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A. INTRODUCTION

According to the American Concrete Institute (ACI) Committee 201, durability of Portland cement
concrete is defined as its ability to resist weathering action, chemical attack, abrasion, or any other
process of deterioration; that is, durable concrete will retain its original form, quality, and
serviceability when exposed to its environment. If concrete is proportioned correctly, and is cast,
consolidated and cured properly, it should be maintenance free for a very long time. But in practice
this rarely happens with the result that concrete structures deteriorate prematurely, and need constant
repairs and maintenance at a considerable cost. This chapter discusses selected aspects of physical
and chemical attacks that affect significantly the long-term durability of concrete. The physical
attack that causes major distress in concrete structures is the freezing and thawing phenomenon; the
chemical attacks include distress caused by the sulfates, alkali-aggregate reactions, seawater, and
carbonation of concrete.

Before discussing in some detail the deterioration of concrete by physical and chemical
mechanisms, it should be stressed that porosity of hydrated cement paste, and hence concrete, play a
very major role in its durability. As porosity of concrete is directly related to its water/cement (W/C)
ratio, any decrease in W/C will reduce significantly the porosity, and hence its permeability. The
decreased permeability will decrease the transportation of aggressive chemicals into concrete,
and will also control the moisture content during environmental changes. For example, a decrease
in W/C concrete from 0.80 to 0.40 will reduce the coefficient of water permeability from
~130xlO- 1 2 tolOxlO- 1 2m/s.

B. DETERIORATION CAUSED BY FREEZING AND THAWING CYCLES

In Canada, northern parts of the United States, northern Europe, Japan, Korea, Russia, and northern
parts of China, concrete is subjected to repeated cycles of freezing and thawing. In addition, in
several of these countries, deicing chemicals, such as sodium chloride, are routinely used to melt ice
and snow on the highways, roads, and sidewalks. The freezing and thawing cycling, and the
combined action of freezing and thawing cycling and the application of the deicing salts result in
considerable deterioration of concrete. In the deicing salt scaling of concrete, the mortar near the
surface flakes or peels away. It is primarily a surface phenomenon in contrast to the internal cracking
of concrete in freezing and thawing cycling when the bulk of the concrete is affected. The concrete
made with sound aggregates can be fully protected against freezing and thawing by proper air
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FIGURE 1. Damage of a concrete structure caused by freezing and thawing cycling [6].

entrainment, however, air entrainment is found rarely to protect concrete totally from damage due to
the combined action of freezing and thawing cycling and the deicing concrete chemicals. It is
generally agreed that the deterioration caused by the deicing chemicals is mostly physical in nature,
and that the chemical reactions of the salts with the cement hydration products play only a secondary
role in the deterioration mechanisms. Figure 1 shows a concrete structure damaged by freezing and
thawing cycling.

1. Mechanisms of Freezing and Thawing Deterioration

LL Hydraulic Pressure Water in the capillary pores of cement paste in concrete expands ~ 9%
upon freezing. If the increased volume is smaller than the space available, no damage will occur;
otherwise the excess water will be expelled by the hydraulic pressure. As cement paste is a
permeable material, there is a possibility that excess water can escape from the capillary pores to
the nearest air void during the process of freezing if the air void is unfilled. An entrained-air void
will be unfilled, that is, filled with air unless a crack has penetrated it. Water forced into it by the
mechanism described will exit immediately on thawing, forced out by the compression of the air,
hence no liquid will remain to evaporate and form secondary deposits. The presence of such
deposits indicates that the bubble has been penetrated by a crack. Thus, the magnitude of this
hydraulic pressure depends on the permeability of the cement paste, the distance that water must



travel to reach the nearest unfilled void, the rate of freezing, the rate of ice formation, and the degree
of saturation of the paste. If the pressure is high enough to stress the surrounding paste beyond its
tensile strength, it will cause cracking [1, 2].

1.2. Osmotic Pressure In addition to hydraulic pressure caused by water freezing in capillary
cavities, the osmotic pressure resulting from partial freezing of the solutions in such cavities can be
another source of destructive expansions in cement paste. Water in the capillary cavities is not pure;
it contains various soluble substances. Such solutions freeze at slightly lower temperatures than
pure water. When solutions of different concentrations of soluble materials are separated by a
permeable barrier, the solvent particles move through the barrier toward the solution of greater
concentration. The existence of local salt concentration gradients between capillaries is envisaged
as the source of osmotic pressure [3].

The hydraulic pressure due to an increase in the specific volume of water on freezing in large
cavities, and the osmotic pressure due to salt concentration differences in the pore fluid do not appear
to be the only causes of expansion of cement paste exposed to frost action [4], but they are believed
to be the main ones.

1.3. Measures to Avoid Damage Due to Freezing and Thawing Cycling Air entrainment in
concrete has been used as a means of reducing internal damage due to frost action. In air-entrained
Portland cement paste, every air void is assumed to be bordered by a zone in which the hydraulic
pressure cannot become high enough to cause damage. By reducing the distance between the voids
to the point where the protected zones overlap, the generation of disruptive hydraulic pressures
during the freezing of water in the capillary cavities can be prevented. In order to avoid damage due
to freezing and thawing cycling, concrete in North America is routinely air entrained using
chemical admixtures. At a given air content, the protection provided by the air voids against
repeated cycles of freezing and thawing is usually greater, the larger the number of voids per unit
volume of paste. This implies that voids are more effective when they are close together. It is
generally agreed that the cement paste is well protected against the effects of frost action if the
spacing factor L of the air-void system is 200 um or less, as determined in accordance with ASTM
C 457 test procedure. Field experience has shown that concrete incorporating between 5 and 9% air
by volume will generally yield values of L, which are of the order of 200 um. When supplementary
cementing materials such as fly ash or blast-furnace slag are incorporated into concrete together
with superplasticizers, the value of L can reach ~230um with no detrimental effects on the
performance of concrete subjected to freezing and thawing cycling.

2. Mechanisms of Surface Scaling due to the Combined Action of Freezing and
Thawing Cycling and the Application of Deicing Salts

In addition to the hydraulic and osmotic pressure theories discussed above, there are a few more
phenomena that are associated with the presence of deicing chemicals, and are believed to contribute
to the surface-scaling type of deterioration of concrete (Fig. 2).

2.1. Layer-by-Layer Freezing Differences in the salt concentration in concrete lead to
corresponding differences in freezing temperatures of various layers. When ice formation occurs
in such a layer-by-layer way, stresses can develop whose extent depends on the dilation difference
between the frozen and unfrozen layers [5].

2.2. Thermal Shock Heat is required for the melting of ice and snow. When thawing takes place
by the application of deicing chemicals, the heat is extracted mostly from the concrete. The great
heat loss causes a rapid temperature drop on the surface of the concrete. The temperature gradient
developed can cause stresses of short duration near the surface that may exceed the tensile strength
of the concrete and cause damage [5].



FIGURE 2. Surface scaling of concrete caused by deicing chemicals [6].

2.3. Supercooling Due to Preventive Salt Application The use of deicing chemicals prevents
water from freezing on the surface of concrete at a temperature near O0C. When the supercooled
water near the surface of the concrete eventually freezes, the destructive effect of the phase
transition will be greater than with normal freezing [5].

2.4. Osmotic Pressure The use of deicing chemicals will increase the concentration of the
chemicals in the capillary pores near the surface of the concrete, which may build up an osmotic
pressure high enough to cause a rupture of the cement paste near the surface.

2.5. Measures to Avoid Damage Due to Deicing Salt Scaling So far, there is no agreement that
any of the above mechanisms are the primary reasons for the deterioration of concrete due to
scaling. Consequently, no effective solution has been possible to prevent or to reduce the surface
scaling of concrete. Research and practical experience indicate that air entrainment in concrete is
effective in preventing internal deterioration; however, the scaling is never completely prevented by
the air entrainment, and the critical air-void spacing factor (L) concept may not be applicable to
deterioration due to the scaling. According to Cordon [6], field experience has shown that linseed
oil acts as an antiscaling agent. The solutions of this oil and flammable solvents are sprayed on
highways, streets, and bridges to reduce damage caused by deicing salts.



C. DETEMORATION CAUSED BYALKALI-AGGREGATE REACTIONS

For many years, aggregates were believed to be essentially inert and chemically nonreactive in
concrete mixtures. Unfortunately, this often is not true, and deleterious reactive aggregates have been
found in many parts of the world, including Africa, Australia, Canada, China, England, India, Japan,
New Zealand, the Scandinavian countries and the United States.

1. Types of Reaction

There are two types of alkali-aggregate reactions:

a. Alkali-silica reaction.

b. Alkali-carbonate reaction.

Of these two reactions, the alkali-silica reaction is the most common. For this reason, the alkali-
carbonate reaction will not be discussed here.

The alkali-silica reaction is a reaction in either mortar or concrete between the hydroxyl (OH~)
ions associated with the alkalies (Na2O and K2O) from the cement or other sources and certain
mineral phases that may be present in the coarse or fine aggregates; under certain conditions,
deleterious expansion and consequent cracking of the concrete or mortar may result [7].

2. Nature of the Reaction and Expansion Processes

The reaction starts when the alkaline hydroxides in the concrete fluid (Na-OH, K-OH) attack the
surface of silica minerals in the aggregate. This results in an alkali silica gel and an alteration of the
aggregate surface, known as "reaction rim." The resultant gel has a strong affinity for water, and
consequently, a tendency to increase in volume. The expanding gel exerts an internal pressure that is
sufficient to fracture the surrounding cement paste. Some of the softer gel can leach out through the
voids and cracks, but expansion of the solid and semisolid products are more damaging. Figure 3
shows a damaged bridge structure due to alkali-silica reaction, and Figure 4 shows expansion in
concrete median barrier due to the alkali-aggregate reactivity.

Table 1 gives a list of minerals and of rock types that have been found reactive in concrete
structures. The information given in this table should, however, be used with care. For example, even

FIGURE 3. Cracking in a concrete bridge caused by alkali-silica reaction [8].



FIGURE 4. Cracking of a highway median barrier caused by alkali-aggregate reactivity [8].

if some grey wackes and granites have been found to be reactive in certain parts of Canada, it does not
mean that all greywackes and granites found in Canada are reactive or will react to the same degree.
Petrographic analysis will generally help to identify and to determine the proportion of the various
potentially reactive rock types in an aggregate sample from a quarried operation or a gravel deposit.
However, this information alone will not permit the prediction of the magnitude of the reaction that
may occur in the field.

TABLE 1. Mineral Phases Susceptible to deleterious Reactions with Alkalies in Cement and
Corresponding Rocks a

Alkali-Reactive Silica Minerals and Rocks

BLl Alkali-Reactive Silica Minerals and Volcanic Glasses (Classical Alkali- Silica Reaction)

Reactants

Rocks

Reactants

Rocks

Opal, tridymite, cristobalite; acid, intermediate, and basic volcanic glasses; artificial glasses;
beekite.

Rock-types containing opal such as shales, sandstones, silicified carbonate rocks, some cherts
and flints, diatomites.

Vitrophyric volcanic rocks; acid, intermediate and basic, such as rhyolites, dacites, latites,
andesites and their tuffs; perlites, obsidians; all varieties with a glassy goundmass; some basalts.

B1.2 Alkali-Reactive Quartz-Bearing Rocks

Chalcedony, cryptocrystalline to microcrystalline and macrogranular quartz with deformed
crystal lattice, rich in inclusions, intensively fractured or granulated; poorly crystalline
quartz at grain boundaries.

Cherts, flints, vein quartz, quartzite, quartz-arenite, quartzitic sandstones that contain
microcrystalline to cryptocrystalline quartz, and/ or chalcedony.

Volcanic rocks such as in B 1.1 (above) but with devitrified, crypto - to microcrystalline
groundmass.

Micro- to macrogranular silicate rocks of various origin:
Metamorphic rocks: Gneisses, quartz-mica schists, quartzites, hornfilses, phyllites,

argillites, slates.
Igneous rocks: Granites, granodiorites, charnockites.
Sedimentary rocks: Sandstones, greywackes, siltstones, shales, siliceous limestones, arenites,

arkoses.
Sedimentary rocks (sandstones) with epitaxic quartz cement overgrowth.

"From Canadian Standards Association document CSA 23.1 Appendix B.



3. Conditions Conducive to Alkali-Aggregate Reactivity

The rate and extent of expansion due to alkali-aggregate reaction is affected by a large number of
factors. These can generally be grouped as follows [8]:

a. Inherent reactivity of the siliceous material.
b. Total alkali content of concrete.
c. Environmental considerations.

3.1. Inherent Reactivity of the Siliceous Material The nature, the amount and the particle size of
the siliceous phase within the rock particles play a major role on the actual rate of alkali-aggregate
reaction in mortar or concrete. Poorly crystalline forms of silica such as opal and volcanic glass are
very reactive because of the nature of their structure through which the alkali hydroxide ions (Na-
OH and K-OH) can penetrate quickly. As little as 1% of such reactive components in an aggregate
may lead to deleterious reaction and cracking, and generally within 10 years of construction.

Quartz is one of the major constituents of the various rocks found in the earth's crust. Quartz has a
well-organized three-dimensional crystalline structure that reacts at a much slower rate than opal and
volcanic glasses. However, very small particles of quartz, because of their increased surface area, or
larger particles, which have been subjected to stress in their geological history and consequently
show defects in their crystalline structure, may be fairly reactive.

3.2. Total Alkali Content of Concrete The source of alkali for the alkali-aggregate reaction is
generally considered to be derived from the portland cement in concrete. Alkalies may also be
contributed by aggregates, admixtures, supplementary cementing materials, and from extraneous
sources such as deicing salts and seawater. The amount of alkalies contributed by the cement for the
alkali-aggregate reaction is calculated by adding the sodium oxide content to 0.658 times the
potassium oxide content. The calculation provides the sodium oxide equivalent.

The minimum alkali content at which the alkali-aggregate reaction will occur will vary from one
aggregate to another and the conditions to which the concrete is subjected. The alkali-aggregate
reaction will generally not occur when the total alkali content is < 3 kg/m3 of concrete. There may
be special circumstances where one should consider alkali contents < 3 kg/m3, such as where
concrete is exposed to extraneous alkalies.

Generally, the higher the alkali content, the greater the expansion for a given cement content.
In addition, for a given cement composition, finer grinds tend to provide a greater expansion;
this may be explained by more complete hydration of the cement causing greater production of
alkalies.

3.3. Environmental Considerations The progress of alkali-aggregate reaction is also largely
influenced by the presence of accessible moisture in the pore space of the concrete, as reactions do
not occur in the absence of moisture. Concrete deterioration due to alkali-aggregate reaction has
often been observed to be more severe in the portions of structures subjected to cyclic conditions of
wetting and drying, and is accelerated at higher temperature. For example, in the southwestern Cape
Province of South Africa, alkali-aggregate damage typically appears on field concrete structures
after ~ 4 to 7 years, whereas in Canada, where the average annual temperature is much lower than
in South Africa, the damage generally appears after ~ 15 to 20 years for a similar type of reactive
greywacke aggregate. Expansion and rates of expansion are known to increase with increasing
temperature and humidity conditions, but also in the presence of external alkalies such as deicing
salts, seawater and seawater sprays.

3.4. Preventive Measures Against Alkali-Aggregate Reactivity The following are the most
commonly used preventive measures against alkali-aggregate reactivity:



Use of nonreactive aggregate.
Use of low alkali cement.
Limiting the alkali content of the concrete mixtures.
Use of supplementary cementing materials.

4. Use of Nonreactive Aggregates

A simple solution to controlling the alkali-aggregate reactions would be to specify and use only
nonreactive aggregates. However, the term nonreactive aggregate is a misnomer as most aggregates
are reactive to a degree, depending on the exposure conditions and the alkali content of the concrete
mixtures. Nevertheless, for very critical structures, such as offshore oil drilling platforms and nuclear
reactors, the least reactive aggregate should be used. The past performance record of an aggregate in
similar structures and environments as in the proposed structure can provide valuable data on the
aggregate performance.

5. Use of Low-Alkali Cement

Research and field experience have shown that the usage of cements with an alkali content (Na2O
equivalent) <0.6% will generally arrest alkali-aggregate reaction in many countries, however, the
available raw materials may not be conducive to the production of cements with low-alkali contents.
The alkali content of cements available in North America for normal construction purposes average
~0.8% equivalent Na2O.

6. Limiting the Alkali Content of Concrete Mixtures

Alkalies that are available for the alkali-aggregate reaction arise principally from the cement. Other
sources of alkali may include aggregate, water, admixtures, and supplementary cementing materials.
It is generally considered that for concrete made with potentially reactive aggregates, the alkalies in
the concrete should not exceed 3 kg/m3. Critical structures such as dams and nuclear power plants
may require even lower alkali contents, closer to 2.0 to 2.5 kg/m3 of concrete.

7. Use of Supplementary Cementing Materials

Laboratory and field test data available so far have shown that supplementary cementing materials
such as fly ash and blast-furnace slag, when used in the proper proportions, are efficient in reducing
expansion of concrete incorporating reactive aggregates. As a precautionary measure, when there is a
possibility that a potentially reactive aggregate may be used, concretes should be made incorporating
~ 20 to 30% of a fly ash. Any drop in early strength should be compensated for by reproportioning
the concrete mixtures. Another approach is to use high-volume fly ash concrete [9].

Silica fume, a byproduct during the manufacture of silicon-boron steels in an arc furnace, is also
being used in specific projects where high-strength impermeable concrete is desired. No well-
documented data are yet available as to the long-term effectiveness of silica fume in reducing
expansion due to alkali-aggregate reaction in concrete. Limited data have shown that to be effective,
one has to use between 10 and 15% silica fume by mass as a replacement for high-alkali portland
cement; however, this will depend on the degree of reactivity of the aggregate and the total alkali
content of a concrete mixture.

D. DETERIORATION DUE TO SULFATE ATTACK

One of the major reasons of concrete deterioration is attack by sulfates. This type of chemical attack
is widespread, and has been reported from many countries in the world including Canada, the United



FIGURE 5. Disintegration of concrete caused by sulfate attack [9].

States, and the Middle East. The U.S. Bureau of Reclamation had cautioned civil engineers of the
seriousness of this phenomenon in the early 1930s. The Bureau had emphasized that soluble sulfates
in soils (>0.5%) could cause serious damage to concrete [1O]. Figure 5 shows disintegration of a
concrete element caused by sulfate attack.

1. Mechanisms of Sulfate Attack

The sulfates of sodium, calcium, and magnesium present in alkali soils and water react chemically
with hydrated lime and hydrated calcium aluminate in the cement paste (hydraulic binder) in
concrete to form calcium sulfates and calcium sulphoaluminates, respectively. These are expansive
reactions and result in degradation of concrete. The chemical reactions involved are as follows [U]:

A. Sodium Sulfate Attacks (CaOH)2

Ca(OH)2 + Na2SO4 • 1OH2O -» CaSO4 • 2H2O + 2NaOH + 8H2O - (gypsum)

B. Sodium Sulfate Attacks Calcium Aluminate Hydrate

2(3CaO - Al2O3 • 12H2O + 3Na2OSO4 - 1OH2O) -»

3 C2O • Al2O3 • 3 CaSO4 - 31H2O + Al(OH)3 + 6 NaOH + 17 H2O

C. Calcium Sulfate Attacks Calcium Aluminate Hydrate
Calcium sulfate attacks only aluminate hydrate forming calcium sulfoaluminate
(3 CaO • Al2O3 • 3 CaSO4 • 32 H2O). This is known as ettringite, and causes internal cracking
of concrete.

D. Magnesium Sulfate Attacks Ca(OH)2, Calcium Aluminate and Calcium Silicate Hydrates
The reaction with calcium silicate hydrate takes the form:

3 CaO • 2 SiO2 • (aq) + MgSO4 • 7 H2O -» CaSO4 • 2 H2O + Mg(OH)2 + SiO2 - (aq)

The damage and expansion caused by the magnesium sulfate is more severe than by the
calcium or sodium sulfates. Figure 5 shows concrete damaged by sulfate attack.



2. Measures to Protect Against Sulfate Attack

2.1. General Measures The best protection against sulfate attack is to make concrete with very
low permeability. This can be achieved by the use of low water/cement ratio, use of supplementary
cementing materials, and superplasticizers, adequate consolidation and curing of concrete. When
the concentration of sulfates is rather high, the use of sulfate resisting cements can be very
beneficial. The recommendations of Mehta and Monteiro [4] on the subject of control of sulfate
attack are as follows:

Portland cement containing <5% C3A (ASTM Type V) is sufficiently sulfate resisting under
moderate conditions of sulfate attack (i.e., when ettringite forming reaction are the only
consideration). However, when high-sulfate concentrations of the order of 1500mg/L or more are
involved, which are normally associated with the presence of magnesium and alkali cations, the
ASTM Type V portland cement may not be effective against the cation-exchange reactions involving
gypsum formation, especially if the C3S content of the cement is high. Under these conditions,
experience shows that cements potentially containing little or no calcium hydroxide on hydration
perform much better: For instance, high-alumina cements, portland blast-furnace slag cements with
>70% slag, and portland pozzolan cements with at least 25% pozzolan (natural pozzolan, calcined
clay, or low-calcium fly ash).

The U.S. Bureau of Reclamation has classified severity of sulfate attacks in four degrees. Based
upon this criterion the American Concrete Istitute Building Code 318 stipulates the following
requirement for controlling the sulfate attack [4].

!.Negligible attack: When the sulfate content is <0.1% in soil, or <150ppm (mg/L) in
water, there shall be no restriction on the cement type and water/cement ratio.

2. Moderate attack: When the sulfate content is 0.1-0.2% in soil, or 150-1500 ppm in water,
ASTM iype II portland cement or portland pozzolan or portland slag cement shall be used,
with < 0.5 water/cement ratio for normal-weight concrete.

3. Severe attack: When the sulfate content is 0.2-2.0% in soil, or 1500-10,000 ppm in water,
ASTM Type V portland cement, with < 0.45 water/cement ratio, shall be used.

4. Very severe attack: When the sulfate content is >2% in soil, or > 10,000 ppm in water,
ASTM Type V cement plus a pozzolanic admixture shall be used, with < 0.5 water/cement ratio.
For lightweight-aggregate concrete, the ACI Building Code specifies a minimum 28-day
compressive strength of 28 MPa for severe or very severe sulfate-attack conditions.

E. DETERIORATION OF CONCRETE IN SEAWATER

In recent years, the performance of concrete in seawater has become of great importance because of
the construction of multi-billion dollar offshore oil drilling platforms and other associated
infrastructure. Most seawaters are characterized by the presence of ~ 3.5% soluble salts by weight.
In general, the pH of seawater ranges from 7.5 to 8.4. The Mg2+and SO2", are present in the
concentrations of 1400 and 2700 mg/L, and are the most aggressive in their attack on the products of
cement hydration. The concentration of Na+ and Cl~ ions are ~ 11,000 and 20,000 mg/L.

The decomposing action of seawater on the constituents of hydrated portland cement as given by
Mehta [12] is reproduced in Table 2. Figure 6 shows the physical and chemical processes responsible
for deterioration of reinforced concrete element exposed to seawater.

The presence of large amounts of sulfates in seawater may lead one to consider the possibility of
sulfate attack. This is not so because the ettringite formed because of the reaction between sulfate
ions and both C3A and C-S-H is soluble in the presence of chlorides, and is leached out, and thus,
does not cause deleterious expansions. This explains why the use of sulfate resisting cement in
concrete exposed to marine environment is not warranted [U].



TABLE 2. Decomposing Action of Seawater on the Constituents of Hydrated Portland Cement a

Physical Effects Associated with
Chemical Reactions

Possible Chemical Reactions

Seawater Component that can Enter
into Deleterious Chemical Reactions
with Hydrated Portland Cement

Both calcium bicarbonate and gypsum are
soluble in seawater. Loss of material and
weakening or mushiness of hardened cement
paste can therefore be associated with the
formation of these compounds. Since all the
hydration products of portland cement,
including the calcium silicate hydrate, can
be decomposed by carbonation reactions,
permeable concretes in seawater containing
larger than normal CO2 concentration are
likely to deteriorate.

CaCl2 and gypsum, being soluble in seawater,
lead to material loss and weakening.
Formation of ettringite is associated with
expansion and cracking. It is reported that
the conversion of 3 CaO • 2 SiO2 • 3 H2O to
4 MgO • SiO2 - 8 H2O is associated with
brittleness and strength loss.

CO2 + Ca(OH)2 -> CaCO3 + H2O^2 Ca(HCO3)2
Aragonite Bicarbonate of calcium

CO2 + [Ca(OH)2 + 3 CaO • Al2O3 • CaSO4 • 18 H2O] ->
3 CaO • Al2O3 • CaCO3 • JcH2O + CaSO4 2H2O

Gypsum

3 CO2 + 3 CaO • 2 SiO2 • 3 H2O -> 3 CaCO3 + 2 SiO2 • H2O
Aragonite

MgCl2 + Ca(OH)2 -> Mg(OH)2 + CaCl2
Brucite

MgSO4 + Ca(OH)2 -> Mg(OH)2 + CaSO4 2H2O
Gypsum

MgSO4 + [Ca(OH)2 + 3 CaO • Al2O3 • CaSO4 • 18 H2O] ->

Mg(OH)2 + 3 CaO Al2O3 • 3 CaSO4 -32H2O
Ettringite

MgSO4 + [Ca(OH)2 + 3 CaO • 2 SiO2 • 3 H2O] -*
4 MgO • SiO2 • 8 H2O + CaSO4 • 2 H2O

Carbon Dioxide
Small quantities of dissolved CO2, derived

mainly from absorption of atmospheric CO2,
always present in seawater. However, decaying
vegetable matter can lead to substantially larger
and harmful concentrations of dissolved CO2,
which are generally reflected by reduction of
the seawater pH to values <8.

Magnesium Salts
Typically, seawater contains 3200 ppm MgCl2

and 2200 ppm MgSO4. Regarding cement
hydration products, these magnesium salts,
even in the small concentrations present,
are considered harmful.

"From [12].



FIGURE 6. Physical and chemical processes that cause deterioration of reinforced concrete exposed to
seawater [4].

1. Requirements of Concrete for Marine Exposure

The selection of concrete for marine exposure must have the lowest possible water/cement or water/
cementitious ratio to ensure very low permeability. Where possible, the supplementary cementing
materials such as fly ash or slag or silica fume and chemical admixture such as superplasticizers
should be incorporated in mixture proportioning. The use of sulfate resisting cement is not essential
for concrete exposed to seawater, but the portland cement should have C3A content of < 8%, when
SO3 content of the cement is < 3%; cements with C3A contents of up to 10% may be used where the
SO3 content does not exceed 2.5 [1O]. Figure 7 shows the concrete test specimens at Treat Island
(Maine) an outdoor exposure site for determining the long-term performance of concrete exposed to
seawater. The concrete blocks cast from well-proportioned concrete are in excellent condition even
after 20 years of severe exposure to seawater. Figure 8 shows the recently constructed $1 billion
Confederation bridge in eastern Canada. The bridge is about 14 km in length and connects the
province of New Brunswick with the province of Prince Edward Island. The prestressed concrete
structure is exposed to severe seawater attack and is subject to > 100 freezing and thawing cycles a
year. The bridge has a design life of 100 years. The high-performance, air-entrained concrete for the
bridge was made using silica fume blended cement and incorporates up to 30% fly ash in parts of the
foundation elements and piers. Hopefully, the bridge will not suffer major deterioration during its
design life.

F. CARBONATION OF CONCRETE

The term carbonation refers to the reaction of atmospheric carbon dioxide with cement hydrates in
concrete. This reaction can have serious implications as regards to durability of reinforced concrete
if the concrete is not properly made. The various aspects of carbonation including its mechanism, its
rate, and the various factors that influence it are discussed below.
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PHYSICALABRASION DUETO
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OF HYDRATED CEMENT
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1. CO2 ATTACK
2. Mg ION ATTACK
3. SULFATE ATTACK



FIGURE 7. Treat Island, Maine, exposure site for determining the long-term performance of concrete exposed
to seawater.

FIGURE 8. Confederation Bridge, 14km long that connects the Canadian provinces of Prince Edward Island
and New Brunswick. Design life of the bridge is 100 years.



1. Mechanism of Carbonation

The concentration of CO2 can vary from 300 ppm (parts per million by volume), that is, 0.03% in
nonindustrialized areas to ~ 3000 ppm, that is, 0.3% by volume in large cities. The CO2, even in
small concentration may penetrate into poorly made concrete with high water/cement ratio. This is
accompanied by the reaction with the cement hydrates, particularly with calcium hydroxide,
Ca(OH)2, resulting in the formation of calcium carbonate. The reaction with other hydrates can also
take place with the resulting production of silica, alumina, and ferric oxide.

The carbonation of concrete reduces the pH of the pore water in the hydrated cement paste from
~ 13 to a value approaching ~9. If all the calcium hydroxide is carbonated (this can take many
years), the pH of the hydrated paste can reach as low as 8.3. When this happens, the durability of
Portland cement is compromised in a manner described below.

In reinforced concrete, the steel reinforcement is surrounded by an alkaline environment
(pH^ 13). Under these conditions, a submicroscopic thin oxide film of ferrous oxide is formed on
the steel that renders it passive, that is, it gives the steel complete protection from reaction with
oxygen and water. The maintenance of the passivity of the steel is dependent on the availability of the
high pH pore water solution surrounding the passive layer of ferrous oxide. When the pH of the pore
water of the hydrated paste is reduced because of the carbonation, and when this low pH solution
approaches the surface of the steel reinforcement, the passive oxide film is destroyed. The steel
reinforcement is then open to corrosion subject to the availability of moisture and oxygen. Thus,
though the carbonation per se does not attack reinforcing steel, it contributes considerably to creating
an environment in which corrosion of steel reinforcement can take place.

2. Factors Affecting Carbonation

The most significant factor affecting carbonation of concrete in the diffusivity of the hardened
cement paste in concrete. This, in turn, depends on the composition of concrete, its W/C ratio, and
the type of cement used and its curing. All these factors have to be taken into account when
investigating the rate of carbonation. Several researchers use compressive strength of concrete as a
parameter for determining the carbonation, primarily, because this is a parameter that be determined
easily.

3. Rate of Carbonation

A most commonly used relationship between depth of carbonation and time depth is as follows [13]:

d = kV~t

where

d = depth of carbonation in millimeters (mm)
t = time of exposure in years
k = coefficient of carbonation in millimeters per^/year (mm/year0 5)

The values of k can range from < 1 for low w/c ratio concrete to > 5 for high w/c ratio concrete.

4. Carbonation of Concrete Containing Supplementary Cementing Materials

The environmental issues and energy considerations have led to increased use of supplementary
cementing materials (SCM) in concrete. These include fly ash, blast-furnace slag, and silica fume.
The hydrated cement paste in the concrete incorporating supplementary cementing materials
contains lower amounts of Ca(OH)2 because some of it is taken up by reaction with the silica from



the supplementary cementing materials. This implies that a relatively smaller amount of CO2 is
required to remove all of the Ca(OH)2. But this is offset by the fact that the use of SCMs results in a
denser microstructure of the hardened paste, resulting in reduced permeability. Provided the concrete
incorporating SCMs is properly proportioned and adequately cured, carbonation is not an issue.

5. Measures to Prevent Carbonation

Deterioration of concrete as it relates to carbonation effects is not a serious problem provided that
concrete is properly proportioned, has low water/cement ratio, is properly consolidated, and
adequately cured. In such concrete the depth of carbonation is unlikely to exceed 15 to 20mm, over a
period of 50 years. Thus, concrete cover of 35 to 50mm over reinforcing steel should provide
sufficient protection against corrosion due to carbonation.

G. CONCLUDING REMARKS

Good quality concrete that is proportioned properly, is transported and consolidated correctly, is
cured adequately, incorporates supplementary cementing materials and has a low water/cement ratio
need not deteriorate, provided the environment for which it has been designed does not change
drastically. Unfortunately, unlike steel, a factory made product, concrete is normally made at a
construction site, and it does deteriorate because all the above requirements are not generally
followed. When this happens, concrete cracks giving oxygen and water access to the reinforcing
steel, resulting in corrosion of the reinforcing bars and damage to the reinforced concrete structure.
As cracking of concrete is very difficult to control, the only alternative then to stop deterioration of
reinforced concrete is to use reinforcing bars that do not corrode. No such products are yet available
on the market at a reasonable cost. It is, therefore, imperative that major research efforts be initiated
to develop low-cost stainless steel reinforcement or other composite reinforcing materials that have
very low tendency for corrosion.
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