. 
Type III : Formation of gypsum and calcium sulpho-aluminate-hydrate crystals;  i.e.  

corrosion by expansion. 
 

Factors influencing chemical attack on concrete are listed in Table 2.1. 
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Table 2.1 -FACTORS INFLUENCING CHEMICAL ATTACK ON CONCRETE 
 

Factors that accelerate or aggravate 
attack 

Factors that mitigate or delay attack 

1. High porosity due to: 
i. High water absorption 
ii. Permeability 

iii. Voids 

1. Dense concrete achieved by 
i. Proper mixture proportioning* 

ii. Reduced unit water content 
iii. Increased cementitious material content 
iv. Air entrainment 
v. Adequate consolidation 

vi. Effective curing+
 

2. Cracks and separations due to: 
i. Stress concentrations 
ii. Thermal shock 

 

2. Reduce tensile stress in concrete by :++ 
i. Using tensile reinforcement of adequate size, 

correctly located. 
ii. Inclusion of pozzolan (to reduce temperature 

rise) 
iii. Provision of adequate contraction 
iv. joints content 

3. Leaching and liquid penetration 
due to: 

i. Flowing liquid$ 
ii. Ponding 
iii. Hydraulic pressure 

3. Structural design: 
i. To minimize areas of contact and turbulence. 
ii. Provision of membranes and protective-barrier 

system (s)# to reduce penetration. 

*  The mixture proportions and the initial mixing and processing of fresh concrete determine its 
homogeneity and density. 

+   Poor curing procedures result in flaws and cracks. 
++ Resistance to cracking depends on strength and strain capacity. 
$   Movement of water-carrying deleterious substances increases reactions that depend on both the quantity 

and velocity of flow.  
# Concrete that will be frequently exposed to chemicals known to produce rapid deterioration should be 

protected with a chemically resistant protective barrier system 
 

2.1          SULPHATE ATTACK  
 
Sulfates react with hydration products of tri-calcium aluminate (C3A) phase of portland cement 
and with calcium hydroxide (Ca(OH)2) to form expansive products called ettringite and gypsum. 
Formation of ettringite can result in an increase in solid volume, causes tensile stresses to develop 
in the concrete, leading to expansion and cracking. These cracks allow easy ingress for more 
sulfates into the concrete and deterioration accelerates. Formation of gypsum can lead to 
softening and loss of concrete strength. Some of the sulfate-related processes can damage 
concrete without expansion also. For example, concrete subjected to soluble sulfates can suffer 
softening of the paste matrix or an increase in the overall porosity, either of which diminishes 
durability.  

Sulphate attack decreases the durability of concrete by changing the chemical nature of the 
cement paste and the mechanical properties of concrete. The extent of attack may be evaluated 
from the quantity of C3A present in the cement and Ca(OH)2 liberated during the hydration of 
cement.   
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2.1.1 Sources of sulphate in nature 
 
Presence of sulphate ions in water is generally responsible for the aggressivity of water. The 
compounds responsible for sulphate attack are water-soluble sulfate-containing salts, such as 
alkali-earth (calcium, magnesium) and alkali (sodium, potassium) sulphates that are capable of 
reacting with components of concrete. Sulphatic waters are capable in penetrating rapidly and 
deeply into the interior of concrete. Most soils contain some sulphate in the form of gypsum 
(typically 0.01 to 0.05 % expressed as SO4), which is generally harmless to concrete. Sulphates 
in ground water have detrimental effect on concrete. Sulphate can be found in the following 
forms and sources: 

 Seawater, 
 Oxidation of sulphide minerals in clay adjacent to the concrete. This can produce 

sulphuric acid which reacts with the concrete. 
 Bacterial action in sewers - anaerobic bacteria produces sulphur dioxide which 

dissolves in water and oxidizes to form sulphuric acid,  
 In masonry, sulphates present in bricks and can be gradually released over a long 

period of time, causing sulphate attack of mortar, especially where sulphates are 
concentrated due to moisture movement. 

 Decay of organic matter in marshes, shallow lakes, mining pits, and sewer pipes 
often leads to the formation of H2S, which can be transformed into sulphuric acid 
by bacterial action. 

 
Sulphate attack can be 'external' or 'internal'.  
 

 External sulphate attack is caused due to penetration of sulphate ions present in 
surrounding of the concrete in solution and enters the concrete from outside,  

 Internal sulphate attack is caused due to initial proportion of sulphate incorporated 
in the concrete at the time of mixing. The example is presence of gypsum in the 
aggregate.  

Damage due to sulphate attack can manifest itself in several forms including cracking, spalling, 
loss of strength and adhesion. 

 
2.1.2 Principal factors that affect the rate and severity of sulfate attack  

Concrete exposed to sulfate solutions can be attacked and may suffer deterioration to an extent 
dependent on the concrete constituents, the quality of the concrete in place and the type and 
concentration of the sulfate. Following are the principal factors that affect the rate and severity 
of sulphate attack: 

 

 Permeability of concrete, 
 Type of cement used,  

 C3A content, 

 Ca(OH)2 content, 



Monograph on Durability of Concrete 

21 

 Type of sulfate:  Magnesium and ammonium sulfates are the most-damaging to 
concrete.  

 Concentration of the sulfate: More-soluble sulfates are more damaging to 
concrete. 

 Whether the sulfate solution is stagnant or flowing: The nature of the contact 
between the sulfate and the concrete is important. Severity of the attack increases 
in the case of flowing waters. More intensive attack takes place on concrete which 
is exposed to cycles of wetting and drying than on concrete which is fully and 
continuously submerged in the solution. 

 Pressure: Severity of the attack increases when water exerts pressure on the 
concrete because pressures tend to force the sulfate solution into the concrete.  

 Temperature: As with any chemical reaction, the rate of the reaction increases 
with rise in temperature.  

 Presence of other ions: Other ions present in the sulfate solution affect the severity 
of the attack. A typical example is seawater which contains high quantity of both 
sulfates and chlorides. It is generally found that the presence of chloride ions alters 
the extent and nature of the chemical reaction so that less expansion is produced in 
concrete due to the sulfates in seawater. 

 

2.1.3 Mechanism of Sulphate Attack 

 

There are two best recognized chemical consequences of sulphate attack on concrete 
components: 
 

 Reaction of the sulfate with calcium hydroxide liberated during the hydration of 
cement, forming calcium sulfate (gypsum), CaSO4.2H2O. 

 Reaction of the sulfate with the hydrated calcium aluminate, forming calcium 
sulphoaluminate (ettringite). CaO.Al2O3.3CaSO4.32H2O. 

 
The formation of ettringite can result in an increase in solid volume, leading to expansion and 
cracking. The formation of gypsum can lead to softening and loss of concrete strength with 
decrease in pore solution alkalinity also. Sulphate attack can take the form of a progressive 
loss of strength and mass due to loss of cohesiveness in the cement hydration products. 
Though sulphate attack is more rapid and severe with cements of high tri- calcium aluminate 
content but even sulphate resistant cements are not immune to the effects of large amount of 
sulphates in the concrete.  
 
2.1.3..1     Formation of Ettringite and Monosulfate 

Depending upon the cement composition, monosulphate hydrate and calcium aluminate 
hydrate may form as hydration products. In the presence of calcium hydroxide (CH) and 
water, monosulphate hydrate (C3A·CS·H18) and calcium aluminate hydrate (C3A·H13) react 
with the sulphate to produce ettringite (C3A·3CS·H32). The mineral ettringite occupies empty 
space, and as it continue to form, it causes the paste to crack and further damage the concrete. 
Chemical reactions involved in the process are shown below: 
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sulphate ion + hydrated calcium aluminate and/or the calcium hydroxide components of 
hardened cement paste + water  → ettringite (calcium sulphoaluminate hydrate) 

C3A.CS.H18 + 2CH +2S + 12H → C3A.3CS.H32  
C3A.CH.H18 + 2CH +3S + 11H  →  C3A.3CS.H32 
C3A + 3CSH2 + 26H                   →  C3A.3CS.H32 

        ettringite 
2C3A + C3A.3CS.H32  + 4H   →    3C3A.CS.H12 

        Monosulphate 
 

Sulphate attack is more rapid and severe with cements of high C3A content. In the presence of 
excess sulphate, monosulphate can form ettringite which occupies more than twice the 
molecular volume of the aluminate and further increases by absorbing large quantity of water 
(32 molecules). In the hardened pastes is accompanied by expansive forces which can exceed 
the tensile strength of the concrete and may lead to expansion, cracking and spalling of 
concrete.  

2.1.3.2 Formation of gypsum 
 
Gypsum, in addition to ettringite, can be produced during sulphate attack through cation 
exchange reactions.  Gypsum type of sulphate attack can manifest in the form of loss of 
stiffness and strength, expansion, spalling, cracking and eventual transformation of the 
concrete into a mushy or non-cohesive mass. Depending on the cation type present in the 
sulfate solution (i.e., Na+ or Mg2+) both calcium hydroxide and C-S-H (the primary strength 
giving hydration product) in the cement paste may be converted to gypsum (CaSO4.2H2O) by 
sulfate attack. 

2.1.4 Sodium sulfate attack 
 

Na2SO4 + Ca(OH)2 + 2H2O → CaSO4·2H2O + 2NaOH 
 
Due to the formation of sodium hydroxide as a by-product of the reaction, the system remains 
highly alkaline which is an essential condition for the stability of C-S-H. 
 
2.1.5 Magnesium sulfate attack 
 
When the attacking sulfate solution contains magnesium sulfate, brucite [(Mg(OH)2, magnesium 
hydroxide] is produced in addition to ettringite and gypsum. During the ion exchange reaction 
between magnesium sulphate and calcium hydroxide/calcium silicate hydrate, conversion of 
calcium hydroxide to gypsum is accompanied by formation of magnesium hydroxide which is 
relatively insoluble and poorly alkaline. In the absence of hydroxyl ions in the solution, C-S-H 
is no longer stable and is also attacked by the sulphate solution. While both forms of attack 
will lead to damage by gypsum formation, magnesium sulfate attack is considered to be more 
severe because it will also compromise the stability of the C-S-H. 
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MgSO4 +Ca(OH)2 +2H2O → CaSO4.2H2O + Mg(OH)2 
3MgSO4 + 3CaO .2SiO2 .3H 2O + 8 H2O → 3CaSO4.2H2O + 3 Mg(OH)2 + 2SiO2.H2O 

 
In case of even low Mg+2 ion concentration, the rate of corrosion of pozzolanic and slag Portland 
cements is higher than that of Portland cement. Pozzolanic and slag cements contain less free 
lime as compared to Portland cement and hence their Ca-hydro-silicates and Ca-hydro-
aluminates, the strength giving components, undergo chemical reaction with Mg ions earlier as 
compared to Portland cement. 

2.1.6 Ammonium Sulphate attack 

Ammonium sulphate causes serious deterioration of concrete in a relatively short time. The 
deterioration depends on the concentration of ammonium sulphate, period of contact, abrasion 
of concrete and concrete quality in terms of porosity, penetrability, cement content and cement 
type. The aggressiveness of ammonium sulphate is of two-fold: Firstly because the aggressive 
action of ammonium sulphate increases by the increased solubility of gypsum in ammonium 
sulphate solution and secondly the ammonia gas formed during the reaction readily diffuses 
from concrete, hence gypsum formation reaction proceeds further till whole of the Ca(OH)2 

exhausts rather than attaining equilibrium. Diffusion of ammonia gas from the concrete also 
renders it more porous and permeable and thus more susceptible to further attack from 
ammonium sulphate solution. The reactions of cement involved with ammonium sulphate are: 

 
Ca(OH)2 + (NH4)2SO4 → CaSO4.2H2O + NH3 
         Gypsum          Gas 

3CaO.Al2O3.6H2O + 3CaSO4.2H2O + 24H2O → 3CaO.Al2O3.3CaSO4.32H2O 
                 Ettringite 

Photographs depicting the impact of sulphate attack are presented in Figure 2.1. 

   

Figure 2.1: Concrete structures affected by Sulphate Attack 
 
2.1.7 Diagnosis of deterioration due to sulphate attack 

The presence of ettringite or gypsum in concrete is not in itself an adequate indication of sulfate 
attack. Evidence of sulfate attack should be verified by petrographic and chemical analysis. 
Deterioration of concrete due to sulphate attack can be diagnosed by measuring the level of 
sulphate present by chemical analysis. The normal sulphate content in concrete is 0.4% to 
0.6% which is added in the form of gypsum during the grinding of clinker. Formation of 
ettringite can be established by X-Ray Diffractogram.  

 



Monograph on Durability of Concrete 

24 

2.1.8 Protective Measures 
 

 Since the sulphate attack happens due to reaction of C3A and CH of cement with 
water, hence the protection of concrete can be achieved by arresting both these 
elements: reaction ingredients and ingress and movement of water in concrete. 

 Sulphate resisting cement comprising with low C3A content and comparatively 
lower C4AF content is recommended for use in case of mild sulphate attack. The 
percentage of C3A (tricalcium aluminate) is kept below 5 percent and it results in 
the increase in resisting power against sulphate attack. However, in case of higher 
sulphate concentration / longer exposure conditions, sulphate resisting cement 
alone is not immune. Sea water exposure to concrete is an example of such 
situation. Sea water has very high concentration of both sulphate and chloride 
ions. The attack of sea water on concrete is quite similar to that of sulphate attack 
in normal water. However, the manifestation and ultimate impact on concrete is 
quite different. In case of sea water sulphate attack, no expansion of concrete takes 
place; instead it causes erosion or loss of constituents of concrete without undue 
expansion. As in the presence of high concentration of chlorides, both Ca(OH)2 
and Mg(OH)2 dissolve more readily in sea water, therefore, leaching of salts takes 
place. In this case sulphate resistant cement may not be effective in resisting 
sulphate attack. In such situation quality of concrete with low permeability will be 
helpful. 

 Sulfate attack on concrete will take place when the sulfate solution penetrates the 
concrete and chemically reacts with its constituents, mainly the cement matrix. 
Thus, factors affecting sulfate resistance of concrete are not only those influencing 
the chemical reaction with the cement matrix, but also those influencing the 
permeability and the overall quality of the concrete. 

 Protection against sulfate attack is obtained by using concrete that retards the 
ingress and movement of water, and concrete-making ingredients appropriate for 
producing concrete having the needed sulphate resistance. It is usually addressed 
by a low water-cementitious materials’ ratio and the proper selection of a Portland 
cement, blended cement, or cement plus pozzolan or slag. Care should be taken to 
ensure that the concrete is designed and constructed to minimize shrinkage 
cracking. Air entrainment is beneficial if it is accompanied by a reduction in the 
w/c ratio. Proper placement, compaction, finishing and curing of concrete are 
essential to minimize the ingress and movement of water. 

 Adequate concrete thickness, high cement content, low water/cement ratio and 
proper compaction and curing of fresh concrete are among the important factors 
that contribute to low permeability of concrete.  

 Environmental conditions also have a great influence on durability. Wet / dry 
cycling is much more severe than continuously wet conditions for sulfate attack. 
Therefore, testing of concrete mixtures to determine potential sulfate resistance 
should simulate the conditions to which the structure will be exposed.  

 Since a number of factors are involved in sulphate attack, hence, the use of 
sulphate resistant cement alone will not guarantee the production of sulfate 
resisting concrete in all cases. 
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 Proper mix design (i.e., low w/c and use of pozzolans) and curing will produce 
concrete less permeable to sulfates. The use of pozzolans will also reduce the 
amount of Ca(OH)2 in the hydrated cement paste of Portland cements, calcium 
sulfoaluminate cements, and fly ash-based cements. Reducing the amount of 
Ca(OH)2 in the hydrated cement paste will limit the effects of sulfate attack. 

In general following measures can protect concrete against sulphate attack:  
 

 Low w/c ratio,  
 High cement content, 
 One of the most common ways of protecting against sulfate attack is to reduce the 

alumina content by limiting the C3A in Portland cement. Cement specified with 
C3A content between 5-8% for moderate sulphate exposure and with C3A less than 
5 % for severe sulfate environments, respectively.  

 Addition of Fly ashes, natural pozzolans, silica fumes, and slags. The addition of 
pozzolanic admixtures reduces the C3A content of cement. 

 The use of slag cement is also an extremely effective way of reducing the potential 
for sulfate attack. Slag cement does not contain C3A, so its addition in concrete 
dilutes the total amount of C3A in the system. Slag cement reacts with excess 
Ca(OH)2 to form additional calcium-silicate-hydrate gel, making concrete more 
dense with reduced permeability, hence, making it harder for sulfates to penetrate 
into concrete. This decreases the total amount of Ca(OH)2 in the system.  

 Sulfate-resistant cements with C3A below 5%, however, like other Portland or 
blended hydraulic cements, are not resistant to most acids or other highly 
corrosive substances. 

 Proper placing, adequate consolidation and effective curing 
 Use of water reducing admixtures that effect reduction in water-cement ratio 

and/or increased workability can enhance the sulfate resistance of concrete, 
provided they are not used to reduce its cement content. It is well established fact 
that admixtures containing calcium chloride adversely affect the sulfate resistance 
of concrete. 

 Smooth finishing,  
 Use of protective paints: The presence of acidic conditions as in the case of 

sulfuric acid may require additional measures to be taken such as the provision of 
membranes and protective barriers, depending on concentration and temperature 
of the aggressive solution.  

 Magnesium sulfate can attack calcium silicate hydrate, the primary component of 
hydrated cement responsible for strength and other properties of concrete. In the 
presence of high amounts of magnesium ions (>1000 mg/l) additional measures 
may need to be taken. 
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2.2 ACID ATTACK 
 

Concrete is very susceptible to acid attack due to its very high alkaline nature.  The substances 
which on dissociation in solution yield H+ ions are responsible for acid attack on concrete. The 
deterioration of concrete by acids is primarily the result of reaction between acids and calcium 
hydroxide of the hydrated Portland cement.  In most cases, the chemical reaction results in the 
formation of water soluble calcium compounds which are then leached away by aqueous 
solutions.  Almost all types of mineral acids will have a destructive effect on concrete. The rate 
of an acid attack depends on the factors such as the amount and concentration of acid, the cement 
content, the type of aggregate used in respect to the aggregate's solubility in acids, and the 
permeability of the concrete. Concrete is attacked by both organic as well and inorganic acids. 
Formation of acid may take place on any of the following reasons:  
 

 Products of combustion of many fuels that contain sulphurous gases that combine 
with moisture to form Sulphuric acid. 

 Sewage collection under certain conditions can lead to acid formation.  
 Water drainage from some mines and some industrial waters (Peat soils, clay soils 

and alum shale may contain iron sulphide, which on oxidation produces sulphuric 
acid). 

 Mountain streams sometimes get mildly acidic due to dissolved free CO2. 
 Some mineral waters containing large amounts of either dissolved CO2 or SO2 or 

both, can seriously damage any concrete. 
 Waters in marshes and peat region develop acidity due to the oxidation of H2S or 

pyrite resulting in the formation of sulphuric acid or sulphurou acid.  
 Organic acids from farm silage or from manufacturing or processing industries such 

as breweries, dairies, canneries and wood-pulp mills can cause surface damage. 
 

Attack of inorganic acids transforms CaO content of hardened cement into soluble compounds, 
which are washed away with flow of water. The  severity  of  attack  depends  on a number of 
factors such as the  type  and  quantity of acid,  continuity  of  replenishment, velocity  of  flow  
of  groundwater, cement  content  and  permeability of  concrete. Figure 2.2 shows some 
photographs of concrete structures where damages occurred due to acid attack. 

 
Figure 2.2: Concrete structures damaged by Acid Attack 
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2.2.1 INORGANIC ACIDS 
 
2.2.1.1 SUPHURIC ACID 
 
Sulphuric acid attack causes extensive formation of gypsum in the regions close to the surface, 
tends to cause mechanical stresses, which ultimately leads to disintegration of concrete by 
spalling and cracking and exposure of the fresh surface for attack. Attack by sulphuric acid is 
twofold: 
 

1. Firstly, sulphuric acid reacts with Ca(OH)2 of cement and forms poorly soluble gypsum. 
Gypsum initially tends to seal the pores and offers a certain degree of protection.  

2. Secondly, when exposure is prolonged continuously, expansion of gypsum takes place 
and concrete is destroyed by the expansive forces of gypsum. The chemical reactions 
involved in sulphuric acid attack on cement can be given as follows: 

 
Ca(OH)2 + H2SO4 → CaSO4.2H2O 

3CaO.2SiO2.3H2O + H2SO4 → CaSO4.2H2O + Si(OH)4 
 
The extent of attack by sulphuric acid varies with the variation in pH of concrete as 
summarized below: 
 
 pH Range     Effect 
 
 12.5 –12  Calcium hydroxide and calcium aluminate hydrate dissolve and 

ettringite is formed. CSH phase undergoes cycles of dissolution and re-
precipitation. 

 
 11.6 –10.6  Gypsum is formed 
 
 < 10.6  Ettringite is no longer stable and decomposes into aluminum hydroxide 

and gypsum 
 
 < 8.8   CSH becomes unstable 
 
   
2.2.1.2     HYDROCHLORIC ACID 
 
Hydrochloric acid decomposes the Ca(OH)2  of cement into CaCl2 which is readily soluble in 
water and washed away from concrete.  
 

Ca(OH)2 + 2HCl → CaCl2 + 2H2O 
 
The reaction essentially causes leaching of Ca(OH)2 from the set cement. After leaching out of 
Ca(OH)2; C-S-H and ettringite start to decompose with release of Ca2+ to counteract the loss 
in Ca(OH)2. In this way the process of dissolution accelerates and the disintegration of cement 
starts.  
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Ca6Al2(SO4)3(OH)12.26H2O → 3Ca2++2[Al(OH)4]

- +4OH- +26H2O 
3Ca2+ +2[Al(OH)4]

- + 4OH- +12HCl → 3CaCl2 + 2AlCl3 + 12H2O 
 
The attack by HCl is a typical acidic corrosion and characterized by the formation of layer 
structure. 
  
2.2.1.3    NITRIC ACID 
 
Nitric acid usually occurs in chemical plants producing explosives, artificial manure and similar 
products. Nitric acid formed from the compounds and radicals of nitrates in the presence of 
water. 

3NO2 + H2O      →      2HNO3 + NO 
 

Nitric acid upon reaction with CH forms highly soluble calcium nitrate which is easily washed 
away from the concrete. Nitric acid attack is represented by following equations: 
 

2HNO3+ Ca(OH)2  →  Ca(NO3)2.2H2O 
Ca(NO3)2.2H2O + 3CaO.Al2O3.8H2O → 3CaO.Al2O3. Ca(NO3)2.10H2O 

 
Though HNO3 is not as strong as H2SO4, its effect on concrete at even brief exposure is more 
destructive since it transforms CH into highly soluble calcium nitrate salt and low soluble 
calcium nitro-aluminate hydrate. Highly soluble calcium nitrate is washed away from 
concrete. Nitric acid attack corrodes concrete and turns it soft, porous with visible cracks. 
Presence of cracks increases the transport rate of acid into the concrete by increasing the 
corrosion front and opening the avenues for further acceleration of the process of 
deterioration.  
   
2.2.2 ORGANIC ACIDS 
 

The effect of organic acids on concrete is same as that of inorganic acids where soluble 
compounds are formed with Ca(OH)2. Acetic acid, formic acid and lactic acid are more 
detrimental for concrete than other organic acids having poor destructive effect. 

 
2.2.2.1   ACETIC ACID 
 
Attack by acetic acid on concrete is similar to the attack by nitric acid as in this case also the 
reaction products are soluble and washed away from the concrete. However the rate of acetic 
acid corrosion may be slower as compared to nitric acid corrosion. Concrete used in 
agricultural applications are susceptible to attack by silage effluents mainly containing acetic 
and lactic acid. Acetic acid reacts with cement hydration products to form calcium acetate: 
 

2CH3COOH + Ca(OH)2 → Ca(CH3COO)2 + 2H2O 
2CH3COOH + C-S-H SiO2 → Ca(CH3COO)2 + 2H2O 
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2.2.2.2    CARBONIC ACID  
 
Carbonic acid attack usually occurs in the case of buried concrete structures exposed to acidic 
ground water for a long time. Atmospheric carbon dioxide absorbed by rain enters ground 
water as carbonic acid. Out of total carbon dioxide quantity dissolved by water, a slight 
proportion, only about 1% is present in water in the form of carbonic acid i.e. H2CO3 and rest 
remain in the form of CO2 gas.  
 
The rate of attack by carbonic acid is affected by the factors such as  
 

 Quality of concrete,  
 Concentration of aggressive carbon dioxide, 
 External exposure conditions, 
 Solubility of the resulting Ca-salt, 
 The rate of attack will be much higher in a flowing condition than a stagnant 

condition, because of kinetic energy of moving water will erode away the soluble 
salts and promote attack on the freshly exposed surface. 

 
The intensity of acid attack of any given concrete is governed by the character of the acid –
forming anion, concentration of free hydrogen ions and by the solubility of calcium salts 
produced during the reaction. 
 
Mechanism 
 
The chemical balance equation for the reaction is: 
       

CO2 + H2O ↔H2CO3 ↔ H+ + HCO3
 - 

 
The aggressive effect of free carbonic acid in water is due to the dissolution of Ca, Mg, Al etc. 
of concrete by the acid. In the process, binding agent loses its binding power and aggregate 
structure is loosened at the surface. Lime is simply dissolved by water containing carbonic 
acid. The attack of carbonic acid may become critical as soluble Ca and Mg carbonates may 
be formed even in cold water which can easily leached away from concrete. Carbonic acid is 
always corrosive to iron and steel in presence of oxygen, water or moist atmosphere, 
 

Fe + CO2 + H2O → FeCO3 + H2 
 
Continued carbonation may cause reduction in alkalinity of the cement paste which can be a 
serious problem not only in de-passivation and corrosion of steel bars but also in dissolution 
of cement hydrates. Continued carbonation due to carbonic acid attack causes: 
 

• The transformation of calcium carbonate into soluble bicarbonate, which is removed 
by leaching into the acidic solution and thus increasing the porosity. 

 
H2CO3 + Ca(OH)2 → CaCO3 + 2H2O 

H2CO3 + CaCO3 → Ca(HCO3)2 
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• Decomposition of cement hydration products, leading to formation of gel-like layer 
consisting of hydro-gels of silica, alumina and ferric oxide. 

 
2.2.3 PROTECTION OF CONCRETE AGAINST ACIDS 
 
The action of acids on the hardened concrete converts the Ca-compounds [Ca(OH)2 , Ca-
silicate hydrates and Ca-aluminate hydrate] into water soluble Ca-salts of corresponding 
attacking acids as shown below, which are easily washed away with water from concrete. 
 
  HCl : CaCl2 ;     H2SO4 : CaSO4 ;    HNO 3: Ca(NO3)2          

 
Acid attack is more dangerous as compared to sulphate attack. In sulphate attack porosity of 
concrete plays an important role in transporting the deleterious sulphates. Since acid attack 
results in complete conversion of matrix, therefore, permeability of concrete does not play 
significant role. pH of water plays a significant role both in the case of acid attack as well as 
sulphate attack. If pH is low, acid attack is dominant; whereas in neutral pH, sulphate attack is 
dominant.  
 
Quality concrete will resist occasional exposure to mild acids, but no concrete offers good 
resistance to attack by strong acids or compounds that convert to acids. Thus special protection is 
necessary in these cases. Following measures in general provide protection to concrete against 
acids. 
 

 Dense concrete with smooth surface finish. 
 Low water/cement ratio  
 Use of pozzolana materials like fly ash and silica fume to reduce the amount of 

free Ca(OH)2 in the concrete. 
 Minimum exposure time of concrete to acid. 
 A protective barrier or treatment should be done to protect the concrete. 
 Higher cement dosage,  
 Surface treatment. 
 Isolation and coatings 
 In case of strong acid corrosion, other construction materials or an appropriate 

surface covering or treatment should be used. 
 PVC linings may be used to control deterioration of concrete in case of sewer 

drains or where water contains sulfur and other materials susceptible to the 
formation of H2S 
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2.3 SOFT WATER ATTACK 
 
Soft water is defined as water deficient in dissolved salts of Ca & Mg ions. Natural glacier water, 
snow-melt water, rain water and waters of lakes, creeks and rivers are generally known as soft 
waters. Corrosion of concrete can be caused not only by waters containing aggressive chemical 
substances but also by entirely pure, salt-free, distilled water. Corrosion due to soft water initiates 
by dissolving and subsequent leaching of free Ca(OH)2. Leaching is the complete process of 
dissolving and transporting calcium out of concrete. Some soft waters may also contain 
aggressive CO2 or organic acids like humic acid. The pH of such water can be as low as 3-4 
making the water highly aggressive to concrete. Water causes both chemical and physical 
processes of degradation of concrete. Aggressiveness of water depends much on the following 
factors: 
 

 pH, 
 Degree of hardness of water,  
 Amount of free carbon dioxide present in water, 
 Temperature, and  
 Alkalinity of water.  

 
In addition to the above, permeability of concrete and solubility of paste constituents also have 
bearing effect over the soft water attack on concrete. Presence of mineral acids reduces the pH of 
water below 4 to 3.5, and in such case, the attack is more severe. Temperature also plays an 
important role as the rate of reaction increases with the increase in temperature. If percolating 
water is soft, the leaching effect on the concrete will be strong. If water percolates through the 
concrete due to pressure gradients, it will reach much more internal area of soluble products. In 
this process, the dissolved materials are carried out of concrete by the flow of water. The rate of 
leaching process depends upon both on speed of percolation of water through concrete and the 
depth of concrete up to which water makes its way. Dissolved materials generally diffuse out of 
the concrete to the bulk pure water in the reservoir.  
 
Some of the photographs showing damage of concrete structures due to soft water attack are 
shown in Figure 2.3.  
 

 
Figure 2.3: Soft Water Leaching Attack 

 
2.3.1 Mechanism 
 
The aggressiveness of soft water is measured by the rate at which Ca(OH)2 is leached away 
from the cement paste. The aggressiveness is considerably increased if the water contains 
dissolved carbon dioxide (CO2). CO2 dissolves in water to form carbonic acid (H2CO3): 
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H2O + CO2→H2CO3 

 
CO2 first converts the Ca(OH)2 to poorly soluble calcium carbonate (carbonation reaction) and 
then to soluble calcium bicarbonate which is easily removed by the water. These reactions are 
represented as below:  
 

Ca(OH)2 + CO2 → CaCO3 + H2O   (1) 
CaCO3 + CO2 + H2O → Ca(HCO3)2  (2) 

 
Carbon dioxide exists in water mainly in the dissolved form with a small proportion 
combining to form carbonic acid resulting in the lowering of pH of water.  
 
2.3.2 Leaching effects on Concrete 
 
Leaching process starts when water dissolves CH inside of concrete. In such process dissolution 
and diffusion both actions act simultaneously where: 
 

 Water molecules diffuse to the reaction place in the pore walls, 
 Water molecules dissolve solid compounds; and 
 The dissolved compounds are transported away from the reaction site. 
 

The corrosiveness of soft water is often enhanced by dissolved CO2.  The presence of free CO2 
increases the solubility of Ca(OH)2 and Ca-hydrates, which in turn increases the formation of 
calcium carbonate. In order to maintain chemical equilibrium, fresh hydrolysis of calcium 
silicates takes place and lime is released. Excessive dissolution and removal of Ca(OH)2 
weakens the concrete structure and further cause decomposition of other hardened 
compounds. Leaching of Ca(OH)2 from concrete reduces CaO content in concrete and hence 
pH of concrete drops from 12-13 to 8-9. Hydro-silicates, hydro-aluminates and hydro-ferrites 
present in concrete are not stable at lower pH, therefore, decomposition of these salts starts as 
pH of concrete drops and concrete starts losing its strength. Very porous and pervious concrete 
faces severe leaching attack upon sustained permeation of water across the concrete section.   
 
2.3.3 Diagnosis of deterioration due to leaching 

Since the product of leaching is calcium bicarbonate which is highly soluble and washed away 
with water and cannot be detected on the surface, hence no chemical, thermal or X-ray diffraction 
analysis are suitable to identify leaching. Although the first phase in obtaining calcium 
bicarbonate is the formation of calcium carbonate, but this is also present in most concrete, in the 
aggregates or filler materials, therefore, it would be impossible to establish if it is from one of 
these elements, or if it had formed due to the effect of aggressive soft water. The only method to 
verify the presence of leaching on concrete is a detailed visual analysis of the surface. If it is 
deteriorated due to leaching, the aggregates will be visible without the cementitious matrix. 

 
 
 



Monograph on Durability of Concrete 

33 

 
2.3.4 Factors influence the leaching of concrete by soft water 
 
Following factors influence the leaching of concrete by soft water: 
 

 Hardness of water, 
 State of water, i.e. moving or stagnant, 
 Temperature of soft water, 
 Type of cement used, 
 Density of concrete, 
 Quality and condition of concrete surface, and 
 Dimension and age of concrete. 

 
2.3.5 Protective Measures against the leaching action of soft water: 
 
Fresh and hardened both concretes require protection against the effect of soft water. 
Following measures are required for adherence to protect concrete against leaching action of 
soft water: 
 

 Concrete surface may be smoothened and special treatment be applied, 
 Casting of dense concrete, 
 Fresh concrete requires protections not only against sun and frost, but against rain 

water also, 
 In case of Type I corrosion, carbonated layer on the surface of concrete possess 

beneficial effects, and 
 Concrete structures can be protected by surface treatment also. 
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2.4  CARBONATION 
 
Carbonation of concrete is the reaction of cement paste either with atmospheric CO2 or dissolved 
CO2 in water causing conversion of alkaline hydroxides of concrete to carbonates. 
Carbonation, or neutralization reduces the pH of pore water of concrete from 12-13 to 8-9 by 
the chemical reaction of atmospheric CO2 with Ca(OH)2 and hydrated calcium silicate of 
concrete and causes reduction in steel reinforcement protection. The process of carbonation 
starts from concrete surface and spreads inwards. Reinforcement derives its passive nature 
from the formation of thin layer of iron oxide at its surface which is stable at pH 12-13. 
However, in case if the pH of concrete drops to around 8-9, the passive oxide layer becomes 
unstable and process of electro-chemical corrosion may initiate in the presence of other 
favourable conditions. Carbonation reaction produces calcium carbonate and causes shrinkage of 
concrete. 
 
The rate of carbonation is strongly affected by the moisture content or relative humidity of the 
concrete pore structure. No carbonation takes place when the pores are absolutely dry or fully 
saturated. The rate of carbonation is at a maximum when the relative humidity is at 50%. The 
rate of carbonation also increases with increase in ambient temperature. Phenolphthalein 
indicator solution gives valuable information about the alkalinity of concrete when it is 
applied to a fresh fracture surface of concrete. Phenolphthalein solution monitors the 
carbonation depth by capturing the depth at which the pH is about 9. It indicates the boundary 
at which the carbonated front meets with the un-carbonated concrete, where concrete is 
alkaline 
 
2.4.1 Mechanism 
 
Reaction of hydrated Portland cement with CO2 in the air is generally a slow process and it 
depends on the relative humidity of environment, temperature, permeability of concrete and 
concentration of CO2.  The rate of reaction is highest when humidity is maintained between 50-
75%.  The carbonates of carbonic and humic acid are unstable and be converted into calcium 
carbonate (CaCO3). Dissolution of atmospheric carbon dioxide (CO2) in water forms carbonic 
acid in moist and partially saturated concrete. Carbonic acid, a weak acid, reacts with alkali 
hydroxides to form their carbonates. 

 
Ca(OH)2  + CO2 → CaCO3 + H2O 
Cement paste + air → calcium carbonate 

 
Step 1   H2O+CO2 → HCO3

- + H+ 
HCO3

-→CO3
2-          +  H+ 

 
Step2    Ca(OH)2 + 2H+ + CO3

2- → CaCO3 + 2H2O 
 

This neutralization reaction penetrates gradually into the concrete surface. However, when all 
the reserved calcium hydroxide is consumed, the alkalinity of concrete is reduced from 13 to 
9. The passive layer of steel bar disrupts when carbonation reaches rebar surface and corrosion 
of rebar may take place depending upon other necessary conditions.  
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Permeability of concrete is directly proportional to the ingress of moisture into the concrete. 
The corrosion product is expansive in nature and occupies a volume three to four times more 
than that of the original steel and exerts outward radial pressure onto the surrounding concrete 
and causes eventual concrete cover crack. Generally, almost all the constituents of cement are 
susceptible to carbonation. Some important effects of carbonation are: 
 

 Carbonation results in decrease in pH of the cement paste leading to corrosion of    
reinforcement near the surface. 

 Exposure to CO2 during the hardening process can affect the finished surfaces of 
slabs, leaving a soft dusting, less wear-resistant surface. 

 Sources of CO2 can be either the atmosphere or water carrying dissolved CO2. 
 Rate of attack is dependent upon the properties of concrete and concentration of 

aggressive CO2.  

2.4.2 Diagnosis of deterioration due to carbonation 

To verify if deterioration is due to carbonation, a test method based on the colour of the 
concrete after treating its surface with a 1% phenolphthalein solution in ethanol (UNI EN 
13295:2005) is used. When the solution comes into contact with a material which is not 
carbonated, it turns pink. 

2.4.2.1 Carbonation test 

Carbonation test is carried out to determine the depth of concrete affected due to combined 
attack of atmospheric carbon dioxide and moisture causing a reduction in level of alkalinity of 
concrete. Carbonation depth is assessed by using a solution of phenolphthalein indicator. 
Phenolphthalein indicator turns pink at pH more than 8.3. Below this pH indicator remains 
colourless. Commonly the test is carried out by spraying the indicator on freshly exposed 
surfaces of concrete broken from the structure or on split cores. Alternatively, the powder 
from drill holes can be sprayed by indicator. The change of colour of concrete to pink 
indicates that the concrete is in the good health, where no changes in colour indicate that 
concrete has already undergone carbonation. The test method is described under BS EN 
14630, Products and systems for the protection and repair of concrete structures-
Determination of carbonation depth in hardened concrete by the phenolphthalein method. 

The test is conducted by drilling a hole on the concrete surface to different depths up to cover 
concrete thickness, removing dust by air blowing, spraying phenolphthalein with physician’s 
injection syringe and needle on such freshly drilled broken concrete and observing change in 
colour. The depth of carbonation is estimated based on the change in colour profile. The pH 
value can also be determined by analysing samples of mortar collected by drilling from the 
site, dissolving the same in distilled water.  

According to IS: 1331 (Part 2): I992- Method of non-destructive testing of concrete, the 
influence of carbonation of surface on the rebound number is very significant in accessing the 
quality of concrete. Photographs in Figure 2.4 show the carbonation of concrete and 
phenolphthalein test on concrete. 



Monograph on Durability of Concrete 

36 

 
Figure 2.4: Carbonation of concrete and phenolphthalein test on concrete 

 
2.4.3 Factors affecting carbonation 
 
Following factors may affect the carbonation reaction in concrete: 
 

 Change in pH, 
 Humidity between 50-70%, 
 Temperature - worse in hot environments, 
 Concentration of C02 gas in atmosphere, 
 Higher in cities due to motor vehicles and fossil fuel burning, and 
 The atmospheric carbon dioxide diffuses into the hardened concrete through pores 

and when carbonation reaction takes place, the alkalinity of the concrete reduces 
from 13 to below 9 

 

2.4.4 Protection 
 
Concrete can be protected against carbonation by adopting the following: 
 

 Low W/c ratio,  
 Appropriate curing days, 
 Dense concrete, 
 Proper compaction to prepare dense, non-porous and impermeable concrete, 
 Reduction in chloride contamination to restrict further chloride attack on concrete, 

and 
 Use of adequate concrete cover depth for all types of cements and steel.  
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2.5 INDIVIDUAL ION EFFECT 
 
2.5.1 EFFECT OF MAGNESIUM IONS: 

Mg++ ion originates from dolomite rocks, is present in ground water mainly in the form of 
MgSO4, MgCl2 and Mg(HCO3)2. Majority of the Mg-salts except magnesium bicarbonate 
react not only with calcium hydroxide but also with other Ca-salt of cement. Due to this 
reason they are considered much more aggressive and destructive to concrete than the salts of 
Ca and Na. Cation exchange reaction takes place between concrete and Mg-salts and in this 
way gradually entire calcium content of the binding material of concrete is replaced by 
magnesium that leads to the deterioration of concrete.  

CSMRS under a pilot research project work initiated in collaboration with Madan Mohan 
Malviya Engineering University, Gorakhpur (2011-2012) has worked on large scale studies 
for assessing the overall effect of use of MgSO4 in mixing and curing water for 7, 28, 56, 90 
and 365 days on compressive strength and over all durability behavior of mortar cubes. 
Though, the comprehensive results and discussion of the self-sponsored research is not a part 
of this monograph, but photographs showing changes in physical appearances of the mortar 
cubes made up with using different proportion of MgSO4 in mortar mixes and curing water are 
shown below. Curing of same set of cubes for different curing period in same and / or 
different curing conditions (mixed with MgSO4) reflect significant changes in its appearance 
corroborating with other noticeable changes in physical and chemical properties as well.  

 
Figure 2.5: Effect of MgSO4 on Mortar Cubes for 28, 56, 90 and 365 days 

 
2.5.1.1  Mechanism 

 

Generally attack of magnesium sulphate on concrete is more severe than sodium sulphate and 
calcium sulphate. Magnesium sulphate reacts with calcium hydroxide to form relatively less 
soluble magnesium hydroxide as compared to sodium hydroxide resulting in lowering of pH 
of pore water of concrete. Therefore attack of MgSO4 affects the stability of C-S-H bond as 
the bond is stable at pH 12-13. The chemical reaction takes place in the process is as below: 

MgSO4 + Ca(OH)2 + 2H2O → CaSO4.2H2O + Mg(OH) 2 

3MgSO4+ 3CaO .2SiO2.3H2O + 8 H2O → 3CaSO4.2H2O + 3Mg(OH)2 + 2SiO2.H2O 

Gypsum is formed in concrete not only under the action of sulphates but also by the reaction 
of Mg-salts. MgCO3 is highly insoluble in water; hence it does not put deleterious effect on 
concrete although it has no binding properties like calcium. Highly soluble MgCl2, an 
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important constituent of sea-water, reacts with calcium hydroxide to form magnesium 
hydroxide and calcium chloride.  

MgCl2 + Ca(OH)2 → Mg(OH)2 + CaCl2 

Calcium chloride being readily soluble in water is washed away from concrete when comes in 
contact of water resulting into loss of strength in concrete gradually. The rate of deterioration 
of concrete in case of MgSO4 is much higher than MgCl2. Mg ions are particularly dangerous in 
combination with sulphate ions. Generally Mg-corrosion is enhanced by crystallization of 
gypsum. 

 

 
2.5.1.2 Protective Measures against destruction by Magnesium salts: 

 

 
MgCl2 causes pure Mg corrosion in Portland cement, pozzolanic cement and slag cements. 
Pozzolanic and slag cements get severely destroyed in presence of MgSO4 at around Mg++ 

concentration of 1500mg/l. In case of Portland cement at this concentration of Mg++ ion, 
sulphoaluminate gypsum corrosion changes to magnesium gypsum corrosion. Protective 
measures available for various degrees of aggressivity are summarized as below: 
 

 Good quality clean aggregates, good quality mixing water and a rich concrete mix. 
 Use of suitable cement; i.e., low C3A content cement and aluminous cements 
 Dense concrete. 
 Wherever possible, precast elements should be applied. 
 Concrete should be 30 days old before exposure. 
 In case of reinforcement, a thick concrete cover of at least 7 cm should be provided. 
 Cements with high silicic acid content than lime show higher resistance to MgCl2. 
 Protection of concrete surface by paints and covers. 

2.5.2 EFFECT OF AMMONIUM IONS 

Ammonium ions are found primarily in large quantities in industrial wastes, artificial manure, 
gases and explosives’ factories. Both plain and reinforced concretes permanently surrounded 
by wet ammonia gas are susceptible to the attack by ammonia. Ammonia combines with water 
and forms ammonium hydroxide. Ammonium water free of polluting substances (NH4OH) is 
not detrimental to concrete and cement mortar. However, usually ammonia water polluted 
with various ammonium salts leads to the condition which is aggressive to concrete. Reaction 
of ammonium salts with cement paste produces ammonium gas which escapes from concrete. 
Calcium hydroxide gets converted into highly soluble corresponding calcium salt which is 
washed and leaves behind loose texture with voids. In this way corrosion due to ammonium 
salts is even more dangerous than that of Mg salts.  Table 2.2 contains information about salts 
of ammonium both harmful and harmless to concrete. 

Table 2.2:  Harmful and Harmless Ammonium Salts towards Concrete 

Harmful Ammonium salt Harmless ammonium salts 

Ammonium chloride, ammonium 
sulphate, ammonium nitrate 

Ammonium carbonate, ammonium 
oxalate, ammonium fluoride 

Of these Ammonium nitrate is the most dangerous and aggressive to all kinds of 
concretes and mortars. Blast furnace cements are less susceptible to it. 
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2.5.2.1 Protective Measures: 

The problem associated with ammonium ion attack can be mitigated by minimizing 
movement of water in concrete. Measures which are helpful in protecting the concrete from 
the attack of ammonium ions are: 

 Low W/C ratio along with a pozzolana, 
 Adequate curing, 
 Concrete should be dense to minimize the ingress of water into it. 
 Application of coating layer of about 10mm thickness, containing no coarse 

aggregates. 
 Fresh concrete if to be exposed to ammonium ions should be painted with a 

protective paint. 
 Providing adequate drainage to keep water away from concrete 
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2.6  SEA WATER EXPOSURE 

Oceans make up 80 percent of the surface of the earth; therefore, a large number of structures 
are exposed to seawater either directly or indirectly. Concrete piers, decks, break-water, and 
retaining walls are widely used in the construction of harbors and docks. To relieve land from 
pressures of urban congestion and pollution, floating offshore platforms made of concrete are 
being considered for location of new airports, power plants, and waste disposal facilities. The 
use of concrete offshore drilling platforms and oil storage tanks is already on the increase. 

Concrete exposed to marine environment may deteriorate as a result of combined effects of 
chemical action of seawater constituents on cement hydration products, alkali-aggregate 
expansion (when reactive aggregates are present), crystallization pressure of salts within 
concrete if one face of the structure is subject to wetting and others to drying conditions, frost 
action in cold climates, corrosion of embedded steel in reinforced or pre-stressed concrete, and 
physical erosion due to wave action and floating objects. 

Magnesium and sulphurous salts in sea water are primarily responsible for deterioration of 
concrete. The process of destruction under sea water attack is the outcome of a large number 
of separate but more or less simultaneous reactions. Sea water contains, in addition to other 
metal salts, chlorides, sulphates, alkalis and Mg. Also water has a tendency to absorb CO2 

from atmosphere. Sea water remains always in turbulent movement; hence any effect of sea 
water on concrete if once initiated is amplified by its wave action. Temperature of water also 
plays a significant role in governing the rate of reaction. Most sea water is fairly uniform in 
chemical composition, which is characterized by the presence of about 3.5 percent soluble 
salts by weight. Composition of typical sea water is given in Table 2.3. 

Table 2.3: CHEMICAL COMPOSITION OF TYPICAL SEA WATER 
 

Sl. 
No 

Parameter Typical sea 
water mg/l 

Sl. 
No. 

Parameter Typical sea 
water mg/l 

1 Chloride (Cl-) 18980 9 Bromide (Br-) 65 

2 Sodium (Na+) 10556 10 Borate (BO3
3-) 26 

3 Sulfate (SO4
2-) 2649 11 Fluoride (F-) 1 

4 Magnesium (Mg2+) 1262 12 Silicate (SiO3
2-) 1 

5 Calcium (Ca2+) 400 13 Iodide (I-) <1 

6 Potassium (K+) 380 14 Others - 

7 Bicarbonate(HCO3
-) 140 15 TDS 34483 

8 Strontium (Sr2+) 13    

 
Attack on concrete due to any one of these chemicals causes increase in the permeability of 
concrete. More permeable material will not only be more susceptible to further action by the 
same destructive agent but also to other types of attack. 
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The attack of sea water on concrete is quite similar to that of sulphate attack as it has a high 
concentration of sulphates in it. However, the deterioration of concrete in sea water is often 
not characterized by the expansion but causes erosion or loss of constituents of concrete 
without undue expansion. Since calcium hydroxide and calcium sulphate (gypsum) are highly 
soluble in sea water, hence leaching of salts takes place. In case of reinforced concrete, sea 
water attack results in corrosion of reinforcement. In the presence of high concentration of 
chlorides, both Ca(OH)2 and Mg(OH)2 dissolve more readily and hence the more violent 
corrosion may take place.  
 
Marine environment not only corrodes foundations but the parts above ground are also 
attacked and deteriorated. Generally foundations are attacked by ground water and the parts 
above ground are deteriorated by the exposure to marine atmosphere. Air which contains a 
considerable amount of salts penetrates into the porous concrete and damages it. Under the 
action of sea air, corrosion results by the formation of sulphoaluminate only.  Blowing of wind 
carries with it a fresh dose of aggressive salts and spread them over concrete surface. In this 
process corrosion continues with the growth of crystals leading to the deterioration of 
concrete. Physical factors such as size of structure and density of concrete affect the rate of 
corrosion to a great extent. 
 
The most severe corrosion of concrete structure standing in sea water is above the range of 
tidal fluctuations where concrete structures face alternate wetting and drying or (alternate 
freezing and thawing). In such process salts are crystallized and concentrated in surfacial air 
zone due to evaporation of water from the concrete surface and exert enough forces that may 
expand and burst the concrete. Some photographs showing deterioration of concrete structure 
facing hostile marine environment are depicted in Figure 2.6: 
 

 
Figure 2.6: Structures damaged due to Marine Environment 

 
2.6.1 FACTORS AFFECTING MARINE CONCRETE DURABILITY  
 
Deterioration of reinforced concrete structures in marine environment is generally associated 
with penetration of external agents such as chlorides and sulphates into concrete. The potential 
durability of reinforced concrete is determined by the protection provided by concrete cover. 
Various factors which affect the durability of concrete such as concrete type, cover depth to 
reinforcement, site practice, severity of exposure etc. are important.  
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2.6.2 PROTECTION 

 

Low permeability of concrete delays the effects of sulphate attack and afford adequate 
protection to reinforcement with the minimum concrete cover. Measures mitigating the 
problems arising out of permeability and movement of water in the concrete are: 
 

 Use of blended cement. 
 Dense concrete. 
 Low W/C ratio. 
 Best quality aggregates 
 Well consolidated concrete. 
 Adequate curing. 
 Low permeability concrete. 
 Use of sulphate resistant cement. 
 Adequate cover to reinforcement. 
 Concrete should be designed and constructed to minimize crack widths. 
 Partly submerged concrete should be provided additional protection by applying 

water repellant conductive coatings (as part of a cathodic protection system) at the 
time of construction. 
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2.7   PHYSICAL SALT ATTACK 
 
Physical salt attack, salt weathering, or salt crystallization is defined as the basic degradation 
of concrete or masonry work near the earth’s surface where damage happens due to the 
formation of crystals of salts within the pores. The salt water rises in structures either due to 
absorption or by capillary action. When water evaporates salt crystals start depositing in the 
pores. Repeated / cyclic process of dampness and evaporation results in cyclic precipitation and 
crystallization of salts. The salt crystals grow on re-hydration and exert an expansive force on 
the surrounding of the hardened cement paste causing the cracks in the concrete and expose 
the aggregates. As the process is progressive in nature and repeated with wetting and drying 
cycles, humidity and / or temperature also contribute towards the deterioration and 
disintegration of concrete. Concrete of foundations, dams, columns, flatworks and tunnels etc. 
where concrete is partially exposed to environment containing salts, particularly sodium 
sulphate, suffers with the deposition of salts and large amount of efflorescence appears on the 
surface of concrete. The duration and intensity of crystallization pressure depend on following 
factors: 
 

 Rate of supply of solute,  
 Rate of growth of crystal, and  
 Rate of diffusion of solute to macro-pores.  

 
Characteristics of salt weathering distress are efflorescence and sub-efflorescence. 
Efflorescence always occurs on the surface of the material which shows little or no damage. 
On the contrary, sub-efflorescence forms beneath the material’s surface which causes 
significant damage. Some photographs showing degradation of structures due to salt attack is 
shown in the Figure 2.7. 
 

 
Figure 2.7: Few photographs showing salt attack on masonry and concrete. 

 
2.7.1 MECHANISM OF SALT ATTACK 
 
Solution containing sulfate salts enters into the pore spaces of concrete. They have potential to 
chemically attack the cementing materials. Concentration of sulphate ions increases near 
concrete surface exposed to air due to evaporation and sulphate ions undergo subsequent 
phase changes due to the fluctuations in temperature and relative humidity. It causes 
expansive cracking and spalling of concrete. The mechanism may be explained through 
various stages, such as: 
 

• Groundwater enters the concrete by capillary action and diffusion,  
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• When pore water evaporates from concrete surfaces (above-ground), salt 
concentrates and crystallizes, sometimes generating pressures large enough to 
cause cracking,  

• Changes in ambient temperature and relative humidity cause some salts to undergo 
cycles of dissolution and crystallization, or hydration-dehydration, and  

• When crystallization or hydration is accompanied by volumetric expansion, 
repeated cycles causes deterioration of concrete similar to that caused by cycles of 
freezing and thawing. 

 
2.7.2 FACTORS AFFECTING SALT ATTACK 
 
Main factors influencing salt attacks are: 
 

 The key factor for salt crystallization is the super saturation of pore water.  
 High evaporation results in formation of strong sub-efflorescence which causes 

severe deterioration of concrete. 
 Low evaporation results in weak crystallization distress.  
 Intermittently wetting and drying of surfaces are vulnerable to salt attack.  
 Horizontal or inclined paving surfaces are particularly prone to salt attack. 
 Salt attack can extend to a depth of several millimeters within the paving unit. 

Removal of hardened cement paste and embedded fine aggregate particles leaves 
behind protruding coarse aggregate particles. With passage of time these particles 
become loosened, thereby exposing more hardened cement paste which in turn 
becomes liable to salt attack and process continues until wetting and drying cycle 
is stopped. 

 
2.7.3 PROTECTIVE MEASURES 
 
Some protective measures having proven records are: 
 

• Use of blended cements, 
• Good mix design with use of high quality materials, 
• Very dense cement paste mix with reduced capillary continuity and low 

permeability of concrete, 
• Low Water / cement ratio; a crucial factor for providing resistance to both physical 

and chemical sulfate attack,  
• Aggregate should be dense with low absorption capacity,and 
• Air entrainment is beneficial.  
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CHAPTER III 

3.0 CORROSION OF METALS AND OTHER MATERIALS EMBEDDED 
IN CONCRETE  

 
Reinforced concrete is one of the most common materials used by the construction industry all 
over the world for the construction of wide variety of structures and hence are subjected to a 
range of exposure conditions including marine, industrial or other severe environments. 
Corrosion of steel in concrete is one of the major problems with respect to the durability of 
reinforced concrete structures. 

Reinforcement in concrete will not corrode if the protective iron oxide film formed under the 
high alkaline condition of the concrete pore fluid with a pH around 13 is maintained. This film 
gets destroyed by chlorides or by carbonation, under favourable conditions, resulting in 
corrosion of reinforcement. In the corrosion process anodic and cathodic areas are formed on 
the reinforcement, causing dissolution of the steel and the formation of expansive corrosion 
products at the anode. For the production of steel energy is required to transform iron ore into 
steel. The process of metallic corrosion can be regarded as the tendency of converting the 
manufactured material back to the original state. The products that thereby form are iron 
oxides or hydroxides and are commonly referred to as rust. 

When steel corrodes the resulting rust occupies a greater volume than the steel. This 
expansion creates tensile stresses in the concrete, which causes cracking and spalling and 
eventual disintegration of concrete. Chloride corrosion can be initiated by availability of 
chlorides from several sources. Generally chlorides are present in concrete but often they diffuse 
into concrete as a result of sea salt spray and direct seawater wetting. Further, they can diffuse 
into concrete due to the application of de-icing salts containing chloride and at the storage of 
chloride substances in concrete tanks etc. 
 
3.1 CONCRETE AS AN ENVIRONMENT 
 
Concrete is highly alkaline material with a pH of 12-13 because of the presence of abundant 
amount of calcium hydroxide and a small amount of alkali content. This high alkaline 
environment of portland-cement paste provides protection against the rusting of embedded steel 
by stabilizing the thin passive layer of Fe(OH)2 on the surface of steel. When the cement paste 
is exposed to air in presence of water, it reacts with atmospheric CO2 and leads to carbonation 
of concrete. As a result of it, pH of concrete gradually decreases from 13.5 –12.5 to 8.5, 
passive layer of steel breaks and steel remains no longer protected from 
corrosion. Carbonation of concrete along with ingress of chloride is amongst the chief reasons 
for the failure of reinforcement bars in concrete. When concrete structure is exposed to 
chloride-rich environment, chloride ions slowly penetrate and reach the steel in concrete. Due to 
the reaction of chloride in presence of oxygen and moisture, the alkalinity of the gel 
surrounding the reinforcement gets reduced and leads the breaking of passive layer of 
reinforcement. Some photographs showing disruption of passive layer and corrosion of 
concrete reinforcement are depicted in Figure 3.1. 
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Figure 3.1: Few photographs showing Corrosion in Reinforced Concrete 

 
Stages of corrosion of galvanized steel 
 
There are three stages of corrosion: 
 

1. Initiation stage in which the Zn passive film is stable without active corrosion. 
2. Protection stage in which the Zn passive film is disrupted and active corrosion of 

Zn starts, but the steel is being protected by the Zn, which is acting as cathode. 
This stage ends when Zn is depleted. 

3. Propagation stage in which the active corrosion starts in steel. 
 

3.2 REASONS OF CORROSION 
 
Once corrosion sets in on the steel bars, it proceeds in electrochemical cell formed on the surface 
of the metal where both anode and cathode are located and serve as return circuits and pore water 
acts as electrolyte. Exposed steel corrodes in moist atmosphere due to differences in anodic 
and cathodic electrical potential formed at the surface.  
 
The two most common causes of reinforcement corrosion are: 
 

 General breakdown of passivity by neutralization of the concrete by carbonation.  
 Localized breakdown of the passive film on the steel by chloride ions. 

 
3.2.1 Loss of alkalinity due to carbonation 
 
Carbonation process decreases the pH of concrete from 13-14 to 8-9 which results into the de-
passivation of steel. Various factors play significant role in carbonation of concrete and have 
been discussed in carbonation of concrete. Relative humidity governs the rate of carbonation, 
which is at maximum between the range of 50 and 70% of relative humidity. 
 
Concrete cover provides chemical and physical protection to the steel. Alkalinity of concrete 
reduces either by reaction with acidic gases (such as carbon dioxide) in the atmosphere or by 
leaching from the surface. Concrete being porous allows the slow ingress of atmospheric 
gases into it. Acidic atmospheric gases react with alkalis (usually calcium, sodium and 
potassium hydroxides), neutralize them by forming carbonates and sulphates and subsequently 
reduce the pH value of concrete. If carbonated front penetrates sufficiently deep into the 
concrete to intersect the concrete - reinforcement interface, protection of steel bar lost and 
further corrosion of steel may take place if the other conditions are also favorable. The extent 
of advancement of carbonation front depends to a considerable extent on porosity and 
permeability of concrete and on its exposure conditions. 
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3.2.2 Loss of alkalinity due to chlorides 
 
Corrosive effect of chlorides depends on its ability to destroy the electrochemical condition of 
the passive state of reinforcement. Free chloride ions present in concrete surrounding 
reinforcement react with alkaline solution at anode to form hydrochloric acid which lowers the 
pH of concrete and destroys passive protective layer of the reinforcement. The surface of steel 
where de-passivation has occurred becomes active locally and forms an anode whereas 
passive surface forms cathode, setting a situation for electrolytic process to take place. 
Presence of free chloride ions in concrete depends on the presence of total chloride content in 
concrete. Chlorides are incorporated in concrete due to its ingredients, mixing water, calcium 
chloride, accelerating admixtures etc. They may also enter concrete due to spray of salt water 
in sea shore or through atmosphere. Chlorides cause corrosion of reinforcement in three ways:  
 

 Chloride breaks the passive oxide film on steel bar by lowering the pH of 
concrete, hence, depassivate the steel, 

 Adsorption of chloride on the steel surface promotes the hydration of metal ions 
and facilitates depassivation; and  

 Chloride ions combine with ferrous ions and form ferric chloride. Ferric chloride 
diffuses away from the concrete causing the breakdown of passive layer. 

 
3.3 DIAGNOSIS OF DETERIORATION DUE TO ATTACK BY CHLORIDES 

The presence of chlorides may be verified by a simple laboratory test by chemical analysis. 
Apart from chemical analysis, there are two other tests which may be carried out: 

 Color test using fluorescein and silver nitrate (UNI 7928 Standards) where a core 
sample is sprayed with a solution of fluorescein and silver nitrate. A chemical 
reaction takes place and the portion of concrete penetrated by chlorides turns a 
light pink color while the healthy part turns a dark color. The line which delimits 
the color change indicates the thickness of deteriorated concrete and whether the 
chlorides have reached the reinforcement rods. 

 X-ray diffraction analysis. 

3.4 MECHANISM OF CORROSION AND PASSIVATION OF STEEL 
REINFORCEMENT 

Steel is thermodynamically unstable under normal atmospheric conditions. It tends to release 
energy and reverts back to its natural state i.e. iron oxide (or rust). This process is called 
corrosion. Following factors are required for corrosion to happen: 

 There must be at least two metals (or two locations on a single metal) at different 
energy levels, 

 Presence of an electrolyte,  
 A metallic connection, 
 Disruption of protective iron oxide film to form an anodic site,  
 Supply of oxygen to remove electrons remaining from the anodic reaction, and  
 Concrete must be conductive enough to allow corrosion currents to flow.  
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Disruption of protective oxide film can be caused by the ingress of chloride ions and/or loss of 
alkalinity due to carbonation. Areas without the protective oxide film corrode and the rate of 
corrosion in most cases is governed either by the diffusion of oxygen to the cathode areas or the 
resistivity (dryness) of the concrete. 
 
3.5 ELECTROCHEMICAL CORROSION OF IRON 

Corrosion of steel in concrete follows the electrochemical mechanism of corrosion of a metal 
in an electrolyte. Chemical thermodynamics determines whether a particular metal tends to 
corrode in a particular environment. We know that ordinary reinforcing steel in the highly 
alkaline environment of concrete is protected by a thin oxide film (the passive film) from 
further corrosion. This protective passive film may be destroyed by chlorides penetrating 
through the concrete cover to the steel surface and/or by carbonation of the concrete, thus the 
loss of alkalinity happens and the steel is depassivated. Active corrosion will take place when 
the steel is depassivated and both oxygen and humidity are present at the steel surface. 
Corroding steel in concrete acts as a mixed electrode with coupled anodic and cathodic 
reactions taking place simultaneously on its surface. At the corroding sites (the anode), iron is 
dissolved and oxidized to iron ions leaving electrons in the steel:  

2Fe → 2Fe2+ + 4e- 

Due to the condition of electro neutrality, these electrons have to be consumed by the cathodic 
reaction at the steel surface where oxygen is reduced and hydroxyl ions are produced: 

2H2O + O2 + 4e- → 4OH- 

To maintain electrical neutrality, ferrous ions migrate through concrete pore water to cathodic 
sites and combine with OH- ions to form iron hydroxides or rust: 

2Fe2+ + 4OH- → 2Fe(OH)2 

In the above reaction initially precipitated hydroxide tends to react further with oxygen to 
form higher oxides. This increases the volume as the reaction products react further with 
dissolved oxygen leading to increase in internal stress within the concrete, sufficient enough 
to cause cracking and spalling of concrete cover. 

Different iron oxides/hydroxides have a higher volume than the steel from which they are 
formed.  The different hydroxides of iron have different intensity and proportion of volume 
shown below in Figure 3.2. 

 
Figure 3.2:  Relative Volumes of Iron and its Reaction Products. 

Deterioration in concrete due to corrosion leads formation of staining over the concrete cover 
which results from rusting and spalling in concrete cover due to increase in volume taking 
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place with the conversion of iron into various oxides. Depiction of this whole process has 
been shown in the Figure 3.3 below:  

 
Figure3.3: Electrochemical Process of Steel Corrosion in Concrete 

 
Cracks are not prerequisite criteria for chloride ingress as they can also diffuse into concrete. The 
chloride concentration required to destroy the passive film of steel embedded in concrete is 
termed critical chloride content or chloride threshold value. Parameters which influence the 
critical chloride contents are:  

 Cement dosage and W/c ratio. 
 Nature of cement. 
 Possible additives such as fly ash etc. 
 Average temperature. 
 Internal oxygen content and 
 Concrete moisture. 

 
3.6 FACTORS AFFECTING RATE OF CORROSION OF STEEL IN CONCRETE 

Following are the factors help in determining the rate of corrosion of steel in concrete: 

 Presence of ionic conducting aqueous phase in contact with steel (i.e. pore water), 
 Existence of anodic and cathodic sites on the metal in contact with the electrolyte 

and availability of oxygen to enable the reactions to proceed. 
 Permeability of concrete is important in determining the extent to which 

aggressive external substances can attack the steel.  

3.7 ASSESSMENT OF CORROSION OF REINFORCEMENT  

Assessment of the corrosion of reinforcement is essential for the evaluation of extent of damage 
and to monitor the structure over a period of time. Since the corrosion of steel is an electro-
chemical process, electrochemical Half-Cell Potentiometer test provides a relatively quick 
method of monitoring the behavior and characterization of steel corrosion without wholesale 
removal of the concrete cover. Half-cell potential measurements may be used for following 
purposes: 

 
 To locate corroding rebar and thus assess the present corrosion condition of the 

reinforcement during inspection and condition assessment of a RC structure. 
 Define the position for further destructive analysis (cores for chloride analysis, 

inspection windows to visually examine the corrosion state of the rebar etc.) and of 
embedded sensors for further monitoring on the basis of the results of potential 
measurements. 
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 Evaluate the corrosion state of the rebar after repair work and thus evaluate the 
efficiency and durability of repair work.  

 Design and anode layout of cathodic protection systems or electrochemical 
restoration techniques. 

The corrosion potential (half-cell rebar / concrete) is measured as potential difference (or 
voltage) against a reference electrode (half-cell). Half-cell potential measurements do not 
provide quantitative information on the actual corrosion rate of the rebar and should be 
interpreted in the context of complementary data from the concrete structure (chloride content, 
carbonation, porosity etc.) for structural evaluation. 

ASTM C 876 – 09 Standard Test Method for Corrosion Potentials of Uncoated Reinforcing 
Steel in Concrete is being used to assess the corrosion potential of reinforcing steel. Half-Cell 
Potentiometer is used to measures the potential and the electrical resistance between the 
reinforcement and the surface to evaluate the corrosion activity as well as the actual condition 
of the cover layer during testing. 

 
The electrical potential of a point on the surface of steel reinforcing bar can be measured by 
comparing its potential with that of copper – copper sulphate reference electrode on the 
surface. A wire is connected from one terminal of a voltmeter to the reinforcement and 
another wire to the copper sulphate reference electrode and the readings are taken at a grid of 
1 x 1 m. 
 

 
Figure 3.4: Reference Electrode Circuitry 

The risk of corrosion is evaluated by means of the potential gradient obtained, the higher the 
gradient the higher risk of corrosion. Interpretation of test results can be done on the basis of 
Table 3.1.  

Table 3.1: HALF CELL POTENTIAL CORRESPONDING TO % CHANCE OF 
CORROSION ACTIVITY 

 

Sl. 
No. 

Half-cell potential (mv) relative to Cu-
Cu sulphate Ref. Electrode 

% chance of corrosion activity 

1 Less than -200 10% 

2 Between -200 to -350 50% (uncertain) 

3 Above -350 90% 
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3.8 PROTECTIVE MEASURES:  
 
Following protective measures can be adopted to protect concrete from corrosion. 
 

 Concrete of low permeability. 
 Good workmanship and proper curing are the most important factors in securing 

uniform concrete of low permeability.  
 Adequate thickness of good quality concrete. 
 Limiting chloride in concrete mix as per the codal provisions.  
 Concrete should always be kept dry. 
 Polymeric coating to concrete for keeping apart the aggressive agents.  
 Use of fly Ash.  
 Galvanic protection.  
 Cathodic protection.  
 Remedies for corrosion-damaged concrete include removal of all delaminated 

concrete, cleaning of the reinforcement by abrasive blast cleaning, high pressure 
water, or needle scaling, and use of a concrete patching material.  
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CHAPTER IV 

4.0 CHEMICAL REACTIONS OF AGGREGATES 

Generally aggregates are more or less chemically inert. However some aggregates react with 
alkali hydroxides in concrete causing expansion and cracking in concrete over a period of 
time. There are two types of alkali-aggregate reactions: 

 Alkali-silica reaction (ASR) and  

 Alkali-carbonate reaction (ACR) 

4.1 ALKALI - SILICA REACTION (ASR) 
 
Alkali-silica reaction takes place between the reactive constituents of aggregate and the alkali 
of cement. Aggregates containing certain forms of silica react with alkali hydroxide in 
concrete to form a gel that swells by absorbing water from the surrounding cement paste or 
from the environment which eventually induces enough expansive pressure to damage the 
concrete. ASR reactions are accelerated by increase in temperature, moisture content and 
alkali concentration. ASR reduces the overall life of concrete structure. Maintenance of 
damaged structures involves heavy expenditure; therefore, national economy also gets 
affected due to damage of structures. In India, alkali-silica reaction has been noticed in two 
major dams: Hirakud Dam in Odisha and Rihand Dam in U. P.  
 
Commonly known reactive forms of silica are amorphous silica, microcrystalline and poorly 
crystalline silica, fractured or strained quartz and glassy silica. Minerals that contain reactive 
silica are opal, Obsidian, Cristobalite, Tridymite, Chelcedony, Cherts, Cryptocrystalline 
volcanic rocks and Strained Quartz. Depending on the degree of disorder, porosity, particle 
size, and temperature, dissolution of silica occurs resulting in the formation of a swelling-type 
alkali-silica gel which causes considerable expansion after absorption of water. 
 
4.1.1 DIAGNOSIS 
 
Deleterious effect of alkali-silica reaction on concrete takes years together to develop. 
Basically two types of diagnostic methods are considered:  
 

 Methods relating to the selection of aggregates before a concrete construction is 
taken up and  

 Methods relating to diagnosis of causes of distress in a concrete structure while in 
service.   

 
With regard to the selection of aggregates, the following test methods are used to assess the 
potential alkali-aggregate reactivity of aggregates:   
 

 Petrographic examination ASTM C 295-85 
 Rapid chemical test ASTM C 289  and IS:2386 (Part VII)-1963 
 Mortar bar test ASTM C 227 and IS:2386 (Part VII)-1963 
 Concrete prism test (CSA A23.2-14A developed in Canada 
 Rock cylinder test ASTM C 586-81 
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By and large, the above tests are suitable for detecting potentially deleterious reactive 
aggregates containing conventional alkali-reactive minerals or involving alkali-carbonate 
reaction. However, for evaluation of the deleterious expansion potential due to the presence of 
strained quartz in the aggregates, the following tests apart from the petrographic examination 
are of relevance:  
 

 Accelerated tests,  
 Scanning Electron Microscopy (SEM), and Infra-Red Spectroscopy (IR). 

 
Typical indicators of ASR are random map cracking and in advanced cases, closed joints 
appear over spalled concrete. Cracking due to ASR usually appears in areas with a frequent 
supply of moisture. Photographs showing typical crack pattern of ASR on concrete structures 
are shown in Figure 4.1. 
 

 
Figure 4.1: Typical Crack Patterns of ASR 

4.1.2 MECHANISM 
 
To reduce ASR potential requires understanding the ASR mechanism; properly using tests to 
identify potentially reactive aggregates; and, if needed, taking steps to minimize the potential 
for expansion and related cracking. 

The alkali-silica reaction forms a gel that swells as it draws water from the surrounding 
cement paste. Reaction products from ASR have a great affinity for moisture. By absorbing 
water, these gels can induce pressure, expansion, and cracking of the aggregate and 
surrounding paste. Silica can be dissolved in high pH solutions. Initial reaction produces non-
swelling calcium-alkali gel at surface which has a tendency to approach C-S-H.  The alkali-
silica gel imbibes large amount of water and exert potentially destructive forces within 
concrete. The reaction can be visualized as a two-step process: 
 

Alkali + reactive silica → alkali-silica gel (1) 
Alkali-silica gel + moisture → expansion (2) 

 

4.1.3 PREVENTION AND PROTECTION FROM ASR 

Measures to prevent and mitigate AAR involve eliminating one of the three prerequisites 
and/or changing the nature of the reaction by introducing admixtures.  

 Limiting the alkali content in concrete. Because a link has been found between the 
use of Portland cement with alkali content greater than 0.6 percent Na2O 
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equivalent in concrete and a more severe incidence of AAR, cement with less than 
0.6 percent alkali content should be used. 

 Using non-reactive aggregate. It is difficult to demonstrate the historical 
performance of aggregate because the noticeable AAR deterioration may occur 15 
years or more after construction. It should be noted that non-reactive aggregate 
frequently is not available for many hydraulic structures from the economical 
point of view. 

 Adding pozzolans or slags to concrete. Research indicates and practice has 
confirmed that adding ground granulated blast furnace slag and pozzolanic 
materials (raw or calcined natural pozzolans, fly ash, rice husk ash, silica fume, 
and metakaolin) to the concrete mix can suppress and mitigate AAR. These 
materials, having a high content of reactive silica and low levels of calcium and 
alkali tend to be efficient in controlling AAR. They may be named as mitigative 
materials. The mechanism by which a pozzolanic material or slag inhibits the 
potential AAR distress is well-documented. The effects of a pozzolan or slag will 
depend on the particular material, reactivity of the aggregate, and alkali content of 
the Portland cement. 

 In general, testing should verify the effectiveness of the pozzolan or slag in 
reducing the expansion potential. As a rule of thumb, the minimum replacement 
of 25 percent cement with Class F fly ash or Class N pozzolan should be used, 
while the maximum replacement of 50 percent cement with ground granulated 
blast furnace slag could be recommended. 

 Using lithium compounds: As an electrochemical method, lithium compounds, 
especially lithium nitrate (LiNO3) can be added to the concrete mix to counter and 
mitigate AAR. 

4.2.  ALKALI - CARBONATE REACTION 
 
Alkali carbonate reaction is the reaction between alkalis (sodium and potassium) in Portland 
cement and certain carbonate rocks, particularly calcite dolomite and dolomitic limestones, 
present in some aggregates; the product of reaction may cause abnormal expansion and 
cracking of concrete. The classic rock type that causes ACR is an argillaceous dolomitic 
limestone. Dolomite is a mixed calcium-magnesium carbonate and usually makes good 
(stable) concrete aggregate – it is only argillaceous dolomites (dolomites with a high clay 
content) that causes damaging reaction. 

Alkali-carbonate reaction takes place between clay rich carbonate rock aggregate particles and 
cement paste at high pH. Non-dolomitic carbonate aggregate particles develop reaction rims 
which dissolve more rapidly in dilute acids. Impure dolomitic limestone (limestone composed 
of large dolomite crystals in a fine-grained calcite and clay matrix) aggregate particles develop 
silica-enriched rims.  
 

4.2.1 FACTORS AFFECTING ACR 

Following factors affect the nature, rate and effect of ACR on concrete:  
 Mineralogy of aggregate, 
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 Climatic conditions such as temperature and availability of moisture,  
 Permeability and porosity of concrete, and 
 Quantity of calcium hydroxide present in the hardened concrete. 

 

4.2.2 MECHANISM 

ACR reaction is a two-step reaction. In the first phase of reaction, dolomite is broken down 
due to high pH of pore solution into calcite, brucite and carbonate ions. A typical reaction 
takes place in the process is: 

CaMg(CO3)2 + 2MOH → Mg(OH)2 + CaCO3  + M2CO3  (1) 
    (Dolomite)           (Brucite) 

where M represents an alkali element, such as potassium, sodium, or lithium. 
 
Excess carbonates in solution react with lime to produce additional calcite and regenerate the 
hydroxides that drive the first phase of the reaction: 
 

CO3
2-  + Ca(OH)2  → CaCO3 + 2OH-  (2) 

 
The net reaction proceeds till either dolomite or Ca(OH)2 is exhausted: 
 

CaMg(CO3)2  + Ca(OH)2   → Mg(OH)2   + 2CaCO3  (3) 
                  Brucite 

Expansion may be due to a combination of migration of alkali ions and water molecules into 
the restricted space of the fine-grained matrix surrounding the dolomite rhomb, migration of 
these materials into the rhomb, and the growth and rearrangement of the dedolomitization 
products, especially brucite, which absorbs water and causes expansion of concrete and exerts 
pressures as it crystallizes. Local expansion occurs at the rims and in the zones surrounding to 
reactive aggregate particles where calcite and brucite deposit. This causes the loss of bond 
between aggregate particles and cement paste. Typical micro-fractures originating at the 
reaction rims radiate into the aggregate particles propagating outward into the paste. Chemical 
depletion causes voids in the reacted dolomite aggregate particles. Due to ACR, porosity and 
permeability of concrete increases which may accelerate other deteriorating mechanisms also. 
 

 
Figure 4.2: Photomicrograph of crack due to ACR 

 
Since during ACR, calcium hydroxide produced by Portland cement hydration can combine 
with the alkali carbonate produced in the initial reaction (reaction 1) to regenerate alkali 
hydroxide and calcium carbonate (reaction 2), this reaction not only regenerates alkali, but 
also reduces the concentration of carbonate ions and aggravates the dedolomitization reaction, 
hence, low-alkali cements and even high levels of supplementary cementitious materials are 
ineffective at reducing ACR to acceptable limits 
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4.2.3 PROTECTION 
 
In case of reactive carbonate rocks, both pozzolana and silica fume are not effective in 
controlling the deleterious alkali-carbonate reaction. Following measures may take care of the 
ACR: 

 PSC with at least 50% slag,  
 Use of very low alkali OPC (< 0.4% alkali as Na2O equivalent or lower). 
 Blending with non-reactive aggregate. 

 
Following aspects should also be considered carefully during the selection of rock.  
 

 Rock Texture  
 Ratio of calcite to dolomite 
 Amount and nature of acid-insoluble residue.  
 Grain-size of matrix.  
 Grain-size and behavior of dolomite crystals.  
 ACR damage is strongly influenced by service environment. Moist environments 

favor occurrence of de-dolomitization and subsequent expansion. External sources 
of alkalis such as De-icing and cleaning compounds should be restricted.  

 
 
 
 
  



Monograph on Durability of Concrete 

57 

 CHAPTER V 
 

5.0 PHYSICAL EFFECTS AND WEATHERING 
 
5.1 FREEZING AND THAWING (F/T) 
 
In cold climatic regions concrete pavements may get deteriorated due to cyclic freezing and 
thawing (F-T). The excess water within concrete freezes and a change in volume takes place 
which exerts hydraulic and osmotic pressures. Deterioration is caused by freezing of water 
present either in concrete paste, aggregate particles, or both. Generally concrete becomes 
vulnerable to F/T damage when it reaches a critical saturation condition. Under extremely 
severe conditions even quality concrete may also suffer damages from cyclic freezing and 
thawing. Photographs showing damages caused by cyclic freezing and thawing are shown in 
Figure 5.1. 
 

 
Figure 5.1: Photographs showing the deterioration of concrete from freeze thaw action. 

 
5.1.2 MECHANISM 
 
Water remains in cement paste in the form of weak alkali solution. When temperature of 
concrete goes below the freezing point ice crystals form in capillaries. As the cavity filled 
with ice and solution, any further ice formation produces dilative pressure which may cause 
the failure of concrete.  
 
When freezing occurs in concrete containing saturated aggregates, disruptive hydraulic 
pressures generate within the aggregate. However, a paste of good quality (low w/c ratio) 
prevents most aggregate particles from becoming saturated. Also, air-entrained paste is 
capable of to accommodate the small amounts of excess water expelled from aggregates and 
protects concrete from freeze-thaw damage. 
 
5.1.3 DIAGNOSIS: 
 
It is very difficult to diagnose the deterioration of concrete by freeze-thaw action as other 
types of deterioration mechanisms such as ASR often go simultaneously with the process of 
Freeze / Thaw. However, if all other mechanisms can be excluded, the Freeze / Thaw is 
indicated by spalling and scaling of the surface of concrete. Large chunks start coming off and 
exposing the aggregates which are usually un-cracked. Due to freeze / thaw deterioration of 
concrete, cracks appear parallel to the surface and around the aggregates. With F/T cycles, 
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cracking of concrete starts in the saturated aggregate at the bottom of the slab and progresses 
upward until it reaches the wearing surface. Example of such action is shown in Figure 5.2. 
 

 
Figure 5.2: Concrete damage due to Freeze / Thaw cycles 

 
5.1.4 PROTECTION 
 
Air entraining is the most important aspect next to w/cm ratio for enhanced durability in 
concrete and is essential in freezing and thawing environments. Some measures providing 
protection to concrete against F/T damage are: 
 

 Concrete with low W/C ratio, 
 Use of  supplementary cementitious materials such as fly ash, slag, metakaolin, or 

silica fume, 
 Longer moist-curing periods, 
 Use of air-entraining admixture,  
 High strength concrete with very fine pores, 
 Proper selection of aggregates, and 
 Limited use of De-icing chemicals.  
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5.2 PHYSICAL CAUSES OF CONCRETE DETERIORATION 
 
Following are the major physical causes responsible for deterioration of concrete surface: 
 

 Wear: loss of surface material as a result of weathering (exposure to the elements 
e.g. O2, CO2, H2O, temperature), chemicals or abrasion.  

 Abrasion: Dry attrition (wear on pavements and industrial floors by traffic) 

 Erosion: Erosion is a particular form of wear due to wind, water or ice which 
provokes the removal of material from the surface. It depends on the speed, the 
content of hard dust particles and the quality of the concrete. In this case the only 
remedy is to take special care when mixing the concrete.  

 Cavitation: Loss of mass by formation of vapor bubbles and their subsequent 
collapse. 

 

Generally the physical and chemical damages of concrete are grouped separately; however, 
ultimately they both complement each other. When physical damage such as abrasion occurs, 
greater exposure of concrete surface takes place and making it more vulnerable for attack by 
chemical compounds. Likewise, when chemical damage occurs such as leaching of lime that 
makes concrete more porous and facilitates the process of abrasion. These facts explain that 
both the processes of deterioration i.e. physical and chemical complement each other and 
affect the durability of concrete extensively. 

5.2.1 ABRASION 

 
Wearing of surface by rubbing and friction is called abrasion. Abrasion takes place due to the 
friction by harder particles on the surface of the material. Abrasion or abrasive erosion of the 
surface of hydro structures is the erosion produced by water driven rigid particles, wind or ice. 
In industrial countries annual cost due to abrasion of concrete surfaces of channels, conduits, 
weir structures or bottom outlets of high dams are extremely high. Abrasion depends directly 
on the characteristics of the materials which make up the concrete 
 
In the case of hydraulic structures of concrete, one of the main forms of degradation is related 
to abrasive processes. Abrasion is caused by the impact of elements transported by water in 
hydraulic structures of concrete. The more turbulent are the flows, along with the impact 
forces caused by debris, the greater the abrasion. The debris transported by water flows may 
range from their hardness to their types (sand, stones, rubble, gravel, etc.). Spillways, stilling 
basin, walls of the upstream reservoir, drain pipes and hydraulic tunnels of hydraulic 
structures are affected the most due to abrasion. In hydraulic structures of concrete dams, 
turbulent flows of water with suspended debris, colliding into their concrete surfaces can 
cause abrasions to various depths. 
 
In terms of physical attack from abrasive forces, a concrete surface may be said to be durable 
if it has a level of abrasion resistance such that the depth of abrasion induced wear does not 
exceed the allowable depth for the intended service period. Abrasion resistance of concrete is 



Monograph on Durability of Concrete 

60 

defined as the ability of a surface to resist being worn away by rubbing and friction. 
Photographs showing abrasion of concrete are given below in Figure 5.3. 
 

 
Figure 5.3: Spillway damage due to Erosion / cavitation 

 
Abrasion of concrete is closely related to the compressive strength of concrete. Strong 
concrete has more resistance to abrasion than that of weak concrete. The type of structure, 
aggregate used and surface finish also has a strong influence on abrasion of concrete. Hard 
aggregate is more wear resistant than soft aggregate and a steel-troweled surface resists 
abrasion better than a surface that had not been troweled. Figure 5.4 depicts the relationship 
between the compressive strength of concrete and percent abrasion / erosion of concrete by 
mass. 

 

Figure 5.4: Effect of compressive strength and aggregate type on the abrasion resistance of concrete (ASTM C 
1183). High-strength concrete made with a hard aggregate is highly resistant to abrasion. 

 
The momentum of a solid particle is mainly defined by its mass, velocity and angle of attack. 
Degree of hardness of a particle on the surface of concrete deduced on the basis of hardness of 
particles on the concrete surface, while shape of the particle predetermines the specific rate of 
abrasion caused by one single particle. Following are the parameters which influence the 
abrasion of concrete surface: 
 

 Quality of aggregate used in concrete, 
 Water-cement ratio, and 
 Compressive strength, modulus of elasticity and fracture energy of concrete. 

5.2.2    FACTORS AFFECTING ABRASION RESISTANCE OF CONCRETE 

 
Normally strength of concrete is measured and produced by following certain criteria for 
structural and operational conditions that can support the loads and overloads for several years 
without wear. However, for a variety of factors, including design parameters and construction, 
selection and quality of materials, operational changes, as well as interaction with the 
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environment the structures are damaged and the degree of deterioration is directly related to 
these factors.  
 
Concrete abrasion resistance is primarily dependent upon compressive strength of the concrete 
and is markedly influenced by a number of factors including concrete strength, aggregate 
properties, surface finishing, and type of hardeners or toppings. The factors such as air 
entrainment, water to-cement ratio, type of aggregates and their properties, etc. that affect the 
concrete strength, therefore, also influence abrasion resistance. In order to develop concrete 
for high abrasion resistance it is desirable to use hard surface material, aggregate, and paste 
having low porosity and high strength. Ideally the acceptable level of wear can be correlated 
to a depth of wear induced by an accelerated abrasion test making it possible to predict the 
eventual wear and thus verify durability with respect to abrasion resistance. The quality of 
concrete and the functional usage of structure affect the abrasion of concrete. It is steady 
systematic loss of surface material by some mechanical means or load. Following factors 
influence abrasion resistance: 

 Compressive strength, 
 Properties of the aggregates, 
 Nature of the finishing coat, 
 Presence of areas which have been patched up, and 
 Condition of the surface. 

 
5.2.3    RECOMMENDATIONS FOR OBTAINING ABRASION RESISTANT CONCRETE 

SURFACES 
 
Abrasion resistance may be achieved by controlling a whole series of factors. It is not 
sufficient to specify just an appropriate concrete strength. This must be complemented by 
proper construction practices, e.g. placing, compaction, finishing and curing. Where very high 
abrasion resistance is required, special aggregates or dry shake may be needed, either added to 
the surface or as a topping. Following are the main recommendations to obtain abrasion resistant 
concrete surfaces: 

 Low W/C ratio, 
 Proper grading of fine and coarse aggregates, 
 Use of lowest slump, proper placement and consolidation, 
 Proper curing and surface treatment,  
 Use of model tests for design of the stilling basin and the exit channel, and 
 Maintain balanced flows into the basins of existing structures using all gates. 

 
5.2.4    IMPROVEMENT OF QUALITY OF THE SURFACE: 
 
The quality of concrete surface can further be improved by taking care of following aspects at the 
time of making the concrete: 
 

 Avoiding segregation, 
 Eliminating bleeding, 
 Properly timed finishing, 
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 Minimizing w/c, 
 Hard toweling of the surface; and 
 Proper curing procedures. 
 For existing surface liquid surface treatment is done to reduce dusting by using Mg 

and Na silicates. They react chemically with hydrated lime which is available at the 
uncured surface. 

 
5.3 TEMPERATURE  

Temperature significantly affects rate of hydration of cement.  

 Leads to plastic shrinkage cracks in fresh concrete.  
 Volume changes and cracking especially in mass concrete.  
 Spalling and disintegration of concrete at higher temperatures > 250ºC (3000C as   

per A.M. Neville P- 387).  
 Variation in ambient temperature causes secondary stresses in structures. 

 
5.4 MOISTURE  

 Shrinkage on drying, consequent volume change and cracking.  
 Induces corrosion of steel.  
 Acts as carrier of chemicals inside the body of concrete.  
 Causes efflorescence and deposition of Ca (CaO+2H20 = Ca(OH)2 +H20) on 

surface.  
 Seepage / leakages cause inconvenience to occupants and deteriorates structures 

due to permeable concrete. 
 

5.5  ALTERNATE WETTING AND DRYING 

 Causes secondary stresses in the structures.  
 Accelerates corrosion of steel and;  
 Chemical attack on concrete  
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CHAPTER VI 

6.0     ASSESSMENT OF DURABILITY OF CONCRETE 
 
It is essential to understand the design, material characteristics and deterioration processes 
which affect the structure for the diagnosis and the extent of damage in concrete. To ensure a 
sound decision on the type of repair work, it is essential to get first of all a thorough 
assessment of the condition of the structure including the evaluation of: 
 

 Cause of damage or loss of protection, 
 Degree and amount of damage, 
 Expected progress of damage with time, and 
 Effect of damage on structural behavior and serviceability. 

 
This enables the decision maker to go for cost effective and durable repair of the structures. 
Assessment of durability of concrete includes finding about permeability of concrete, carrying 
out quality control tests and assessing its behavior in various exposure conditions. The quality 
of concrete and the nature of possible attack are required to be analyzed properly before going 
for any repair or rehabilitation work. 

6.1 CONCRETE PERMEABILITY 

Long term performance of concrete structures is associated with both concrete strength and 
durability properties. Since the causes for deterioration, both physical and chemical, involve 
the mobility of fluids or gases through the concrete, hence durability of concrete is 
significantly affected by its permeability. Permeability is a governing property to estimate the 
durability of concrete structures. Concrete will not be vulnerable to water-related destructive 
phenomena if there is a little or no evaporable water left after drying and subsequent exposure 
of the concrete to the environment causing re-saturation of the pores. Generally excess amount 
of water is used in concrete mixes than required and gradually most of the evaporable water in 
concrete is lost leaving the pores empty or unsaturated, making the concrete permeable. 

Permeability is defined as the property that governs the rate of flow of a fluid into a porous 
solid. Concrete with low permeability generally possesses high strength and resistant to 
ingress of water and salt solutions to a greater extent. The overall susceptibility, or 
penetrability of a concrete structure, under environmental or exposure challenges, is the key 
factor to estimate the ultimate serviceability and durability of concrete structure.  

Basically concrete has two types of pores which determine permeability: (i) capillary pores 
(with a diameter varying between 0.01 to 10 micron) in the cement paste which coats the 
aggregates and (ii) larger micro voids between 1 mm to 10 mm, which are caused by faulty 
compaction of fresh concrete. When voids are interconnected because of their larger number 
and size, a continuous link is formed, making the concrete permeable. Low porosity / 
permeability / penetrability of concrete to moisture and gas is the first line of defense against: 
frost damage, acid attack, sulfate attack, corrosion of steel embedment and reinforcements, 
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carbonation, alkali-aggregate reaction, and efflorescence to name a few of the most prominent 
concrete ailments. 

Generally the overall potential for moisture and ion ingress in concrete by following three 
modes is referred to as its permeability. 

 Relates to the rate at which water can pass through the concrete. 
 Important in hydraulic structures to reduce seepage. 
 Important in chemically active environment, reduces ingress of chemicals which 

may lead to degradation of concrete (especially sulfate attack). 

Permeability of concrete, in turn, is influenced by two primary factors: 

 The nature of the hardened cement paste itself, and 
 Porosity and interconnectivity of pores in the cement paste and micro-cracks in the 

concrete, especially at the paste - aggregate interface. 
 

Following factors may control the porosity and interconnectivity of concrete. 
 
 W/c ratio, 
 Degree of hydration,  
 Curing,  
 The degree of compaction, and 
 The type and quantity of constituent materials. (Fine cement tends to reduce 

permeability, well graded aggregate tends to decrease permeability) 

Measuring permeability helps detect durability problems and allows timely and cost-effective 
protection of the concrete structures. The concrete permeability falls into three categories: 
hydraulic permeability which is the movement of water through concrete; gas permeability 
which is the movement of air through concrete, and the third involves the movement of 
electric charge (chloride-ion permeability). Following field and laboratory tests are generally 
applied to monitor concrete permeability. 

6.1.1 Field Test for Concrete Permeability 

The objective of this test is to provide a rapid assessment that correlates with standard 
laboratory techniques which measure permeability from cores removed from the structure. 
The non-destructive field device measures air flow under vacuum and gives a reasonable 
indication of relative permeability. The measure is relative because it is representative of only 
the top 10 mm and not of the concrete mass in its entirety. 

6.1.2 Laboratory Test for Concrete Permeability 

6.1.2.1 AC Impedance Test for Concrete Permeability 

The movement of ions such as chloride and sulfate through concrete depends on its degree of 
permeability: concrete with low permeability shows greater resistance to ionic movement than 
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does the high permeability concrete. Permeability of concrete correlates with its electrical AC 
impedance characteristics. Standard Test Method for Rapid Chloride Permeability of Concrete 
provides a more rapid determination of concrete permeability.  

6.2 QUALITY CONTROL TESTS 

6.2.1 Flaw Detection by the Impact-Echo Method 

This technique measures transient stress wave signals within the concrete generated from the 
result of external impact. The test detects differences in characteristics of reflected wave 
signals that depend upon the condition of the interior of the concrete and thus locates defects 
such as voids, cracks or delamination. 

6.2.2 Portable Ultrasound Non-destructive Digital Indicator Tester (PUNDIT) 
 
The principle of ultrasonic pulse velocity measurement involves sending a wave pulse into 
concrete by an electro-acoustical transducer and measuring the travel time for the pulse to 
propagate through the concrete. Through a direct transmission mode ultrasonic pulse 
velocities are measured by a commercially available Portable Ultrasound Nondestructive 
Digital Indicator Tester (PUNDIT) with an associated transducer pair. The nominal frequency 
of the transducers used for testing concrete cubes is 54 kHz. The pulse is generated by a 
transmitter and received by a similar type of receiver in contact with the other surface. In the 
experimental studies, the distance between the transmitter and receiver is taken as the path 
length. Knowing the path length (L), the measured travel time between the transducers (T) can 
be used to calculate the ultrasonic pulse velocity (UPV) using the formula UPV = L/T.  UPV 
can be used to predict the compressive strength of concrete.  

6.2.3 Test for Water Content of Fresh Concrete 

The amount of water in a concrete mix affects the quality of the concrete during placement 
and the durability of the hardened concrete. Excessive water can exacerbate freeze - thaw 
damage and alkali-silica reactivity, and make the concrete more permeable. The test consists 
of drying a representative sample of fresh concrete in a microwave oven. The water content is 
calculated by the weight loss of the sample after drying. The test is simple, rugged and 
reasonably accurate. The equipment is inexpensive and readily available. The test is 
sufficiently reproducible and accurate for field control.  

6.2.4 Water Quality Analysis to assess long term durability of concrete 
 
Complete water quality analysis should be conducted on water samples in accordance with the 
provisions of IS: 3025 for water to be used either for mixing & curing purpose of concrete or 
the water to be stored in the reservoir. In addition to this a large number of parameters are 
required to be determined of water samples to assess the effect and impact of water on long 
term durability aspects of concrete. 
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6.2.5 Corrosion Monitoring Test Using Half Cell Surveyor (Non-Destructive Test) 

Corrosion of steel reinforcement is a major factor in the deterioration of concrete structures. 
A survey of the condition of a reinforced concrete structure is the first step towards its 
rehabilitation. A rapid, cost-effective and non-destructive condition survey offers key 
information on the evaluation of corrosion and aids in the quality assurance of concrete repair 
and rehabilitation and in the prediction of remaining service life. The simplest way to assess 
the severity of steel corrosion is to measure the corrosion potential.  

To access the condition of reinforcement, a detailed survey of the reinforced concrete 
structure should be carried out. The data is obtained in terms of core map voltage (CMV), 
which indicates the status of corrosion.  

6.3 FREEZE - THAW CONDITIONS 

6.3.1 Aggregate Durability Test Method and Aggregate Specifications 

The pre-dried aggregates are submerged in water in a pressure chamber. Under pressure, 
water enters the aggregate pores and compresses the air within. When the pressure is released 
rapidly, the air compressed in the aggregate pores forces the water out; if the aggregate 
fractures or fragments, it indicates a susceptibility to D-cracking. The fracture percentage after 
a cycle of tests indicates the D-cracking potential of the aggregate. A large sample size of 600 
to 800 pieces of aggregate is needed to ensure a coefficient of variation less than 10%.  
 
6.3.2 Modified Freeze-Thaw Test 
 
Standard practice to evaluate the resistance of concrete to freezing and thawing is to use the 
ASTM C 666 test Standard Test Method for Resistance of Concrete to Rapid Freezing and 
Thawing. However slight modifications are done to realistically simulate the natural freeze-
thaw environment of concrete. The test specimen is wrapped in moist towels during both 
freezing and thawing phases to allow more uniform cooling rate.  
 
6.3.3 Soundness Test for Concrete 
 
Using impact-frequency techniques on concrete specimens, this test detects changes in the 
modulus of elasticity of concrete due to weathering or other deteriorating influences. As the 
condition of in-service concrete deteriorates through freeze-thaw damage, it causes decrease 
of vibrational amplitude and increase in damping. The degree of damping indicates the extent 
of damage to the concrete. Standard test method is part of “ASTM C215 Standard Test 
Method for Fundamental Transverse, Longitudinal, and Torsional Frequencies of Concrete 
Specimens”. 
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CHAPTER VII 

7.0 CODES AND PRACTICES FOLLOWED FOR CATEGORISATION OF 
AGGRESSIVITY: 
 

7.1  BIS CODE 

7.1.1 IS 456: 2000 Code of Practice for Plain and Reinforced concrete 

 
Water used for mixing and curing shall be clean and free from injurious amounts of oils, 
acids, alkalis, salts, sugar, organic materials or other substances that may be deleterious to 
concrete or steel. Potable water is generally considered satisfactory for mixing concrete. As a 
guide the following concentrations represent the maximum permissible values. 

Parameters for water to be used for mixing and curing purpose as per the provisions of IS: 
456-2000 
 
Table 7.1: LIMITS AS PER IS: 456-2000 FOR WATER TO BE USED FOR MIXING AND 

CURING PURPOSE 

Sl. No Parameter Limits as per IS 456:2000 

1 Acidity: ml of 0.02N NaOH required neu-
tralizing 100 ml of water sample using 
phenolphthalein as an indicator. 

Not more than 5.0 ml 

2 Alkalinity: ml of 0.02N H2SO4 required 
neutralizing 100 ml of water sample using 
mixed indicator. 

Not more than 25 ml 

3 pH Not less than 6 

4 Chloride, Cl-, mg/l Max. 2000 mg/l for concrete not containing embedded 
steel and 500 mg/l for concrete embedded steel 

5 Sulphate, SO4
-2, mg/l Max. 400 mg/l 

6 Suspended Solids, mg/l Max. 2000 mg/l 

7 Inorganic Solids, mg/l Max. 3000 mg/l 

8 Organic Solids, mg/l Max. 200 mg/l 

 
7.1.2 Requirements for Concrete exposed to Sulphate action (IS: 456-2000) 
 
The Indian standard 456-2000 has given different requirements for concrete under various 
sulphate concentrations. This code applies to concrete made with 20 mm aggregates complying 
with the requirements of  IS: 383. 
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Table 7.2: REQUIREMENTS FOR CONCRETE EXPOSED TO SULPHATE ACTION   
(IS: 456- 2000) 

Class Concentration of Sulphate 
Expressed as SO3 

Type of 
Cement 

Dense, fully compacted 
concrete made with 20 
mm nominal MSA ag-

gregates complying with 
IS:383 

In Soil In Ground 
water  g/l 

Min. 
Cement 
Content 
Kg/m3 

Max. Free 
Water-
Cement 

Ratio 

Total SO3 % SO3 in 2:1  
Water extract 
g/l 

  1. Traces 
less than  0.2 

less than 
1.0 

less than 0.3 OPC or PSC  or 
PPC 

280 0.55 

  2. 0.2 to 0.5 1.0  to 1.9 0.3 to 1.2 OPC or PSC 
or PPC 
Super sulphated 
cement or 
sulphate resisting 
portland cement 
(SRPC)  

330 
 
 

310 

0.50 
 
 

0.50 

  3. 0.5 to1.0 1.9 to 3.1 1.2 to 2.5 Super sulphated 
cement or SRPC 
PPC or PSC 

330 
 

350 

0.50 
 

0.45 
4. 1.0 to 2.0 3.1  to 5.0 2.5  to 5.0 Super sulphated 

Cement or SRPC 
370 0.45 

5. More than 2.0 More than 5.0 More than 5.0 SRPC or Super 
sulphated cement 
with protective 
coatings  

400 0.40 

Notes 

1. Cement content given in the table is irrespective of grades of cement. 

2. Supersulphated cement gives an acceptable life provided that the concrete is dense and prepared with a water-

cement ratio of 0.4 or less, in mineral acids, down to pH 3.5. 

3.  Use of supersulphated cement is generally restricted where the prevailing temperature is above 40
0
 C. 

4. The cement contents given in col. 6 of this table are the minimum recommended. For SO3 contents near the upper 

limit of any class, cement contents above these minimums are advised. 

5.  For severe conditions, such as thin sections under hydrostatic pressure on one side only and sections partly 

immersed, considerations should be given to a further reduction of water-cement ratio. 

6. Portland slag cement conforming to IS 455 with slag content more than 50 percent exhibits better sulphate 

resisting properties. 

7. Where chloride is encountered along with sulphate in soil or ground water, ordinary Portland cement with C3A 

content from 5 to 8 percent shall be desirable to be used in concrete, instead of sulphate resisting cement. 

Alternatively, Portland slag cement conforming to IS 455 having more than 50 percent slag or a blend of 

ordinary Portland cement and slag may be used provided sufficient information is available on performance of 

such blended cements in these conditions 
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7.1.3 Environmental Exposure Conditions of Concrete as per IS: 456-2000 

Table 7.3: ENVIRONMENTAL EXPOSURE CONDITIONS OF CONCRETE AS PER IS: 
456-2000 

Sl. 
No. 

Classification                Exposure Conditions 

1. Mild Concrete surfaces protected against weather or aggressive conditions, except those 
situated in coastal area. 

2. Moderate Concrete surfaces sheltered from severe rain or freezing whilst wet. 
Concrete exposed to condensation and rain.  
Concrete continuously under water. 
Concrete in contact or buried under non- aggressive soil/ ground water. 
Concrete surfaces sheltered from saturated salt air in coastal area. 

3. Severe Concrete surfaces exposed to severe rain, alternate wetting and drying or 
occasional freezing whilst wet or severe condensation. 
Concrete completely immersed in sea water. 
Concrete exposed to costal environment 

4. Very severe Concrete surfaces exposed to sea water spray, corrosive fumes or severe freezing 
conditions whilst wet. 
Concrete in contact with or buried under aggressive sub –soil / ground water. 

5. Extreme Surface of members in tidal zone. 
Members in direct contact with liquid / solid aggressive chemicals. 

 

7.1.4 Minimum cement content, maximum water - cement ratio and minimum grade of 
concrete for different exposure with normal weight aggregate of 20 mm Nominal Maximum 
Size (Clause 6.12, 8.2.4.1 and 9.12), IS : 456-2000 

Table 7.4: CONCRETE MIX FOR DIFFERENT EXPOSURE CONDITIONS AS PER IS: 
456-2000 

Sl.  
No. 

Exposure Plain Concrete Reinforced Concrete 

Minimum  
cement 
content 
kg/m3 

Maximum  
free water  
cement 
ratio 

Minimum 
 grade of 
concrete 

Minimum  
cement 
content 
 kg/m3 

Maximum  
free water  
cement 
ratio 

Minimum 
grade of 
 concrete 

1. Mild 220 0.60 - 300 0.55 M 20 

2. Moderate 240 0.60 M 15 300 0.50 M 25 

3. Severe 250 0.50 M 20 320 0.45 M 30 

4. Very 
Severe 

260 0.45 M 20 340 0.45 M 35 

5. Extreme 280 0.40 M 25 360 0.40 M 40 

Note:  
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1.  Cement content prescribed in this table is irrespective of the grades of cement and it is inclusive of additions 
mentioned in 5.2. The additions such as fly ash or ground granulated blast furnace slag may be taken into 
account in the concrete composition with respect to the cement content and water –cement ratio if the 
suitability is established and as long as the maximum amounts taken into account do not exceed the limit of 
pozzolana and slag specified in IS 1489 (Part 1) and IS 455 respectively. 

2.  Minimum grade for plain concrete under mild exposure condition is not specified. 

7.1.5 Adjustment to Minimum Cement Contents for Aggregates other than 20 mm Nominal 
Minimum Size (Clause 8.2.4.1), (IS: 456-2000) 

Table 7.5: ADJUSTMENT TO MINIMUM CEMENT CONTENT FOR AGGREGATES 
OTHER THAN 20 MM AS PER IS: 456-2000 

Sl. 
No. 

Nominal Maximum 
Aggregate Size mm 

Adjustment to Minimum 
Cement Content kg/m3 

1 10 + 40 

2 20 0 

3 40 - 30 

 

7.1.6          Limits of Chloride content in concrete as per IS: 456-2000 (Clause 8.2.5.2) 

Table 7.6: LIMITS OF CHLORIDE CONTENT IN CONCRETE AS PER IS: 456-2000 

Sl. 
No. 

Type or Use of Concrete Maximum Total Acid Soluble Chloride 
Content Expressed as kg/m3 of Concrete 

1 Concrete containing metal and steam cured at elevated 
temperature and pre- stressed concrete 

0.4 

2. Reinforced concrete or plain concrete containing 
embedded metal 

0.6 

3. Concrete not containing embedded metal or any 
material requiring protection from chloride 

3.0 

 

7.1.7    Nominal Cover to meet Durability Requirements (Clause 26.4.2), IS: 456-2000 
 

Table 7.7: NOMINAL COVER TO MEET DURABILITY REQUIREMENTS AS PER IS: 
456-2000 

Sl. 
No 

Exposure 
Condition 

Nominal Concrete Cover in 
mm not less than  

1 Mild 20 

2 Moderate 30 

3 Severe 45 

4 Very Severe 50 

5 Extreme 75 
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Notes: 
1) For main reinforcement up to 12 mm diameter bar for mild exposure the nominal cover may be reduced 

by 5 mm. 
2) Unless specified otherwise, actual concrete cover should not deviate from the required nominal cover + 

10 mm. 
3) For exposure condition ‘severe’ and ‘very severe’, reduction of 5 mm may be made, where concrete 

grade is M 35 and above. 
 

7.2 INTERNATIONAL CODES AND PRACTICES 

7.2.1 USBR Classification of Sulphate Aggressivity 
 

TABLE 7.8: USBR CLASSIFICATION OF SULPHATE AGGRESSIVITY 
 

Relative degree of  
sulphate attack 

Percent (%) water soluble 
sulphate (as SO3) in soil sample 

mg/l sulfate (as SO4) in water 
sample 

Negligible 0.0 –0.10 0 to 150 

Positive        (1) 0.10 –0.20 150 to 1,500 

Severe          (2) 0.20 –2.00 1,500 to 10,000 

Very Severe (3) 2.00 or more 10,000 or more 

        Note: 

            Use Type II Cement (containing maximum of 8% C3A) 

1. Use Type V Cement (containing maximum of 5% C3A) or approved combination of Portland    

cement and pozzolana which has been shown by tests to provide comparable sulphate resistance 

when used in concrete. 

2. Use Type V Cement plus approved pozzolana which has been determined by tests to improve 

sulphate resistance when used in concrete with Type V cement  

 
7.2.2 French National Standard, for assessing aggressivity due to pH, NH4

+, Mg ++,  
            SO4

-2 

 

Table 7.9: AGGRESSIVENESS OF SOLUTION IN RELATION TO THE 
CONCENTRATION OF   AGGRESSIVE AGENTS AND pH 

Degree of Agressiveness A1 A2 A3 A4 

Aggressive Agents Concentration in mg/l 

Sulphate (as SO4
-2 ) 250-600 600-1500 1500-6000 >6000 

Magnesium (as Mg+2) 100-300 300-1500 1500-3000 >3000 

pH 6.5-5.5 5.5-4.5 4.5-4.0 <4.0 

Ammonium (as NH4
+) 15-30 30-60 60-100 >100 

The Limit is fixed 3000 mg/lit. for sea water 

Level of protection 1 2 3 4 



Monograph on Durability of Concrete 

72 

 If several aggressive agents are present simultaneously, the class of aggressivity to consider is that 
of the agent whose concentration of pH corresponds to the highest degree of aggressivity. 

 If the concentration of aggressive agents are lower than those corresponding to the weakly 
aggressive degree, the environment is considered non-aggressive (A0) 

 
Table 7.10: DEGREE OF ENVIRONMENTAL AGGRESSIVITY AND LEVEL OF 

PROTECTION 
Environment Symbol Protective Measures Level of 

Protection 

Slightly 
Aggressive 

A1 No special measure. Concrete prepared according to the 
prescribed procedure must be dense by virtue of its 
intrinsic qualities. 

1 

Fairly 
Aggressive 

A2 Adaptation of composition and implementation to the 
conditions of the environment (Proportion of cement, 
category of cement, W/C ratio, curing, additives) 

2 

Very 
Aggressive 

A3 Adaptation of composition and implementation to the 
conditions of the environment with specific action with 
regard to nature and proportion of cement and W/C ratio. 

3 

Extremely 
Aggressive 

A4 Necessity for external (coating, paint) or internal 
protection (impregnation) 

4 

 
7.2.3 International Commission on Large Dams (ICOLD) Bulletin No. 71, “Exposure of 

Dam Concrete to Special Aggressive Waters –Guidelines and Recommendations, 
1989”for Assessing Aggressivity of Soft Water. 

Saturation or Langelier Index is calculated based on the following formula: 
LI  =  pH  + Log C  +  Log A  + 0.025T  - 0.011S½  - 12.30 

Where:   
LI  = Langelier Index 
pH =  pH value 
C  = Calcium hardness as CaCO3 (mg/lit.) 
A  = Alkalinity (using methyl orange as indicator) as CaCO3 (mg/lit.) 
T  = Temperature in degree Celsius (between 0 and 25 degree Celsius) 
S  = Total Dissolved Solids (mg/lit.) where S is less than 1000 mg/lit. 

 

A negative value of LI indicates that the water is aggressive; with values more negative than–
1.5 being very aggressive. In these circumstances, concrete will be corroded. A positive value 
of LI implies the likelihood of deposition of calcium. It should be noted that aggressivity 
increases as temperature decreases. 

 
7.2.4 American Concrete Institute (ACI) Publication SP 131-2, 1992 

 
J.J Bason and Addis in the paper entitled “Holistic Approach for Corrosion of Concrete in 
Aqueous Environments using Indices of Aggressiveness” published by ACI in 1992, have 
considered all relevant influencing parameters as a part of total corrosive environments  and 
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suggested guidelines for assessing the corrosivity of water for natural origin (such as lakes, 
streams, subterranean aquifers etc.). The indices are not, therefore, applicable to industrial 
effluents and wastes.  
 
7.2.4.1 Fixing of Acceptable Limiting Values 

 
Evaluation of the characteristics of water for assessing its aggressiveness and limiting values 
of such characteristics under “standard conditions” are defined as follows: 
 

 A prevailing water temperature of 200C. 
 Laminar flow conditions (i.e., Gentle, Non-turbulent flow, with a velocity 

sufficient to ensure that the replenishment of corrosive agents is not diffusion-rate 
limited). 

 All corrosive ions present in their least corrosive forms. 
 
Table 7.11 shows the properties of the water which have significant role in the terms of 
corrosiveness. The individual ion effect and the degree of aggressiveness of water are 
classified depending upon concentration of individual ion.   

Table 7.11-: RECOMMENDED LIMITS FOR ASSESSING AGGRESSIVENESS OF 
WATER 

Property of water Degree of aggressiveness of water 

Moderate High Very High Excessive 

pH 8.0 to 6.0 6.0 to 5.0 5.0 to 4.5 <4.5 

Delta pH (i.e., pH minus 
CaCO3 Saturated pH) 

- 0.2 to –0.3 -0.3 to –0.4 -0.4 to 0.5 <-0.5 

Calcium ion mg/l 120 to 80 80 to 40 40 to 20 <20 

Total NH4 ion mg/l 30 to 50 50 to 80 80 to 100 >100 

Magnesium ion mg/l 100 to 500 500 to 1000 1000 to 1500 >1500 

Total Sulphate ion mg/l 150 to 1000 1000 to 2000 2000 to 3000 >3000 

Chloride ions mg/l 500 to 1000 1000 to 2500 2500 to 5000 >5000 

 
 Total ammonium ion content comprises the sum of both free and saline ammonia plus 

albuminoid ammonia expressed as ammonium ion content. (The rationale for the 
approach if that both the existing ammonium ion, as well as those that can be formed 
from the decay of any organic matter that may be present, should be measured to 
assess the actual corrosive potential of water.) 

 Total sulfate ion content comprises the sum of both existing sulfate ions plus those that 
can be derived from the oxidation of any sulfide present (the rationale is once again to 
ensure that the microbiological changes are taken into consideration when assessing 
the full corrosive potential of water)  
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7.2.5 Extracts from ACI 515-1RS, PARA 2.5, 1991, “Susceptibility of Concrete to   Attack 
by Chemicals” and Book Titled “Concrete Corrosion - Concrete Protection” Imre 
Biczok, 1991 

 
The reactivity of aggressive water may enhance by the rise in temperature. 
 
7.2.5.1“Concrete Corrosion, Concrete Protection”, by Imre Biczok. 
 

The effect of increasing the temperature of the aggressive solution on Portland cement is 
slight. Corrosion is slightly more at 70oC than at 25oC. This insensitivity to temperature can 
probably be traced back to the stabilization of soluble calcium hydroxide (from cement 
portion) due to the formation of calcium silicates as the temperature is increased. This is valid 
for corrosion due to leaching phenomenon. However, the same book prescribed rapid tests on 
concrete by raising the temperature of the attacking solution. Such tests are recommended for 
concrete expected to expose to extended high temperature. 
 
7.2.5.2 “Susceptibility of concrete to attack by chemicals” 
 
“The manual of concrete practice, ACI 515, IR-79, pt.: 5, 1986” under the heading mentions 
about the effect of temperature on rate of attack in two different ways. The common effect is 
that the chemical activity usually increases exponentially approximately doubling with each 
10oC rise in temperature. Temperature may also affect the rate of attack indirectly. As 
temperature rises, the moisture content of the concrete is reduced, making it dried but more 
permeable to additional fluid. As temperature falls, it may sometimes cause sufficient normal 
shrinkage to open small cracks and allow greater penetration of liquid into concrete. 
 
7.2.5.3 List of IS codes related to testing and specification of concrete is summarized below in 
Table 7.12 and ASTM/ other international codes in Table 7.13. 
 

Table 7.12: INDIAN STANDARD CODES RELATED TO CONCRETE 
 

Sl. 
No.  

IS Number/ 
DOC  

Title Re-affirm 
Date  

No. of 
Amend. 

1 IS 269:2013  Specification for ordinary Portland cement, 33 grade (fifth 
revision)  

 1 

2 IS 383:1970  Specification for coarse and fine aggregates from natural 
sources for concrete (second revision) 

2002  

3 IS 455:1989  Specification for Portland slag cement (fourth revision)  Apr 2014  6 
4 IS 456:2000  Code of practice for plain and reinforced concrete (fourth 

revision) 
Feb 2011  4 

5 IS 457:1957  Code of practice for general construction of plain and 
reinforced concrete for dams and other massive structures  

 Apr 2014   

6 IS 516:1959  Method of test for strength of concrete  Oct 2013  2 
7 IS 650:1991  Specification for standard sand for testing of cement (second 

revision)  
Oct 2013  1 

8 IS 1199:1959  Methods of sampling and analysis of concrete  Oct 2013  
9 IS 1343:2012  Code of practice for prestressed concrete (second revision)   
10 S 1344:1981  Specification for calcined clay pozzolana (second revision)   Oct 2013  1 
11 IS 1489 (Part 1) Specification for Portland pozzolana cement: (third revision) Apr 2014  5 
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:1991  
12 IS 1489 (Part2) 

:1991  
Specification for Portland-pozzolana cement: Part 2 Calcined 
clay based (third revision)  

Apr 2014 4 

13 IS 1727:1967  Methods of test for pozzolanic materials (first revision)  Oct 2013 2 
14 IS 2386 (Part1) 

:1963  
Methods of test for aggregates for concrete: Part 1 Particle 
size and shape 

Apr 2011  4 

15 IS 2386 (Part 2) 
:1963  

Methods of test for aggregates for concrete: part 2 
Estimation of deleterious materials and organic 

Apr 2011   1 

16 IS 2386 (Part 3) 
:1963  

Methods of test for aggregates for concrete: Part 3 Specific 
gravity, density, voids, absorption and bulking  

Apr 2011   

17 IS 2386 (Part 4) 
:1963  

Methods of test for aggregates for concrete: Part 4 Mechanical 
properties  

Apr 2011  3 

18 IS 2386 (Part 5) 
:1963  

Methods of test for aggregates for concrete : Part 5 Soundness  Apr 2011   

19 IS 2386 (Part 6) 
:1963  

Methods of test for aggregates for concrete : Part 6 Measuring 
mortar making properties of fine aggregates  

Apr 2011  2 

20 IS 2386 (Part 7) 
:1963  

Methods of test for aggregates for concrete : Part 7 Alkali 
aggregate reactivity  

Apr 2011  2 

21 IS 2386 (Part 8) 
:1963  

Methods of test for aggregates for concrete: Part 8 
Petrographic examination 

Apr 2011  1 

22 IS 2430:1986  Methods for sampling of aggregates for concrete (first 
revision  

Apr 2014   

23 IS 2502:1963  Code of practice for bending and fixing of bars for concrete 
reinforcement  

Oct 2013    

24 IS 2645:2003  Specification for integral waterproofing compounds for 
cement mortar and concrete - (second revision)  

Apr 2012  

25 IS 2770(Part 
1):1967  

Methods of testing bond in reinforced concrete: Part 1 Pull-out 
test  

Feb 2012   

26 IS 3085:1965  Method of test for permeability of cement mortar and concrete  Apr 2011   
31 IS 3466:1988  Specification for masonry cement (second revision)  Oct 2013  4 
32 IS 3535:1986  Methods of sampling hydraulic cement (first revision)  Oct 2013   
33 IS 3558:1983  Code of practice for use of immersion vibrators for 

consolidating concrete (first revision) 
 Oct 2013   

34 IS 3812 (Part 1) 
:2013  

Specification for pulverized fuel ash: Part 1 For use as 
pozzolana in cement, cement mortar and concrete (third 
revision) 

  

35 IS 3812 (Part 2) 
:2013  

Specification for pulverized fuel ash: Part 2 For use as 
admixture in cement mortar and concrete (third revision)  

  

36 IS 4031(Part 1) 
:1996) 

Methods of physical tests for hydraulic cement: Part 1 
Determination of fineness by dry sieving (second revision) 

Feb 2011  36 

37 IS 4031(Part 2) 
:1999  

Methods of physical tests for hydraulic cement: Part 2 
Determination of fineness by specific surface by Blaine air 
permeability method (second revision)  

 Oct 2013  1 

38 IS 4031(Part 3) 
:1988  

Methods of physical tests for hydraulic cement: Part 3 
Determination of soundness (first revision)  

Apr 2014  2 

39 IS 4031(Part 4) 
:1988  

Methods of physical tests for hydraulic cement: Part 4 
Determination of consistency of standard cement paste (first 
revision) 

Apr 2014  2 

40 IS 4031(Part 5) 
:1988  

Methods of physical tests for hydraulic cement Part 5 
Determination of initial and final setting times (first revision 

Apr 2014  2 

41 IS 4031(Part 6) 
:1988  

Methods of physical tests for hydraulic cement Part 6 
Determination of compressive strength of hydraulic cement 
(other than masonry cement) (first revision) 

Apr 2014  4 

42 IS 4031(Part 7) 
:1988  

Methods of physical tests for hydraulic cement: Part 7 
Determination of compressive strength of masonry cement 

Apr 2014  1 
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(first revision)  
43 IS 4031(Part 8) 

:1988  
Methods of physical tests for hydraulic cement: Part 8 
Determination of transverse and compressive strength of 
plastic mortar using prism (first revision) 

Apr 2014  1 

44 IS 4031(Part 9) 
:1988  

Methods of physical tests for hydraulic cement Part 9 
Determination of heat of hydration (first revision)  

 Apr 2014   

45 IS 4031(Part10) 
:1988  

Methods of physical tests for hydraulic cement: Part 10 
Determination of drying shrinkage (first revision)  

Apr 2014  1 

46 IS 4031(Part 
11) :1988  

Methods of physical tests for hydraulic cement: Part 11 
Determination of density (first revision)  

Apr 2014   

47 IS 4031(Part 
12) :1988  

Methods of physical tests for hydraulic cement: Part 12 
Determination of air content of hydraulic cement mortar (first 
revision) 

Apr 2014  2 

48 IS 4031(Part 
13) :1988  

Methods of physical tests for hydraulic cement Part 13 
Measurement of water retentivity of masonry cement (first 
revision) 

Apr 2014  1 

49 IS 4031(Part 14 
) :1989  

Methods of physical tests for hydraulic cement: Part 14 
Determination of false set  

Apr 2014  1 

50 IS 4031(Part 
15) :1991  

Methods of physical test for hydraulic cement: Part 15 
Determination of fineness by wet sieving 

Apr 2014   

51 IS 4032:1985  Method of chemical analysis of hydraulic cement (first 
revision)  

Apr 2014  2 

55 IS 4926:2003  Code of practice for ready mixed concrete (second revision)  Apr 2012  1 
61 IS 5525:1969  Recommendations for detailing of reinforcement in reinforced 

concrete works 
 Oct 2013   

62 IS 5536:1969  Specification for constant flow type air-permeability apparatus 
(Lea and Nurse type)  

Apr 2014    

63 IS 5816:1999  Method of test for splitting tensile strength of concrete (first 
revision)  

Oct 2013   

64 IS 6452:1989  Specification for high alumina cement for structural use (first  
revision)  

Apr 2014 5 

77 IS 6491:1972  Method of sampling fly ash  Feb 2011  1 
78 IS 6909:1990  Specification for Supersulphated cement  Feb 2011  5 
79 IS 6925:1973  Methods of test for determination of water soluble chlorides in 

concrete admixtures  
Oct 2013   

80 IS 7246:1974  Recommendations for use of table vibrators for consolidating 
concrete 

Oct 2013  1 

83 IS 7861(Part 1) 
:1975  

Code of practice for extreme weather concreting: Part 1 
Recommended practice for hot weather concreting 

 Apr 2011  1 

84 IS 7861(Part 2) 
:1981  

Code of practice for extreme weather concreting: Part 2 
Recommended practice for cold weather concreting 

Apr 2011  1 

85 IS 8041:1990  Specification for rapid hardening Portland cement (second 
revision 

 4 

86 IS 8042:1989  Specification for white Portland cement (second revision)  Apr 2014 6 
87 IS 8043:1991  Specification for hydrophobic Portland cement (second 

revision)  
Apr 201 3 

88 IS 8112:2013  Specification for ordinary Portland cement, 43 grade (second 
revision 

 1 

90 IS 8142:1976  Method of test for determining setting time of concrete by 
penetration resistance  

Apr 2011  

91 IS 8229:1986  Specification for oil-well cement (first revision)  Oct 2013 6 
93 IS 9012:1978  Recommended practice for shotcreting Apr 2011 1 
94 IS 9013:1978  Method of making, curing and determining compressive 

strength of accelerated cured concrete test specimens  
Oct 2013  1 

95 IS 9103:1999  Specification for admixtures for concrete (first revision)  Oct 2013 2 
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96 IS 9142:1979  Specification for artificial light weight aggregates for concrete 
masonry units  

Apr 2011   

97 IS 9284:1979  Method of test for abrasion resistance of concrete  Apr 2011  
99 IS 9377:1979  Specification for apparatus for aggregate impact value  Oct 2013  
108 IS 10262:2009  Guidelines for concrete mix proportioning (first revision)  Apr 2014  
110 IS 10850:1984  Specification for apparatus for measurement of water 

retentivity of masonry cement  
Oct 2013   

 IS 11216:1985 Code of practice for permeability test for masonary  during 
and after construction 

1998  

116 IS 12089:1987  Specification for granulated slag for manufacture of Portland 
slag cement  

Oct 2013   

117 IS 12119:1987  General requirements for pan mixers for concrete  Oct 2013  
118 IS 12269:2013  Specification for ordinary Portland cement, 53 grade (first 

revision 
 1 

119 IS 12303:1987  Criteria for design of RCC hinges  Apr 2012   
120 IS 12330:1988  Specification for sulphate resisting Portland cement  Apr 2014 6 
121 IS 12423:1988  Method for colorimetric analysis of hydraulic cement  Apr 2014  
122 IS 12600:1989  Specification for low heat Portland cement  Apr 2014 5 
125 IS 12870:1989  Methods of sampling calcined clay pozzolana  Feb 2011  
126 IS 13311(Part 

1) :1992  
Methods of non-destructive testing of concrete: Part 1 
Ultrasonic pulse velocity  

 Oct 2013   

127 IS 13311(Part 
2) :1992  

Methods of non-destructive testing of concrete: Part 2 
Rebound hammer 

Oct 2013  

129 IS 14687:1999  Guidelines for falsework for concrete structures  Apr 2014  
131 IS 14959(Part 

1) :2001  
Method of test for determination of water soluble and acid 
soluble chlorides in mortar and concrete: Part 1 Fresh mortar  

Apr 2011  1 

132 IS 14959(Part 
2) :2001  

Method of test for determination of water soluble and acid 
soluble chlorides in mortar and concrete: Part 2 Hardened 
mortar and concrete 

Apr 2011  1 

133 IS 15388:2003  Specification for silica fume  Apr 2012   
134 SP 23(S&T): 

1982  
Handbook on concrete mixes (Based on Indian Standards)   1 

135 SP 34(S&T): 
1987  

Handbook on concrete reinforcement and detailing    

136 IS:14959 Part – 
III – 2001 

Method for the determination of  total acid soluble chloride   
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Table 7.13: ASTM AND OTHER INTERNATIONAL CODES RELATED TO 
CONCRETE 

 
Sl. 
No.  

Code No. Title  Reaffirm 
Date  

No. of 
Amendments. 

1 ASTM C1084-10 Standard Test Method for Portland-Cement Content 
of Hardened Hydraulic-Cement Concrete 

  

2 British Standard: 
BS 1881-124:1988 

Testing concrete - Part 124 Methods for analysis of 
hardened concrete Clause 7. Original water content 
Calculation of : “Total water : cement ratio” 
(including water absorbed into the aggregates) or 
“Free water : cement ratio” (excludes water absorbed 
into the aggregates) 

  

3 ASTM C 227 Test Method for Potential Alkali Reactivity of 
Cement-Aggregate Combinations - Mortar-Bar 
Method 

  

4 ASTM C 289 Test Method for Potential Reactivity of Aggregates- 
Chemical Method 

  

5 ASTM C 295 Guide for Petrographic Examination of Aggregates 
for Concrete 

  

6 ASTM C 1260 Rapid Mortar-Bar Test- Test Method for Potential 
Alkali Reactivity of Aggregates 

  

7 ASTM C 1293 Concrete Prism Test- The Standard Test Method for 
Concrete Aggregates by Determination of Length 
Change of Concrete Due to Alkali-Silica Reaction 

  

8 ASTM C 1567 Accelerated Mortar-Bar Test- Test Method for 
Determining the Potential Alkali Silica Reactivity of 
Combinations of Cementitious Materials and 
Aggregate 

  

9 ASTM C-944 Abrasion test   
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CHAPTER VIII 
 

8.0 REHABILITATION AND REPAIR OF CONCRETE 
 

Buildings and other structures have a certain useful life, which depends upon the 
specifications adopted. Generally structures start showing the signs of distress due to age, 
aggressive nature of environment, industrial pollution etc. The distresses also get aggravated 
due to overloading / misuse of building. Many a times structures fail due to faulty design also. 
Hence repair and rehabilitation of buildings are of vital importance. 
 
The first step in repair and rehabilitation is the proper diagnosis of causes of distress / failure 
for successful rehabilitation work. The quality of concrete and nature of possible attack should 
be analyzed properly before going for any repair or rehabilitation work. Rehabilitation or 
repair of the distressed structures is a specialized field which requires a systematic approach 
for solution. It should maintain a balance between technology, management and economy. 
Selection of a repair material for a particular job should be based on the knowledge of 
physical and chemical properties, nature of environment, availability and cost and ease of 
application of material. Generally the essential requirements of concrete repair materials are 
effective adhesion with parent material, resistance to adverse effects and agents of 
deterioration, rapid development of strength and high degree of impermeability. Performance 
of the proposed repair material should be checked by conducting relevant tests. 

 
8.1      EVALUATION OF DAMAGE AND SELECTION OF REPAIR METHOD 

 
Before deciding the type and extent of repair, the evaluation of the extent of damage along 
with the causes of damage / its exposure conditions etc. should be understood properly. The 
damage can be the result of poor design, faulty workmanship, mechanical abrasive action, 
cavitation or erosion from hydraulic action, leaching, chemical attack, chemical reaction 
inherent in the concrete mixture, exposure to deicing agent, corrosion of embedded metal or 
another exposure to unfavorable environment. 
 
After ascertaining the cause of distress / damage, next step is to establish the extent of 
damage. The extent of damage will help in determining that whether it requires minor / major 
repair and whether the remaining structure is capable enough to withstand the repair.  
 
There are Non-destructive Evaluation techniques (NDE) and laboratory tests available to 
evaluate the chloride ion content, depth of carbonation and petrography to categorize the 
distress conditions like: 

 
 Corrosion of embedded steel, 
 Concrete quality, durability and deterioration, 
 Concrete Strength, and 
 Structural integrity. 

 
Generally concrete encounters following Problems: 
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1. Spalling, cracking, water leakage, surface erosion, and staining. 
2. Water and corrosion related deterioration which involves following: 

  Improper design and detailing, 
  Cracks, 
  Carbonation, 
  Poor original quality concrete, porous concrete, 
  Lack of maintenance or improper maintenance, and 
  Presence of chlorides. 

3. Volume changes - creep and shrinkage.  
4. Structural failure.  
5. Fire. 

 
Before going for the repair, assessment of the condition of structure must be done by 
gathering the information, field survey, field tests and laboratory tests. Based on this 
information, type and extent of repair should be chosen. 
 
8.2 TYPES OF REPAIR   
 
The compatibility of repair material with the parent material is an essential requisite for 
successful repair. A number of methods as mentioned below are available for repair and 
rehabilitation of structures and can be chosen according to the demand of the situation.   
 
 Concrete replacement: Concrete replacement method consists of replacing 

defective concrete with concrete of suitable proportions and consistency so that it 
will become integral with the base concrete. 

 Dry pack: Dry pack method consists of ramming a very stiff mixture into place in 
thin layers; suitable for repairing of cavity that has a relatively high ratio of depth 
of area.  

 Pre-placed aggregate concrete: It is advantageously used for under water repairs 
as it bonds well to concrete and has low drying shrinkage. 

 Shotcrete: Properly applied shotcrete has excellent bond with new or old concrete, 
and is the most satisfactory and economical method of making shallow repairs. 

 Repair of scaled areas and spalls in slabs: Scaled pavements and slabs can be 
satisfactorily repaired by a thin concrete overlay provided the surface of old 
concrete is sound, durable and clean. 

 Cement grouting: Grouting is the technique of injecting slurry / liquid solution 
into rock or soil, placing a material into cavities in concrete or masonry structure 
for the purpose of increasing the load bearing capacity of a structure, restoring the 
monolithic nature of a structural member, filling voids around pre cast connections, 
steel base plates, providing fire stops, stopping leakages, placing adhesives and soil 
stabilization. Cement-based grouts are the most frequently used in both water 
stopping and strengthening treatment. 

 Epoxy grouting: Cracks in concrete may be bonded by the injection of epoxy 
bonding compounds under pressure. 
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Following materials are generally used for the repair of concrete depending upon the 
situation and requirement: 
 
 Portland cement, 
 Polymer modified concrete,  
 Resin mixtures, and 
 Substitute materials 

 
8.3 BONDING AGENTS 

 
Bonding layers are generally used to establish unity between fresh concrete or mortar and 
the parent concrete. Commonly sand-cement mortar or neat-cement paste has been in use. 
Epoxy resins are sometimes used as bonding agents. These materials develop a bond 
having greater tensile and shear strength than concrete. They are resistant to most 
chemicals and some formulations are highly water resistant, but toxicity and short shelf 
life are some disadvantages associated with it. The failure of epoxy coating is generally 
due to the difference in thermal and tensile properties and moduli of elasticity of concrete 
and epoxy resin. For better results epoxy bonding agent should not be applied in layers 
thicker than 3/16 inches (5mm). Other types of bonding agents are also available. These 
are latexes, polyvinyl acetates, styrene butadienes and acrylics. Table 8.1 contains details 
regarding types of coatings and their typical characteristics. 
 

Table 8.1: COATING TYPES AND THEIR TYPICAL CHARACTERISTICS 
 

Typical coating characteristics 
Coating type Water 

Vapour 
permeability 

Resistance for Comments 

Water Alkalis 
Chemicals 

Oils, Solvents 

Water-thinned Vinyl & acrylic polymer Emulsions 
Smooth, mat 
or fine 
textured 

Medium to 
high 

Moderate to high; 
not suitable where 
ponding likely 

Moderate to high 
(depending upon 
formulation) 

Low to 
moderate 

Easy application; tolrent to damp 
surfaces; susceptible to frost; fairly 
flexible films; good adhesion. 

Thick Low High after full dry; 
not suitable  where 
ponding likely 

Moderate Low to 
moderate 

Poor drying conditions; very flexible; 
easy to brush or spray; some can harden 
or chalk later; rewetting problems with 
some. 

Medium to 
heavy 
textured 

Medium, 
depending on 
thickness and 
uniformity 

Moderate to high; 
not suitable where 
ponding likely 

High Moderate Good adhesion to sound concrete, best 
rolled or sprayed for uniform coverage; 
possible drying shrinkage 

Smooth, mat 
or fine 
textured 

Medium to 
high 

Moderate to high; 
not suitable where 
ponding likely 

Moderate to high 
(depending upon 
formulation) 

Low to 
moderate 

Easy application; tolerant to damp 
surfaces; susceptible to frost; fairly 
flexible films; good adhesion. 

Solvent-thinned 
Clear acrylic 
or resin 
copolymer 
solutions 

Medium to 
high 

High; not suitable 
where ponding 
likely 

Moderate to high Low to 
moderate 

thin, penetrating, fairly rapid drying, 
possible patchiness, some susceptible to 
UV degradation 

Acrylic 
solution 
paints 

Low to 
medium 

High; not suitable 
where ponding 
likely 

High Low to 
moderate 

Good application and drying; good 
adhesion, good colour stability, some not 
very flexible. 

High-build 
chlorinated 

Low to very 
low 

Very high High High Slow drying, spray application for 
uniformity; smooth moderate gloss but 
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rubber paints usually chalk later, for use in swimming 
pools 

Chemically 
cured epoxy 
or epoxy 
polyuetherane 
systems: can 
be 100% 
solid or may 
be water or 
solvent-
thinned 

Low to very 
low 

Very high High High 2-component, mixed just before applying, 
normal temperature curing with low 
shrinkage; good adhesion and abrasion 
resistance, epoxy coats may yellow and 
chalk strongly on weathering, for internal 
use in water-retained structures. 

Bitumen 
paints 

Low to very 
low 

High High Low Easy application, can craze or crack; good 
choice for below ground 
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8.4 KADAMPARAI DAM - A Case Study for the Repair and 
Rehabilitation of Dam 

Kadamparai dam in Tamil Nadu is owned by the Tamil Nadu Electricity Board (TNEB). 
Located at el. 1150.50 in the Anamalai Hills of the Coimbatore District, it forms the forebay 
reservoir to the 400MW Kadamparai pumped-storage hydroelectric scheme. Completed in 
1983, the dam is a composite structure consisting of a central stone masonry gravity dam with 
earthen embankment sections. The masonry dam is 67m high and 478m long, with a central 
spillway, a scour vent tower and one inspection gallery. The rock masonry has offsets up to 
8cm. The dam was completed and impounded in the year 1984. Soon after the impounding the 
problem of seepage occurred. Though initially the problem was under control, over the years 
the seepage increased, from the autumn of 2002 the seepage rate increased dramatically, in 
2003 reaching 11,800 l/min with water level at el. 1140.55, and peak seepage of 38,000 l/min 
in 2004. Main seepage sources were deteriorated joints between the stones of the masonry, 
cavities that had formed in the masonry, joints between monoliths, and seepage through the 
foundation rock. Photographs showing the seepage of water at different stages of time are 
shown in Figure 8.1. 

 

 
Seepage after 1st  
impoundment, 1120 l/m 

 Seepage gradually increased 
above the  allowable limit 

Leakage in the drainage 
 gallery, right abutment 

Figure 8.1: Seepage in Foundation Gallery of Kadamparai Dam 
During 1990 to 1994 several attempts were taken to minimize the leakage but failed in such 
endeavor and seepage continued increasing day by day. Even chemical treatment also proved 
totally unsuccessful because it got detached from the masonry and peeled off. In such process 
chemical grout came out through the drainage gallery, leaving more cavities inside the 
masonry body of the dam.  
 
The next attempt taken was of racking joints with cement mortar and pointing. Even then 
leakage continued going up. During the process of racking and pointing it was found that the 
mortar in the structure was intact at some locations without any cement content. A typical 
photograph showing depletion of structural Skelton is shown in Figure 8.2. 

 

 
Figure 8.2: Kadamparai Dam after depletion 

 



Monograph on Durability of Concrete 

84 

At last the use of geomembrane was decided for water proofing. The installation work of 
geomembrane started in middle of January 2005. The installation work was carried out using 
special travelling platforms suspended from the crest. Geotextile was installed on the upstream 
face to protect the geomembrane against puncturing. A few photographs taken after 
installation of geomembrane and surface being prepared for the same is shown in Figure 8.3. 
 

 
Geotextile installation       Installation of Geo-composite              bolts of the anchors 

Figure 8.3: Repair of Kadamparai dam 
 

The PVC geocomposite was laid over geotextile overlapped and welded. The perimeter was 
made watertight by placing chemical anchors, bedding mortar, geocomposite, gasket and 
stainless steel batten strip. The specified torque was applied for holding the bolts of the 
anchors. The installation of geomembrane work got completed within a short period of 10 
weeks and the re-impounding of reservoir began on April 12, 2005. Till the writing of the 
present monograph, the Kadamparai dam was operating safely at its full supply level with a 
meager leakage rate of water i.e., around 30 l pm. Some of the photographs shown in Figure 
8.4 give an overview of the dam before and after installation of geomembrane at the dam. 

 

 
Figure 8.4: Kadamparai dam before and after installation of Geomembrane 

 
Adequately designed and installed geomembrane system is an advantageous alternative to 
traditional repair systems in terms of technical and financial effectiveness. A photograph taken 
during the course of investigation at full operational reservoir level is shown in Figure8.5. 

 

 
Figure 8.5: Reservoir at Full level (July 2005) 

 
The performance of this application has shown that exposed geomembrane systems adequately 
designed and installed can provide a technically effective solution to restore imperviousness in 
hydraulic structures. 
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CHAPTER IX 

9.0 CASE HISTORIES: 

9.1 MYNTDU-LESKA HE PROJECT, MEGHLAYA 
 

The Myntdu Leshka, 116 MW Hydro Electric Project is a Run-off-River (ROR) Scheme, 
located at the Jaintia Hills District of the State of Meghalaya. The project envisages 
construction of 63 meters’ height dam across the Myntdu River, just below the tri-junction of 
its two other tributaries, the Lamu and the Umshariang, close to Pdengshakap village. 

 

 
Figure 9.1: Myntdu HE project 

 
9.1.1 Problem of Acidic Environment 

The catchment areas of tributaries located in the proximity of coal mines and coal dumping 
areas. It was observed that water flowing over coal refuse piles and dumped coal mines is 
typically highly acidic. Acid Mine Drainage (AMD) are primarily formed as a function of 
geology and hydrology of the area and mining technology employed thereof. The resulting 
water is usually high in acidity and dissolved metals. The metals stay dissolved in solution 
until the pH raises to a level where precipitation occurs. The overall summary reaction is as 
follows: 

FeS2     +    15O2      +       14H2O  →  4Fe(OH)3       +         8H2SO4 

                      Pyrite    Oxygen           Water   →  Ferric hydroxide   Sulphuric Acid 
 

CSMRS conducted the experiments on coal for establishing the correlation between contact 
period of coal with water and trend in change in pH of water. The experimental data 
conformed that the coal is not only the source of acidity in water but also has the long-term 
potential to contribute towards acidity. On the basis of detailed in-situ as well as laboratory 
investigations and in accordance to the National and Internal Codes and Practices, the quality 
of water was categorized under “very severe” category in case of its attack on concrete. 
 
Some of the photographs taken during the course of investigation by the CSMRS team are 
shown in Figure 9.2, showing the pernicious impact of acidic water over flora, fauna and 
natural materials. 
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Figure 9.2: showing the pernicious impact of acidic water over flora, fauna and natural materials 

9.1.2 Remedial Measures 

 
Due to the probable acid attack on the concrete and other metallic components of the project, 
CSMRS suggested the concrete mix requirement for both plain and reinforced concrete in 
accordance to the BIS code IS: 456 –2000 (Table-5) for “Extreme” conditions. Additionally 
following measures were also suggested for making durable concrete for the extreme 
aggressive environmental conditions: 

 Good dense concrete  
 Use of blended cements namely Portland Pozzolana Cement (with minimum fly 

ash content of 25%) or Portland Slag Cement (with minimum slag constituent of 
50%) or silica fume- OPC concrete. 

 Lower W/C ratio than prescribed above. 
 Non-corrosive steels; or coatings; or chemical inhibitors; or cathodic protection. 
 Isolation remedies (barrier system)  
 Use of good quality turbine blades, which can withstand acidic environments that 

too under high pressure, is the need of situation. CSMRS also suggested similar 
exercise to be done for all metallic parts coming in contact with acidic water viz. 
Gates, penstock etc. 
 

 
Figure 9.3: Myntdu Leshka HE Project, Meghalaya 

 
Beating all odds the first unit was commissioned on 1st March 2012. The designed lifespan of 
the project is for 100 years but the moving equipment have to undergo replacement or 
modernization after every thirty years or so.  
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9.2  PANDOH DAM, H.P. 
 

Pandoh Dam situated across the river Beas in Mandi district of HP is a 76.2 M high earth and 
rockfill dam. The dam has concrete portion on the left side and rock fill dam on the right side. 
Further, the spillway section is made of concrete. 

 

Figure 9.4: Photographs of Pandoh Dam and its Cross Section 

Concrete lined inspection and drainage galleries have been provided in the left abutment (EL 
2950), under the spillway (EL 2850), under the flip bucket (EL 2750) and drainage tunnel at 
RL 2835 in the right abutment at EL 2835. 

Problem of seepage of high sulphatic water with red colored deposit from drainage hole was 
first noticed in January 1978 after the first reservoir filling. The in-situ as well as detailed 
laboratory water quality analysis of the seepage water/nearby spring water sites were done for 
a couple of years in accordance with the provisions of IS: 3025 and American Public Health 
Association Manual to ascertain the possible source of sulphate. Assessment of the 
aggressivity of the water samples was done on the basis of Langilier Index (ICOLD Bulletin 
No. 71), USBR classification and French National Code P 18-011, 1985.  

To monitor the quality of concrete and any possible deterioration, non-destructive test using 
PUNDIT by indirect pulse velocity method on concrete of D&G galleries were also conducted 
during the investigation period. Comparative compressive strength of concrete cubes kept in 
high sulphate environment containing seepage water and ordinary water were also determined 
time to time.  

 
9.2.1 Source of Sulphate 
 
Water quality data of reservoir water and spring water from the mountains ruled out the 
presence of large amount of sulphate in seepage water. Petrographic analysis of coarse and 
fine aggregates used in the concrete showed no presence of any sulphate or sulphide bearing 
mineral. However, petrographic analysis of abutment rock indicated that it contains minerals 
having high sulphide content in the form of pyrites, pyrrhotites and chalcopyrites and are also 
the main source of sulphates susceptible to undergo a sulphide–sulphate reaction through 
biochemical means. Chemical analysis as well as XRD studies of leachate material in seepage 
water confirmed that the reddish precipitate mainly comprises of iron oxide in hydrated form. 
Chemical analysis data of monsoon season water samples collected indicated the presence of 
higher sulphate quantity and greater discharge as compared to other seasons, which confirms 
predominance of present hypothesis of bio-chemical reaction which is responsible for 
converting sulphide into sulphate.   
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9.2.2 Conclusion 
 

Since the problem was unique in nature, therefore, investigative type of investigation was 
needed which was based on sound chemical / biochemical principles. The source of sulphate 
from the abutment rock could only been concluded by gathering huge amount of data for a 
couple of years. Following conclusions could be made based on the long time study: 

 
 The presence of pyrrhotites and chalcopyrites confirmed through petrographic 

examination in the abutment rock, were identified to be the source of sulphate. 
 This was corroborated by the presence of iron and copper in seepage water. The 

reddish brown precipitate, which appeared in initial stages, is a byproduct of 
sulphide–sulphate biochemical reactions. 

 Presence of higher amount of sulphate in the seepage water during monsoon 
season confirms the sulphide–sulphate bio chemical reaction through anaerobic 
oxidation i.e. greater the availability of water, higher the susceptibility of the 
reaction. 

 
9.2.3 Suggestions made by CSMRS 
 
The interpretation of chemical analysis data of seepage water in accordance with the codal 
provisions, the attack of the sulphate on concrete can be termed as significant. The CSMRS 
suggested for the reduced contact between sulphatic water and concrete by insertion of PVC 
pipes in the drain holes. Also grouting of rock formation with sulphate resistant cement was 
recommended to reduce the contact between sulphatic water and concrete. 

9.3 NATHPA JHAKRI HYDROELECTIC PROJECT (H.P.) 
 

Nathpa Jhakri Hydroelectric Power Project, a 60.5 m high concrete dam, of 1500 MW 
capacity is one of the largest run-off the- river scheme on the river Satluj in the world, located 
in the Kinnaur district of Himachal Pradesh. A panoramic view of dam site and its detailed 
layout is given in Figure 9.5. 

 
Figure 9.5: A panoramic view and General layout of NathpaJhakri H.E. Project 

 
Like many other projects, Nathpa Jhakri Hydroelectric Project also encountered a lot of 
problems during various stages of its commissioning. The young Himalaya possesses many 
characteristics influenced by its vivid geo-climatic pattern and other natural climatic changes 
taking place in routine. Two major problems were encountered by the project authorities. One 
during the excavation of HRT where hot water springs encountered suddenly and another 
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problem was the reactive aggregates. CSMRS was entrusted to undertake the investigation 
work and to provide remedial measures for the problems.  

 
9.3.1 Hot Water in Head Race Tunnel 
 
Seepage of hot water was not envisaged by Geological Survey of India in DPR. In January 
1995, when excavation of HRT of Nathpa Jhakri Project had proceeded about 1km 
downstream of Wadhal adit, sudden inflow of hot water was encountered. Temperature of 
seepage water was recorded to 520 C and the seepage rate was around 100 l/sec.  
 
Central Soil and Materials Research Station, New Delhi (CSMRS) conducted extensive 
investigation work on seepage water both at site and in laboratory. Water samples, both hot 
and normal cold, were subjected to detailed chemical analysis to assess their suitability for 
construction purpose and their impact on the long term durability aspects of concrete. It was 
observed that not only hot water but also the normal (cold) water in the adjoining reaches 
were aggressive to concrete lining. Considering the Codes and practices, CSMRS suggested 
the use of blended cements (PPC/PSC) or OPC with silica fume. Appropriate mix designs 
with the mention of maximum water-cement ratio, minimum concrete cover and minimum 
cementitious contents were also suggested. 
 
As per the suggestions and recommendations of CSMRS both PSC and PPC were used in 27.3 
km long stretch of Head Race Tunnel. Portland pozzolana cement was used in the concrete 
lining for about 11 km of stretch. 

 
9.3.2 Alkali Silica Reaction 
 
Another problem faced by the project authorities was the danger of alkali-silica reaction. The 
only aggregate which was readily available at site was found potentially deleterious due to the 
presence of quartzite type of rock system which contained very high quantity of strained 
quartz. Since no other quarry site was economically viable, therefore, construction work had 
to proceed with aggregates from Pachhada quarry only.   
 
The major challenge in front of both CSMRS and project authorities was to mitigate two 
problems conflicting in nature simultaneously. While high cementitious content is 
recommended for taking care of durability aspects relating to aggressive chemical exposure, 
lower cementitious content was preferable for combating alkali-silica reaction. Since 
durability of concrete on account of aggressive chemical exposure had to take precedence over 
the other problem, use of high dosages of cementitious material was prescribed for production 
of good, dense and impermeable concrete with a deigned life period of more than 100 years. 
The use of fly-ash along with cement was recommended by CSMRS so that the overall 
contribution of alkalis could also be reduced considerably. The project has been completed 
and was finally commissioned in 2003.  
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9.4 KOPILI H. E. PROJECT, KHANDONG DAM (ASSAM) 
 

Kopili Hydro Electric Project is a twin project comprising of two each of dams, reservoirs, 
water conducting systems and three power houses.  It is located at the border of Assam and 
Meghalaya in Assam. The salient features of projects are as under: 
 
Khandong Dam: Height: 66 m. 243m long concrete gravity dam is having 2.83 km. long water 
conductor system. Umrongso dam: Height: 30 m.143 m long concrete gravity dam and having 
5.50 km. long water conductor system.  
 
The Umrongso reservoir water had a very low pH value in the range of 4-5. The unscientific 
coal mining exposes shale and sand stone containing pyrite (iron sulphide) which got oxidized 
to sulphate when comes in contact with oxygen and moisture. Sulphates of the mines and 
excavation peat got converted into sulphuric acid by the reaction with water and air. Due to 
this the reservoir water had very low pH. The rain water flowing over the soil and coal mines 
brought this acid to the reservoir resulting in the increase in acidity of reservoir water.  A team 
of experts from CWC, CEA and CSMRS visited Kopili H.E. Project during 2009 at the 
instance of NEEPCO for studying the problems aroused due to acidity in the water of 
Umrangsho reservoir of Kopili Hydro Electric Project, Assam. Figure 9.6 shows an overview 
of the project with details of layout. 

 

 
Figure 9.6:  An overview of Kopili H.E Project 

The Problem of acidic water attack on concrete of dam was referred to CSMRS by Kopili 
H.E. Project authorities. Water samples were collected by CSMRS and GSI, Shillong from 
various locations of the catchment showed the pH values obtained were ranging between 2.76 
to 5.98.  Project authorities requested CSMRS for expert advice of the effect of acidic water 
on various structures of the Khandong dam. Some photographs taken by CSMRS team during 
investigation are shown in Figure 9.7 showing the effect of acidic water on the existing 
structures. 
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Figure 9.7:  Few photographs of Khandong Dam showing the damage of concrete and steel due to 

acidic water 

Reaction process between acid and the calcium hydroxide of the hydrated Portland cement 
follows the path as explained under the acid attack chapter of this monograph.  

9.4.1 Protective Measures 

Protective measures should be taken as suggested under acid attack like dense concrete, 
surface coating or treatment. 
 
9.5 HIRAKUD DAM ODISHA 
 
The problem of Alkali-silica reaction was believed to be non-existent in India till 1983. On 
later date occurrence was diagnosed in two concrete dams namely Hirakud dam in Odisha and 
Rihand dam in UP. 
 
Hirakud dam, a combination of concrete, masonry and earth section, is the longest earthen 
dam in Asia, measuring 25.8km, including dykes and stands across the Mahanadi River, 
upstream of Sambalpur, Odisha. The dam was completed in 1956. It supports two 
hydroelectric power houses namely Burla and Chipilima with an installed capacity for 307.5 
MW. The distress were observed and experienced in 1974 nearly 18 years after completion of 
the dam. Considerable leakage through the right spillway was observed and traced in several 
horizontal cracks formed along the spillway length. Horizontal cracks were observed in the 
operation gallery, gates’ shaft, and sluice barrel and to a small extent in the foundation gallery 
in all right spillway blocks. Width of cracks varying from hair cracks to a maximum of 6 to 9 
mm at the surface. Some of the cracks were found to the extent of a maximum depth of about 
2 meter. Extensive horizontal cracking on the U/s face of the dam with width of cracks up to 
12 mm were also observed. 

 

 
Figure 9.8: Hirakud Dam, Odisha 
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9.5.1  Materials used for construction Cement: 
 

 Ordinary Portland cement from two different sources was used for the 
construction; however, no data of alkali content of cement was available. 

 Fine aggregate: Sand collected from river Mahanadi. 
 Coarse aggregate: Crushed rock obtained from Laxmi Dungri and Chiplima 

Quarries as well as river shingles from right wing of Mahanadi River. 
 
9.5.2 Possible Causes of Distress 
 

A whole range of Central / State agencies were deployed for the study of the problem and 
suggestion of remedial measures. During the inspection, experts observed following major 
dam safety deficiencies: 

 
 Inadequate spillway, 
 Cracks in gallery and upstream face of concrete dam, and  
 Cavities at the bell mouth entry of under sluices in the spillway 

 
After detailed investigations and analysis, possible causes for developments of cracks in 
the right spillway of dam primarily included: 

 
1.   Effect of thermal stresses because of very rapid placement of concrete in those 

sections, without pre-cooling or post cooling and lack of pozzolanas and use of 
high alkali cement for obtainment of high strengths, and 

2.   Alkali-aggregate reaction due to possible use of river gravels as coarse 
aggregates.  

 
9.5.3  Studies carried out on concrete:  
 
Petrographic examination and Scanning Electron Microscope study carried out on concrete 
obtained from the locations where alkali silica reaction was noticed. It revealed that river 
shingles/ quartzite pebbles used in concrete showed presence of cryptocrystalline silica like 
chert and chalcedony as well as diorite and granite. Presence of grano-diorite in crushed rock 
aggregate was identified as reactive. Also, an examination on hardened concrete revealed that 
the concrete had adequate cement content and not attacked by sulphate, acidic waters etc. 
Concrete core samples from the right spillway were found to have undergone alkali silica 
reaction. The presence of such deleterious reaction results in formation of white, translucent to 
opaque reaction products on the surface of the aggregate in the cracks and voids of the 
concrete including formation of  dark reaction rims resulting in alteration of the borders of 
aggregate. 
 
9.5.4 Repairs and Rehabilitation 
 
Major cracks were treated underwater using imported low viscosity epoxy grout. The 
distresses were tackled effectively by deploying experienced deep sea divers and expertise 
especially suited for underwater treatment. Steel sheets were also placed upstream of the dam 
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extending from the river bed to the maximum water level in the non-overflow and overflow 
sections. Steel sheets are expected to prevent further attack of the concrete and its 
deterioration subsequently. 

 
CSMRS has investigated the status of underwater surface of concrete by photographing the 
structure with the help of remote operating vehicle. The observations of the investigation in 
respect of nature of cracks have been summarized and the report has been sent to project 
authorities for further necessary action. 

 
9.6 RIHAND DAM PROJECT, UP 

 
Rihand dam is a concrete dam situated on River Sone in the Sonbhadra District of UP, 
commissioned in the year 1962. The length and height of dam are 932.21 m and 91.44 m 
respectively. Power house is situated at the toe of the dam with 6 x 50 MW capacities. A 
general lay out of the project and a view of water body near dam and existing structure is 
shown in Figure 9.9. 

 

 
Figure 9.9: Layout of Rihand Reservoir and view of water body near dam and existing structure 

 
9.6.1 Nature of the problem 

 
The Rihand Dam authorities encountered structural and other problems and the same were 
referred to CSMRS during the late nineties. During investigation CSMRS’ team found that 
extensive Alkali–Silica-Reaction (ASR) had already taken place on the dam concrete as well 
as on power house portion and continuing vigorously. Rampant cracking were seen on the 
dam’s concrete face, power house intake and power house region. Cracks were also noticed in 
the spillway piers. Block joint seals were also not intact.  
 
In 2002 when the reservoir level rose to 262.3 m, water started coming through a hole in the 
lift well of Block No 34. This well exists half in spillway and half in power house intake 
section. To have a fair knowledge and idea about the then existing state of concrete w.r.t 
cracks and voids existing within, CSMRS opted for performing Dye Percolation test in cracks. 
Few photographs showing the movement of percolated dye through the cracks are shown in 
Figure 9.10.  

 

 
Fig 9.10: Photographs showing the Results of Dye test on pier of the spillway adjacent to block 34. 



Monograph on Durability of Concrete 

94 

9.6.2 Conclusion 
 

Photographs of the percolation dye test clearly show that:  
 
 Extensive cracks existed within the concrete in horizontal, vertical and other 

directions. 
 Epoxy sealing of cracks done in past were not found effective or intact. 

 
Based on the percolation dye test results, the observed cracks at various locations were 
grouted with epoxy. The percolation dye test conducted after the setting of epoxy showed no 
uptake of dye solution which indicated the success of grouting operation in filling the 
cracks/voids within concrete.  
9.7  TEHRI DAM, UTTARAKHAND 
 
Tehri Dam, the highest dam in India and one of the tallest dams (260.5m) in the world, is a 
multi-purpose rock and earth-fill embankment dam on the Bhagirathi River near Tehri in 
Uttarakhand, India. The Tehri Dam and the Tehri Pumped Storage Hydroelectric Power Plant 
are the parts of the Tehri Hydropower Complex. The complex has a power generation capacity 
of 2400MW and affords irrigation to an area of 270,000 hectares (670,000 acres), irrigation 
stabilization to an area of 600,000 hectares (1,500,000 acres), and a supply of 270 million 
imperial gallons (1.2×106 m3) of drinking water per day to the industrialized areas of Delhi, 
Uttar Pradesh and Uttarakhand.  
 
During the first reservoir filling leaching of lime was observed inside the foundation galleries. 
CSMRS was entrusted the work of evaluation of type of damage and for remedial measures to 
mitigate the problem. During inspection of galleries, leaching of lime was observed at many 
places. Majority of the leachate samples collected were white in colour with a few of them 
were black and brown also. Seepage water and leachate samples collected from different 
locations were subjected for in-situ as well as detailed laboratory investigations to assess their 
overall impact on the body of the dam. Some of the photographs taken by CSMRS team 
during investigation of the galleries showing leaching are given in Figure 9.11. 

 

 
Figure 9.11: Photographs of Tehri Dam showing the leaching of lime inside the foundation galleries    

due to soft water attack. 
 
The water samples collected were analysed for various parameters as per analytical procedure 
laid down in IS: 3025-1986 "Methods of Sampling and Test (Physical and Chemical). 
Wherever necessary, references were drawn from the procedure laid down in “Standard 
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Methods for the Examination of Water and Waste Water” published by American Public 
Health Association and Water Pollution Control Federation, USA, 1985.  

 
The derived parameter i.e., Langelier Index LI (as per ICOLD 71) determined to assess soft 
water leaching attack shown that there was possibility of soft water leaching attack and 
corrosion of concrete since some of the seepage water samples have –ve Langelier Index 
values. A positive LI values for some water samples indicate likelihood of deposition of 
calcium. 
 
The leachate samples collected were put to X-Ray Diffractometer for their mineralogical 
analysis. The results obtained were analyzed with the help of ICDD and AMCSD database. 
All leachate samples indicated predominance of calcite minerals.   
 
9.7.1 Conclusion 
 
Conclusions were drawn based on the detailed investigations carried out on water samples that 
the water samples at normal temperature were non-aggressive, however they were slightly 
aggressive as per the French National Code for assessing Aggressivity due to pH, NH4

+, Mg++ 
and SO4

-2. The interpretation as per the “International Commission on Large Dam (ICOLD) 
Bulletin No.71-“Exposure of Dam Concrete to special Aggressive Water-Guidelines and 
Recommendation 1989” were in the –ve range and fall under moderately aggressive category 
at ordinary temperature.  The mineralogical composition of all the four leachate samples 
indicates the predominance of calcite mineral.    
 
9.7.2 Recommendation 
 
It has been seen from the past observations that leaching of lime from the roofs and walls of 
foundation galleries is taking place in substantial quantity and is continued. There is also a 
possibility of soft water attack on concrete as indicated by LI values. The mineralogy of 
leachate materials shows the predominance of calcite. Although, presently the degree of 
leaching may not be alarming but continuous leaching of calcite, the important binding phase 
of concrete, will definitely affect the durability of concrete adversely in the long term. The in-
depth investigation of seepage water, regular monitoring of foundation galleries and the 
physical observation of leaching of lime is recommended during the different stages of 
reservoir levels for a considerable period of time. Since the leaching process may also reduce 
the alkalinity of concrete, its impact on rebar corrosion and assessment of the strength of the 
concrete should be carried out regularly on a periodic basis. 
 
9.8      TÓRÁN DAM, GRAUS DAM AND TAVASCÁN DAM SPAIN 
 

The three dams located in the Catalan Pyrenees (Spain) had suffered due to internal sulphate 
attack. All the three dams were plagued by sulfate reactions. The primary symptoms of 
expansion are mapped cracks and non-recoverable movements. The more dramatic expansion 
observed in the downstream face of the dams, which is responsible for upstream displacement 
of the crest. 
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Rock samples were taken from the dam area of Tórán dam where the aggregate used for the 
dam concrete is located and characterized for expansion behavior using an arsenal of 
techniques: scanning electron microscopy (SEM) with microanalysis (EDAX); X-ray 
diffraction (XRD); and X-ray fluorescence (XRF). The investigation revealed that the ground 
rock used as aggregate was found to contain large quantities of sulfur compounds responsible 
for the formation of expansive phases in the concrete of the Torán dam. Scanning Electron 
Microscopy (SEM) with microanalysis (EDAX) and X-ray diffraction (XRD) showed the 
presence of significant quantity of pyrrhotite in the rock sample.  Aggregates were studied for 
its oxidation including the external factors that influence the reaction. Under high levels of 
oxygen and ambient humidity, pyrrhotites can undergo oxidation to generate hydroxide ion, 
iron sulfate, and sulfuric acid. Such aggregates having pyrrhotite can undergo a secondary 
reaction with the products of the cement paste hydration to produce sulfate attack and in turn 
generate expansive compounds in accordance to the following reactions: 

 
FeSO4 + Ca(OH)2 → CaSO4.2H2O + Fe(OH)2 

        gypsum 
H2SO4 + Ca(OH)2 → CaSO4.2H2O 

 
CaSO4.2H2O + 3CaO.Al2O3.6H2O + 19H2O → 3CaO.Al2O3.3 CaSO4.31H2O 

               Gypsum              C3A                          Secondary ettringite 
 

Optical microscopy of the rock samples revealed the oxidation of pyrrhotite, needle shaped 
crystals in the pores and paste-aggregate interfaces and also cracks in the paste. The results of 
the SEM-EDAX studies on the needle-shaped crystals confirmed the presence of ettringite, 
3CaO.Al2O3 .3CaSO4.31H2O. The formation of secondary ettringite is characteristic of sulfate 
attack. In the case of Torán dam, this attack stems from oxidation of iron sulfide in the 
aggregate of the concrete. The oxidation leads to hydroxides and sulfates of iron as well as 
sulfuric acid in a primary reaction. Once inside the concrete mass these products enter a 
secondary reaction with cement paste compounds to form expansive secondary ettringite. It 
was concluded that products resulting from oxidation of iron sulfide in aggregate pyrrhotite, 
and from subsequent sulfate attack of the concrete paste are the principal agents responsible 
for the expansions observed in the Torán dam. 
 
The other two dams namely Graus and Tavascán dams also suffered due to the same problem 
and their upstream displacement was evaluated using mathematical model. This also enables 
prediction of the stabilization times for this behavior and of the maximum movement. 
 
9.9 MATALA DAM, ANGOLA 
 
Matala Dam in Angola suffered heavily due to alkali silica reaction. 
 



Monograph on Durability of Concrete 

97 

 
Figure 9.12: Alkali-aggregate reaction caused cracking of the concrete in the spillway pier at Matala 

Dam in Angola. The 1,000-meter-long dam was constructed in the 1950s. 
 

Concrete dams that have been repaired or replaced to maintain serviceability and prevent the 
failure modes due to alkali silica reaction include American Falls (gravity), Wild Horse (arch), 
and Stewart Mountain (arch). The crest of Seminoe Dam was also sealed to slow the rate of 
deterioration. 

 

9.10 KOYANA DAM DAMAGED DUE TO EARTHQUAKE 

The Koyna Dam, run by the Maharashtra State Electricity Board is one of the largest dams in 
Maharashtra, India with total installed capacity of 1920 MW. It is a rubble-concrete dam 
constructed on Koyna River which rises in Mahabaleshwar, a hill station in Sahyadri ranges. It 
is located in Koyna Nagar, Satara district, nestled in the Western Ghats on the state highway 
between Chiplun and Karad. The spillway of the dam is located at the center. It has 6 radial 
gates. The dam plays a vital role of flood controlling in monsoon season. Due to its electricity 
generating potential Koyna River is considered as the 'life line of Maharashtra'. It is one of the 
largest civil engineering projects commissioned after India’s Independence.  
 
The dam was built in 1962. The Koyna earthquake (surface-wave magnitude 6.5) occurred on 
December 11, 1967 near Koyna Dam, India in a region which was considered to be stable and 
nearly no seismic activity at that time. The earthquake occurred after the reservoir behind the 
dam was filled up. It was felt that this dam induced the earthquake due to the enormous 
pressure of the water, causing the shifting of the underlying earth leading to increased 
seismicity. Prior to the Koyna earthquake, geophysical and geotechnical studies had supported 
the assumption that peninsular India was seismically stable. The only available record of an 
earthquake in the peninsula was that of the Coimbatore earthquake on February 8, 1900, 
which measured 6.0 on the Richter scale. The Koyna earthquake shook the theory about the 
seismic stability of peninsular India. Centered in the vicinity of Koynanagar, about 160 miles 
southeast of Bombay, this shock killed 177 people, injured over 2,000, and left 50,000 
homeless. 

 
Figure 9.13: Koyana dam, Maharashtra, India 

 



Monograph on Durability of Concrete 

98 

The dam suffered structural damage due to earthquake, both in the body of the dam and in the 
auxiliary structures at roadway level. The tower in the elevated shaft in Block 18 was 
damaged severely. Some of the block walls were dislodged, the reinforced concrete stairs 
were cracked and spalled at the landings and cracks were found in many other structures of 
dam. Inspection of the upstream face by means of an underwater camera revealed that cracks 
had occurred in other monoliths as well. 

In the absence of any scientific theory, some people tried to attribute the maiden earthquake in 
the Sahyadri mountain range of Maharashtra to the dam and the reservoir. Although it has no 
scientific backing, some geologists believe that the earthquake was due to Reservoir-Induced 
Seismic activity.  

The level of reservoir was lowered to conduct repairs. Major cracks were repaired by injecting 
epoxy resin. The surface concrete that was loosened in the vicinity of the cracks was repaired 
by placing wire mesh over the face and the area was patched with gunite. Also internal holes 
were drilled to relieve the hydrostatic pressures in the body of the dam. Consideration was 
given to strengthening the entire dam. In 1973 the non-overflow portion of the dam was 
strengthened followed by strengthening the spillway section in 2006. Now the dam is 
expected to be safe against any future earthquake including ones with a higher intensity than 
that of 1967. 

9.11 Other Worldwide Cases  

As of now there are about 23,000 large dams in the world. A large dam is defined by the 
International Congress on Large Dams (ICOLD) as one which has a height of 33 metres and 
above. Of these dams only few namely Koyna (India), Kremesta (Greece), Kariba (South 
Africa) and Singfenkiang (China) have experienced earthquakes of a moderate magnitude of 
between 6.0 and 6.5 on the Richter scale within a few years of building. 

The 156-metre Zipingpu dam reservoir, an embankment dam on the Min River, with a storage 
capacity of up to 1.1 million cubic metres built on a fault line in an already seismic area near 
the city of Dujiangyan in the south western province of Sichuan experienced the severe 
earthquake in 2008 measuring 7.9 on the Richter scale taking a toll of 87,000 people killed or 
missing was, also attributed by scientists to the hydro-pressure of tones of water. The 
earthquake caused some damage to the dam, with the dam having a few cracks and 
fissures. Geologists now believe that the dam could have led to the massive earthquake. 
Following failures were recorded:  

 Subsidence of the crown in the central part of the dam, of the order of 50cm in 
relation to the side survey control points.  

 Deformation of the lower face of the dam, an area of approximately 1000. m2. 
 Deviations and deformations of the construction elements throughout the face of 

the dam.  
 Widening of construction joints (approximately 15 cm on the upper face)  
 Extended massive landslides throughout the reservoir. 
 Landslides on both left and right abutments of the dam causing further damages to 

secondary constructions.  
 

https://en.wikipedia.org/wiki/Spillway
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The causes of the failures are investigated based on the available data. 

 
Figure 9.14: Zipingpu Dam, China damaged due to earthquake in the year 2008 

 
Lake Karibe in Zambia, Lake Kramista in Greece, Lake Mead in U.S., Vaiont dam in Italy, 
Murk dam in erstwhile USSR and Kuroba dam in Japan are examples of increased seismicity 
due to increased hydro-pressure.  

Another devastating dam disaster occurred in the Vajont Dam in Italy where seismic activity 
started to be registered as soon as the reservoir began to be filled. About 60 shocks were 
registered in about 15 days and on the night of October 9, 1963; 350 million cubic metres of 
rock broke off Mt. Toc and plunged into the reservoir. A huge 230-metre high wave 
overtopping the dam by 110 metres resulted and the over-spill drowned the town of 
Longarone, a kilometre downstream and three other villages, killing 2,600 people.  

A detailed analysis of seismic data may reveal a sequence in the occurrence of earthquakes. 
First, most earthquakes occur along an established geological or tectonic fault. Second, 
earthquakes have a certain frequency and a return period. The seismic gap perpetually floats 
on the fault and wherever the situation is seismically suitable, a quake is triggered. Once an 
area experiences a quake, its epicentral volume is crushed and it becomes unable to accept any 
further geo-technical stress. This means that once an area has experienced an earthquake, it 
will not experience another earthquake of a similar magnitude for a long time.  

Though most of the earthquakes result from natural factors, several have been triggered by 
large dams which aggravate the intensity of natural faults in the geological make-up of earth 
phenomena, increasing the danger of reservoir-induced seismicity (RIS) by precipitating two 
possible mechanisms: 

(a) Stresses generated due to reservoir load; and  
(b) Crustal readjustment as a result of reduction in effective stress caused by increase 

in  water pressure due to the weight of massive amounts of impounded water. 
 

The weight of the reservoir can also force water down micro-cracks and fissures and faults 
under and near the reservoir till it catalyses an earthquake. Also, the increase in pressure of 
water in the rocks acts to lubricate faults which are already under tectonic strain but are 
prevented from slipping by the friction of the rock surface. 

The anticipation of seismic risk should not cast a shadow on dam construction. Instead of 
attributing an earthquake to a nearby dam, efforts should be made, using all available facilities 
such as the computational technique, remote sensing, seismic tomography, seismic data from 
numerous observatories and data from geo-stationary satellite, to understand the mechanism 
behind earthquakes. Construction of dams should be done in accordance to national and 
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international codes and practices in respect to criteria for earthquake resistant design of 
structures in such a way as to withstand seismic vibrations. The country needs water and 
electricity to provide its people good living standards.  

9.12 DAMAGES OF SPILLWAY STRUCTURES DUE TO 
CAVITATION AND EROSION 

The flood water is allowed to pass the Dam through its spillway. The quantum of Discharge 
depends upon probable maximum flood to be passed. The velocity of water passing at this 
structure is quite high. The Glacis of Spillway tends to bear velocities to the tune of 25 to 
60m/s. This structure is most vulnerable from erosion point of view. Considerable damage to 
stilling basin is generally caused by currents coupled with high velocity flow and impact due 
to debris. The glacis, stilling basin, bucket etc. suffer huge damages when flood is allowed to 
pass through it. 

The surfaces of hydraulic concrete dams are subject to wear by erosion, fissures caused by the 
pressure of crystallization of salts in the pores and by exposure to contaminants, causing 
defects and constant maintenance and repair applications. 

 9.12.1 CHUKHA SPILLWAY STRUCTURE 

Chukha HEP is 336 MW Project and is located in Bhutan. In this Project, M20A20 grade 
concrete was used along with rails in spillway and the project was commissioned during 1986. 
The erosion of concrete between rails was found to vary from 10mm to 150mm. Repairs of 
spillway glacis were thereafter carried out by filling the cavities on top layer of concrete with 
high performance concrete and was found to perform satisfactorily. 

 
Figure 9.15: Damage of spillway and stilling basin of Chukha Dam, Bhutan due to Erosion of Concrete 

 
9.12.2  TALA DAM, BHUTAN 
 
Tala HEP is built on River Wangkha in Bhutan. The scheme generates 1020 MW of power. 
The spillway glacis was constructed with M50A40 grade with micro silica fume for taking 
care of possible damages due to abrasion. 
 
Head Race Tunnel is one of the key elements in deciding the cost of a Hydropower Scheme. 
The smaller is the diameter of Head Race Tunnel, the economical is the project. The Tala 
HRT is 6.8m in diameter and 23 km long. As the diameter of the HRT is decreased, the 
velocity of flow increases resulting into erosion and cavitation problems. 
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The erosion problems of diversion tunnel are similar to the Head Race Tunnel. Huge damages 
are observed at the DT when non-monsoon flood is passed through it. Use of high 
performance concrete tends to improve performance of these structures but due to excessive 
heavy sized boulders and silt etc., damages are generally observed in this structure. 

 

 
Figure 9.16: The damaged Spillway and Diversion tunnel of Tala Dam, Bhutan 

 

Similarly diversion tunnel constructed to divert non-monsoon flood so as to enable the 
construction of Main Dam also got damaged due to erosion.  

A considerable improvement in abrasion resistance can be achieved by the use of micro silica. 
The chloride permeability also decreased considerably due to addition of mineral admixture. 
By adding about 7-8% micro silica, abrasion resistance of concrete is improved. In intake 
structure the micro silica is used in M30A40 grade concrete for 5m transition portion from 
rectangular to horseshoe shape, downstream of service gate. As this portion of concrete 
structure is likely to be subjected to higher abrasive forces due to high velocity of water, use 
of micro silica was considered necessary. The pumped concrete with a slump of about 150 
mm was produced using 7.5 % micro silica by weight of cement (PSC) 

9.12.3  KINZUA DAM STILLING BASIN USA 

Damages to stilling basins have occurred even in advanced countries. Typical amongst these 
is the stilling basin of Kinzua Dam on the Allegheny River in Western Pennsylvania (USA). It 
was put to operation initially in 1967 but experienced severe abrasion / erosion damages. The 
basin was repaired in 1973-74 using steel fiber reinforced concrete overlay. Deterioration 
continued to the extent that repairs were again necessary in 1983. Thereafter, repairs were 
carried out with high performance concrete made with micro silica. The performance of the 
reconstruction work has been regularly inspected. 

Repairs to damaged concrete structures are important not only to ensure the planned useful 
life, but also to provide good performance and security facing the most severe applications. 
An adequate repair improves the function and performance of the structure, restores and 
increases its strength and stiffness, improves the appearance of the concrete surface, provides 
impermeability to water, prevents the penetration of aggressive species at the interface 
concrete/steel and improves its durability. 

9.13 CONCLUSION  

Durability problems associated with concretes and concrete structures are the cause of concern 
for the scientists and engineers all over the world. If we go on naming and numbering them, 
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the list will be endless. The concrete structures irrespective of small or large involve huge 
wealth and drain out major national economy in their erection. Therefore, it is imperative to 
take all necessary measures to produce a durable concrete which should live its designed life 
without much maintenance and repair. The challenges associated with durability of concrete 
are complex and become difficult more so for the maintenance of structures already erected 
and likely to come up in the extreme hostile environmental conditions. While meeting the 
challenges associated with the production of durable concrete for the community to serve for 
the projected life period and also to move ahead on the path of sustainable development, it  
becomes utmost duty of all of the scientists, engineers, professionals and students of concrete 
technology to utilize the resources in a judicious manner without putting any adverse impact 
on the local environment and ecology. The durability problem of concrete has been a concern 
and will remain so because of its extreme complex nature and absence of reliable accelerated 
durability test. However, knowledge about the characteristics of ingredients and their effect on 
the durability of concrete may result in the production of durable concrete. Table 9.1      
summarizes the adverse factors and their impact on concrete. 
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Table 9.1: ADVERSE FACTORS AND THEIR IMPACT ON CONCRETE 
 

                        ADVERSE FACTORS                          EFFECT ON DURABILITY 
 Cement characteristics 
      High alkalies 
      High C3S 
      High C3A 
      High SO3 

 
These factors contribute to faster hydration, faster 
loss of creep and make less concrete  
Less extensible during thermal contraction, autoge-
nous shrinkage and drying shrinkage 

 Aggregate characteristics      
      Smooth surfaces 
      Rounded shapes 
      Reactive 
      High porosity 
      Low porosity 
      Uneven gradation 
      Low maximum size 
      High silt content 
      Very low coefficient of thermal expansion 

 
Poor mechanical bond 
Angular shape-they tend to interlock 
May cause ASR 
Bad for shrinkage, freezing and thawing 
Increases bulk drying shrinkage 
Increases cement content 
Increases  bulk drying shrinkage 
Increases  bulk drying shrinkage 
Can be a problem 

 Mixture characteristics 
      High cement content 
      Low cement content 
      High water content 
      High fineness of pozzolanas 
      HRWR’s 
      Accelerators       

 
Increases crack proneness 
Increases permeability 
Increases bulk drying shrinkage 
Bad for autogenous and drying shrinkage 
Some are harmful. Too much may be 
Decreases creep. May increase shrinkage 

Placement characteristics 
     High temperature of the materials 
     High temperature of the environment 
     High rate of surface evaporation 
     Long-time of curing 

 
 More thermal contraction after placing 
Accelerates hydration and drying 
May cause plastic shrinkage cracking 
 

Environmental characteristics 
    Dryness of the climate 
    Concrete protected from rain and snow 
    Concrete is above grade 
    Chlorides are present 
    Sulphates are present 

  
Concrete dries and cracks more 
 Drying not halted by the weather 
 Moisture not renewed by the subgrade 
May cause corrosion of reinforcement 
May cause for the expansion, cracking and spalling of 
concrete 
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