
scale inhibitor than the other(s). pH can also affect the type of scale
that forms (e.g., tricalcium phosphate versus hydroxylapatite).

2.3 Seawater

2.3.1 Introduction

Seawater systems are used by many industries, such as shipping, off-
shore oil and gas production, power plants, and coastal industrial plants.
The main use of seawater is for cooling purposes, but it is also used for
firefighting, oilfield water injection, and desalination plants. The corro-
sion problems in these systems have been well studied over many years,
but despite published information on materials behavior in seawater,
failures still occur. Most of the elements that can be found on earth are
present in seawater, at least in trace amounts. However, 11 of the con-
stituents account for 99.95 percent of the total solutes, as indicated in
Table 2.21, with chloride ions being by far the largest constituent.

The concentration of dissolved materials in the sea varies greatly
with location and time because rivers dilute seawater, rain, or melting
ice, and seawater can be concentrated by evaporation. The most impor-
tant properties of seawater are35

■ Remarkably constant ratios of the concentrations of the major con-
stituents worldwide

■ High salt concentration, mainly sodium chloride
■ High electrical conductivity
■ Relatively high and constant pH
■ Buffering capacity
■ Solubility for gases, of which oxygen and carbon dioxide in particu-

lar are of importance in the context of corrosion
■ The presence of a myriad of organic compounds
■ The existence of biological life, to be further distinguished as micro-

fouling (e.g., bacteria, slime) and macrofouling (e.g., seaweed, mus-
sels, barnacles, and many kinds of animals or fish)

Some of these factors are interrelated and depend on physical, chem-
ical, and biological variables, such as depth, temperature, intensity of
light, and the availability of nutrients. The main numerical specifica-
tion of seawater is its salinity.

Salinity. Salinity was defined, in 1902, as the total amount of solid mate-
rial (in grams) contained in one kilogram of seawater when all halides
have been replaced by the equivalent of chloride, when all the carbonate
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is converted to oxide, and when all organic matter is completely oxidized.
The definition of 1902 was translated into Eq. (2.13), where the salinity
(S) and chlorinity (Cl) are expressed in parts per thousand (‰).

S (‰) 	 0.03 � 1.805Cl (‰) (2.13)

The fact that the equation of 1902 gives a salinity of 0.03 ‰ for zero
chlorinity was a cause for concern, and a program led by the famous
United Nations Scientific, Education and Cultural Organization
(UNESCO) helped to determine a more precise relation between chlo-
rinity and salinity. The definition of 1969 produced by that study is
given in Eq. (2.14):

S (‰) 	 1.80655Cl (‰) (2.14)

The definitions of 1902 and 1969 give identical results at a salinity
of 35 ‰ and do not differ significantly for most applications. The defi-
nition of salinity was reviewed again when techniques to determine
salinity from measurements of conductivity, temperature, and pres-
sure were developed. Since 1978, the Practical Salinity Scale defines
salinity in terms of a conductivity ratio:

The practical salinity, symbol S, of a sample of sea water, is defined in terms
of the ratio K of the electrical conductivity of a sea water sample of 15°C and
the pressure of one standard atmosphere, to that of a potassium chloride
(KCl) solution, in which the mass fraction of KCl is 0.0324356, at the same
temperature and pressure. The K value exactly equal to one corresponds, by
definition, to a practical salinity equal to 35.

The corresponding formula is given in Eq. (2.15).36

S 	 0.0080 � 0.1692K0.5 � 25.3853K � 14.0941K1.5

� 7.0261K2 � 2.7081K2.5 (2.15)
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TABLE 2.21 Average Concentration of the 11 Most
Abundant Ions and Molecules in Clean Seawater
(35.00 ‰ Salinity, Density of 1.023 g�cm�3 at 25°C)

Concentration

Species mmol�1�kg�1 g�kg�1

Na� 468.5 10.77
K� 10.21 0.399
Mg2� 53.08 1.290
Ca2� 10.28 0.4121
Sr2� 0.090 0.0079
Cl� 545.9 19.354
Br� 0.842 0.0673
F� 0.068 0.0013
HCO3

� 2.30 0.140
SO4

2� 28.23 2.712
B(OH)3 0.416 0.0257
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Note that in this definition, (‰) is no longer used, but an old value
of 35‰ corresponds to a new value of 35. Since the introduction of this
practical definition, salinity of seawater is usually determined by mea-
suring its electrical conductivity and generally falls within the range
32 to 35 ‰.35

Other ions. A large part of the dissolved components of seawater is
present as ion pairs or in complexes, rather than as simple ions. While
the major cations are largely uncomplexed, the anions other than chlo-
ride are to varying degrees present in the form of complexes. About 13
percent of the magnesium and 9 percent of the calcium in ocean waters
exist as magnesium sulfate and calcium sulfate, respectively. More
than 90 percent of the carbonate, 50 percent of the sulfate, and 30 per-
cent of the bicarbonate exist as complexes. Many minor or trace com-
ponents occur primarily as complexed ions at the pH and the redox
potential of seawater. Boron, silicon, vanadium, germanium, and iron
form hydroxide complexes. Gold, mercury, and silver, and probably cal-
cium and lead, form chloride complexes. Magnesium produces com-
plexes with fluorides to a limited extent.

Surface seawater characteristically has pH values higher than 8
owing to the combined effects of air-sea exchange and photosynthesis.
The carbonate ion concentration is consequently relatively high in sur-
face waters. In fact, surface waters are almost always supersaturated
with respect to the calcium carbonate phases, calcite and aragonite.
The introduction of molecular carbon dioxide into subsurface waters
during the decomposition of organic matter decreases the saturation
state with respect to carbonates. While most surface waters are strong-
ly supersaturated with respect to the carbonate species, the opposite is
true of deeper waters, which are often undersaturated in carbonates.

Precipitation of inorganic compounds from seawater. The value of cal-
careous deposits in the effective and efficient operation of marine
cathodic protection systems is generally recognized by corrosion engi-
neers. The calcareous films are known to form on cathodic metal sur-
faces in seawater, thereby enhancing oxygen concentration polarization
and reducing the current density needed to maintain a prescribed
cathodic potential. For most cathodic surfaces in aerated waters, the
principal reduction reaction is described by Eq. (2.16):

O2 � 2H2O � 4e� → 4OH� (2.16)

In cases where the potential is more negative than the reversible
hydrogen electrode potential, the production of hydrogen as described
in Eq. (2.17) becomes possible:

2H2O � 2e� → H2 � 2OH� (2.17)
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In either case, the production of hydroxyl ions results in an
increase in pH for the electrolyte adjacent to the metal surface. In
other terms, an increase in OH� is equivalent to a corresponding
reduction in acidity or H � ion concentration. This situation causes
the production of a pH profile in the diffuse layer, where the equilib-
rium reactions can be quite different from those in the bulk seawater
conditions. Temperature, relative electrolyte velocity, and electrolyte
composition will all influence this pH profile. There is both analyti-
cal and experimental evidence that such a pH increase exists as a
consequence of the application of a cathodic current. In seawater, pH
is controlled by the carbon dioxide system described in Eqs. (2.18)
through (2.20):

CO2 � H2O → H2CO3 (2.18)

H2CO3 → H� � HCO3
� (2.19)

HCO3
� → H� � CO3

2� (2.20)

If OH� is added to the system as a consequence of one of the above
cathodic processes [Eqs. (2.16) and (2.17)], then the reactions
described in Eqs. (2.21) and (2.22) become possible, with Eq. (2.23)
describing the precipitation of a calcareous deposit.

CO2 � OH� → HCO3
� (2.21)

OH� � HCO3
� → H2O � CO3

2� (2.22)

CO3
2� � Ca2� → CaCO3(s) (2.23)

The equilibria represented by Eqs. (2.18) through (2.23) further indi-
cate that as OH� is introduced, then Eqs. (2.19) and (2.20) are dis-
placed to the right, resulting in proton production. This opposes any
rise in pH and accounts for the buffering capacity of seawater.
Irrespective of this, however, Eqs. (2.18) through (2.23) indicate that
this buffering action is accompanied by the formation of calcareous
deposits on cathodic surfaces exposed to seawater.

Magnesium compounds, Mg(OH)2 in particular, could also contribute
to the protective character of calcareous deposits. However, calcium car-
bonate is thermodynamically stable in surface seawater, where it is
supersaturated, whereas magnesium hydroxide is unsaturated and less
stable. In fact, Mg(OH)2 would precipitate only if the pH of seawater
were to exceed approximately 9.5. This is the main reason why the
behavior of CaCO3 in seawater has been so extensively studied, since cal-
cium carbonate sediments are prevalent and widespread in the oceans.37

It has been demonstrated that calcium carbonate occurs in the
oceans in two crystalline forms, i.e., calcite and aragonite. Partly
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because calcite and magnesium carbonate have similar structures,
these compounds form solid solutions, the Ca:Mg ratio of which
depends on the ratio of these ions in seawater. Theoretical calcula-
tions suggest that calcite in equilibrium with seawater should contain
between 2 and 7 mol% MgCO3. But although low magnesium calcite
is the most stable carbonate phase in seawater, its precipitation and
crystal growth are strongly inhibited by dissolved magnesium.
Consequently, aragonite is the phase that actually precipitates when
seawater is made basic by the addition of sodium carbonate. The
degree of saturation for aragonite is described in Eq. (2.24),

Ksp, aragonite 	 (Ca2�)(CO3
2�) (2.24)

where (Ca2�) and (CO3
2�) are the molalities of the Ca2� and CO3

2� ions,
respectively, and Ksp, aragonite is the solubility product of aragonite (at
25°C, Ksp, aragonite 	 6.7 � 10�7).

In order to understand the buildup of carbonate ions at a metallic
surface under cathodic protection (CP), one can combine Eqs. (2.17),
(2.21), and (2.22) to obtain an expression describing the electrochemi-
cal production of carbonate ions [Eq. (2.25)]:

H2O � CO2 � 2e� → H2 � CO3
2� (2.25)

By referring to Chap. 1, Aqueous Corrosion, one can also develop an
expression for the limiting current corresponding to this reaction [Eq.
(2.26)]:

iL 	 nFDCO
3

2� (2.26)

where, at neutral bulk pH, the concentration of carbonate ions in sea-
water is basically zero, and the expression of iL is correctly described
by Eq. (2.27):

iL 	 nFDCO
3

2� (2.27)

Oxygen. The oxygen content depends primarily on factors such as
salinity and temperature. Relationships have been derived from which
the equilibrium concentration of dissolved oxygen can be calculated if
the absolute temperature T (K) and salinity S (‰) are known:35

ln [O2] (mL � L�1) 	 A1 � A2 (100/T) � A3 ln (T/100) � A4 (T/100) �
S[B1 � B2 (T/100) � B3 (T/100)2]

CCO
3
2�

, surface




�

CCO
3
2�

, surface 
� CCO

3
2�

, bulk





�
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where A1 	 �173.4292
A2 	 249.6339
A3  	 143.3483
A4 	 �21.8492
B1 	 �0.033096
B2 	 0.014259
B3 	 �0.0017000

The primary source of the dissolution of oxygen is the air-sea
exchange with oxygen in the atmosphere, leading to near saturation
(within 5 percent). However, mainly because of biological processes,
deviations may occur with the seasons; e.g., in spring, when significant
photosynthesis develops, supersaturation levels up to 200 percent may
be found. Another action that can cause supersaturation of oxygen is
the entrainment of air bubbles as a result of wave action, resulting in
supersaturation values up to 10 percent.

The normal profile of corrosion of unprotected steel, as in the case of
pilings or the supporting legs for offshore oil-drilling structures, is
shown in Fig. 2.22 based on the measurements of the distribution of
corrosion of test pilings exposed in a partially enclosed basin at Kure
Beach, North Carolina.38

The reverse of the process is the biochemical oxidation of organic
matter, leading to oxygen consumption and undersaturation coupled
with carbon dioxide production and acidification. The rate and occur-
rence of such processes are strongly dependent on the availability of
nutrients and dissolved oxygen. It is for this reason that very low oxy-
gen concentrations can be found below the zone of surface mixing, as is
the case in some locations in the Pacific Ocean.39 At still greater depths
the oxygen level can increase again as a result of the supply of oxygen-
rich cold water by deep oceanographic currents. However, such situa-
tions are strongly related to local conditions and can also depend on the
season. Examples are known where in winter the mixed zone extends
to the bottom because of the action of storms, whereas in summer the
same water may become stratified, as in parts of the North Sea.

At any location there are seasonal variations in salinity, tempera-
ture, and other parameters. There are also variations with the depth
of water, as illustrated in Fig. 2.23, representing data collected during
studies at U.S. Naval Engineering test sites in the Pacific Ocean. It
should not be assumed that the variations found in these studies can
be extrapolated to other oceanographic sites. For example, observa-
tions within the same depth range in the Atlantic Ocean showed a
much higher concentration of dissolved oxygen to the bottom, even
approaching the concentration found at the surface. The effects of
depth on corrosion will thus vary from location to location, depending
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principally on the variations in concentration of dissolved oxygen and
bacterial activity, for which the information is slowly developing.

Organic compounds. Seawater contains a wide variety of dissolved
organic compounds. The total amount is low (�2 ppm), but their com-
position is very complex. Some of the organic compounds are resistant
to decomposition and are relatively old. However, most are biological-
ly active and are constantly being modified. The organic content of the
oceans is very important to biological life processes, and the effects are
much greater than might be assumed from the amount of material
present. A large number of soluble compounds have been identified in
seawater, including amino and organic acids and carbohydrates.
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Figure 2.22 Corrosion profile of steel piling in seawater.
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Polluted seawater. The main effect of polluted seawater arises from a
combination of low oxygen content and generally decreased pH,
together with the presence of sulfide ions and/or ammonia. It may be
that, depending on the design of a cooling-water system, there is the
risk that the water velocity will be below the design value in some
areas. Organic matter entering such a system can be deposited in lay-
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Figure 2.23 Variations in seawater with depth at a Pacific Ocean test site. The units
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ers in some areas rather than being either filtered off and rejected or
allowed to pass through the system. Such layers become anaerobic
and yield significant amounts of sulfides, which are introduced into
the cooling water and so become available for reaction with adjacent
metal surfaces. In particular, a number of copper alloys will be affect-
ed by these high sulfide levels and become more susceptible to pitting.

Pollution can also occur when biofouling present in systems decays to
produce sulfur-containing compounds. This form of pollution is a major
problem in situations where the use of hypochlorite and other biocides
is prohibited or restricted. In a large cooling system this can result in
significant amounts of biological matter being generated in the form of
thick layers of barnacles, mussels, and shellfish. During stagnant or
low-flow water conditions, the system is likely to become anaerobic,
resulting in death of the organisms followed by their gradual decompo-
sition.

Brackish coastal water. Brackish water is defined as natural ocean
water diluted to a certain extent with fresh water. The ionic concen-
tration will diminish, depending upon the dilution factor, as will the
electrical conductivity. However, under normal circumstances, even
with a dilution to a salinity of 5 to 10 ‰, the chlorinity ratios of the
major ions will not change. In contrast, the concentrations of the minor
constituents can be changed by several orders of magnitude. Brackish
water differs from open seawater in certain other respects. The bio-
logical activity, for example, can be significantly modified by higher
concentrations of nutrients. Fouling is also likely to be more severe as
a consequence of the greater availability of nutrients. An additional
factor can be a significant increase in the proportion of suspended
solids in brackish water, which can be as much as two orders of mag-
nitude greater than in open seawater.35 The main differences between
seawater and brackish coastal water are:

1. Oxygen content may change owing to decreased salt concentration,
generally increased temperature, and pollution.

2. Chloride content decreases owing to increased dilution.

3. Specific conductivity decreases owing to increased dilution.

4. The concentration and the diversity of the organic compounds will
generally increase.

5. The increased amount of fouling often arising in brackish waters
will lead to increased shielding, and thus a decrease in the general
corrosion rate, as a result of oxygen reduction.

6. The increase in the level of suspended solids, often associated with
brackish waters, is likely to have a marked effect on corrosion
processes, often in association with water velocity effects.
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Within harbors, bays, and other estuaries, marked differences in
the amount and type of fouling can exist. The main environmental
factors responsible, singly or in combination, for these differences
are the salinity, the degree of pollution, and the prevalence of silt.
Moreover, the influence of these factors can be very specific to the
type of organism involved. Apart from differences that can develop
between different parts of the same estuary, there can also be dif-
ferences between fouling in enclosed waters and on the open coast.
In this respect, the extent of offshore coastal fouling is strongly
determined by the accessibility to a natural source of infection.
Local currents, average temperature, seasonal effects, depth, and
penetration of light are operative factors. The pollution can also be
quite important in coastal areas. Two main sources of pollution have
been identified:

■ Waste products of industrial, farming, or domestic origin: heavy
metal ions, nutrients such as phosphates and nitrates, dissolved
organic material, etc.

■ Products arising from bacteriological and biological processes in the
seawater itself

There are many examples of the detrimental effects of decaying
organic material in cooling systems, for instance, seaweed, barnacles,
mussels, and shellfish accumulated in heat-exchanger systems. For
unpolluted seawater, it normally suffices to measure the salinity or
chlorinity, the pH, and perhaps the oxygen content. However, in the
case of polluted seawater, it is often necessary to obtain additional
data. These can include the concentrations of heavy metal ions, sul-
fide, and ammonia as well as the chemical oxygen demand (COD) and
total organic carbon (TOC) values.

2.3.2 Corrosion resistance of materials in
seawater

Table 2.22 lists the materials commonly used in seawater systems as
a function of whether they pertain to a low-cost (high-maintenance)
or low-maintenance (high-cost) category. For low-initial-cost sys-
tems, materials such as mild steel and cast iron with and without
coatings can often be used. In marine engineering, upgrading from
steel has traditionally meant a change to copper-based alloys, and
this trend is also occurring for offshore oil and land-based plants
where high reliability is required. However, in recent years, systems
based on high-performance stainless steels such as the 6% Mo
superaustenitic and the super duplexes have been used by the off-
shore industry.40
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Carbon steel. Corrosion of carbon steel in seawater is controlled by the
availability of oxygen to the metal surface. Thus, under static condi-
tions, carbon steel corrodes at between 100 and 200 �m/year, reflecting
the oxygen level and temperature variations in different locations. As
velocity causes a mass flow of oxygen to the surface, corrosion is very
dependent on flow rate and can increase by a factor of 100 in moving
from static or zero velocity to velocity as high as 40 m�s�1. Galvanizing
confers only limited benefit under flow conditions, as corrosion of zinc
also increases with velocity. For the thickness normally used in seawa-
ter piping, it will extend the life of the pipe for about 6 months.
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TABLE 2.22 Materials Used in Seawater Systems

Component Low-cost system Low-maintenance system

Pipe Galvanized steel 90/10 cupronickel

Flanges Steel Cast or forged 90/10 cupronickel
Steel welded overlayed with cupronickel
Gunmetal
6% Mo austenitic high duplex

Tube plates 60/40 brass/naval brass Nickel aluminum bronze
90/10 cupronickel
6% Mo austenitic high duplex

Tubes Aluminum brass 70/30 cupronickel (particularly 
2% Fe � 2% Mn)

90/10 cupronickel

Pump casing Cast iron or leaded Cast cupronickel
gunmetal Nickel aluminum bronze

Admiralty gunmetal
Ni-resist type D2

Pump impeller Gunmetal Monel alloy 410
Alloy 20 (CN7M)
Stainless steel (CF3 and CF8)
Nickel aluminum bronze

Pump shaft Naval brass Monel alloy 400 or 500
Nickel aluminum bronze
Ni-resist iron type D2
Nickel aluminum
6% Mo austenitic high duplex
UNS 31600 stainless steel

Strainer body Cast iron Cast cupronickel
Gunmetal
6% Mo austenitic high duplex

Strainer Galvanized iron Monel alloy 400
6% Mo austenitic high duplex

Plate Munz metal 6% Mo austenitic high duplex
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Stainless steels. Stainless steels are not subject to impingement
attack, but are prone to pitting and crevice corrosion under low-velocity
conditions, and this must be taken into consideration when these
alloys are used in seawater. Attempts to build seawater systems from
standard grades of stainless steel, such as Type 316, have proved
unsuccessful. In recent years, grades of stainless steel with high resis-
tance to pitting and crevice corrosion have been developed.

The first successful major use of stainless steel for seawater systems
was in the Gullfaks oilfield in the Norwegian offshore sector where
Avesta 254SMO (21% Cr, 18% Ni, 6% Mo, 0.2% N) was adopted. The rea-
son for this selection was the need for a material resistant to alternate
exposure to seawater and sulfide-containing oil in the storage/ballast
spaces in concrete platforms. Several thousand tonnes of superaustenitic
stainless steel are now in service, mainly on offshore platforms.40

Nickel-based alloys. Nickel-based alloys such as Inconel 625,
Hastelloys C-276 and C-22, and titanium are not subject to pitting or
crevice corrosion in low-velocity seawater, nor do they suffer impinge-
ment attack at high velocity. However, price limits their use to special
applications in seawater systems.

Copper-based alloys. The copper-based alloys are velocity-limited, as
impingement attack occurs when the hydrodynamic effect caused by
seawater flow across the surface of such alloys exceeds the value at
which protective films are removed and erosion-corrosion occurs.
Thus, if these alloys are to exhibit high corrosion resistance, they must
be used at design velocities below this limiting value. A more detailed
coverage of the marine usage of two important copper-nickel alloys is
presented in the section on copper alloys.

Effect of flow velocity. Velocity is the most important single factor influ-
encing design and corrosion in seawater systems. The design velocity
chosen controls the dimensions of many components, such as piping and
valves. Velocity also influences the corrosion behavior of the materials,
and the design value chosen is often controlled by corrosion considera-
tions. When the corrosion rate is subject to mass transfer control, flow
velocity at the metal surface becomes the rate-determining factor. This is
also true with active-passive alloys, where flow, and thereby the ample
supply of oxygen to the metal surface, provides the oxygen necessary to
maintain the metal in the passive state. Stainless steels, for example,
can perform satisfactorily provided that the water flow in the system is
uninterrupted. However, in the case of zero or low flow, special precau-
tions have to be taken. Low flow may also result in the settling of
deposits from the water, with the possible consequence of local corrosion
cells being set up, possibly leading to localized corrosion attack.

140 Chapter Two

0765162_Ch02_Roberge  9/1/99 4:02  Page 140



High flow rates can also have detrimental effects in some cases. They
can increase the rate of various corrosion processes and lead to erosion
corrosion, impingement attack, enhanced graphite corrosion, etc.
Uneven flow over an alloy surface can be undesirable when it leads to dif-
ferential aeration effects. Table 2.23 provides data on the effect of veloc-
ity on some of the materials commonly used in seawater systems.40 In
considering velocity, it is important to note that local velocities may vary
considerably from design velocity. This is particularly important where
features of the system such as small-radius bends, orifices, partly throt-
tled valves, or misaligned flanges can generate turbulence and acceler-
ate corrosion. It follows that a major consideration during the design and
fabrication of a system should be to minimize turbulence raisers.

Effect of temperature. Not much information exists on the effect of tem-
perature within the range normally encountered in seawater systems.
It has been noted, at the LaQue Centre, that corrosion of carbon steel
increases by approximately 50 percent between the winter (average
temperature 7°C) and summer (27 to 29°C) months. Although oxygen
solubility tends to fall with a rise in temperature, the higher tempera-
ture tends to increase reaction rate. Evidence from work on steel in
potable waters suggests that the temperature effect is more important
and that corrosion, for steel, will increase with temperature.41

For copper alloys, increase in temperature accelerates film formation.
While it takes about 1 day to form a protective film at 15°C, it may take
a week or more at 2°C. It is important to continue initial circulation of
clean seawater long enough for initial film formation for all copper
alloys. For stainless steels and other alloys that are prone to pitting and
crevice corrosion, an increase in temperature tends to facilitate initia-
tion of these types of attack. However, data on propagation rate suggest
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TABLE 2.23 Effect of Velocity on the Corrosion of Metals in Seawater

Deepest pit, Average corrosion rate, 
mm mm�y�1

Flowing seawater

Alloy Quiet seawater 8.2 m�s�1 35–42 m�s�1

Carbon steel 2.0 0.075 — 4.5
Grey cast iron (graphitized) 4.9 0.55 4.4 13.2
Admiralty gunmetal 0.25 0.027 0.9 1.07
85/5/5/5 Cu/Zn/Pb/Zn 0.32 0.017 1.8 1.32
Ni resist cast iron type 1B Nil 0.02 0.2 0.97
Ni Al bronze 1.12 0.055 0.22 0.97
70/30 Cu/Ni � Fe 0.25 �0.02 0.12 1.47
Type 316 stainless steel 1.8 0.02 �0.02 �0.01
6% Mo stainless steel Nil 0.01 �0.02 �0.01
Ni-Cu alloy 40 1.3 0.02 �0.01 0.01

0765162_Ch02_Roberge  9/1/99 4:02  Page 141



that this declines with rise in temperature. The net effect of these con-
flicting tendencies is not always predictable. Temperature also influ-
ences biological activity, which may, in turn, influence corrosion.40

2.4 Corrosion in Soils

2.4.1 Introduction

Soil is an aggregate of minerals, organic matter, water, and gases
(mostly air). It is formed by the combined weathering action of wind
and water, and also organic decay. The proportions of the basic con-
stituents vary greatly in different soil types. For example, humus has
a very high organic matter content, whereas the organic content of
beach sand is practically zero. The properties and characteristics of soil
obviously vary as a function of depth. A vertical cross section taken
through the soil is known as a soil profile, and the different layers of
soil are known as soil horizons. The following soil horizons have been
classified:

■ A. Surface soil (usually dark in color due to organic matter)
■ O. Organic horizon (decaying plant residues)
■ E. Eluviation horizon (light color, leached)
■ B. Accumulation horizon (rich in certain metal oxides)
■ C. Parent material (largely nonweathered bedrock)

Corrosion in soils is a major concern, especially as much of the
buried infrastructure is aging. Increasingly stringent environmental
protection requirements are also placing a focus on corrosion issues.
Topical examples of soil corrosion are related to oil, gas, and water
pipelines; buried storage tanks (a vast number are used by gas sta-
tions); electrical communication cables and conduits; anchoring sys-
tems; and well and shaft casings. Such systems are expected to
function reliably and continuously over several decades. Corrosion in
soils is a complex phenomenon, with a multitude of variables involved.
Chemical reactions involving almost each of the existing elements are
known to take place in soils, and many of these are not yet fully under-
stood. The relative importance of variables changes for different mate-
rials, making a universal guide to corrosion impossible. Variations in
soil properties and characteristics across three dimensions can have a
major impact on corrosion of buried structures.

2.4.2 Soil classification systems

Soil texture refers to the size distribution of mineral particles in a soil.
Sand (rated from coarse to very fine), silt, and clay refer to textures of
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decreasing particle coarseness (Table 2.24). Soils with a high propor-
tion of sand have very limited storage capacity for water, whereas
clays are excellent in retaining water. One soil identification system
has defined eleven soil types on the basis of their respective propor-
tions of clay, silt, and sand. The eleven types are sand, loamy sand,
sandy loam, sandy clay loam, clay loam, loam, silty loam, silt, silty clay
loam, silt clay, and clay. A further identification scheme has utilized
chemical composition, organic content, and history of formation to
define types such as gravel, humus, marsh, and peat.

A newer soil classification system has evolved in the United States
that can be utilized to classify soils globally, at any location. In this “uni-
versal” classification system, soils are considered as individual three-
dimensional entities that can be grouped according to similar physical,
chemical, and mineralogical properties. The system uses a hierarchical
approach, with the amount of information about a soil increasing down
the classification ladder. From top to bottom, the hierarchy is structured
in the following categories: order, suborder, great groups, subgroups,
families, and series. Further details are provided in Table 2.25.

2.4.3 Soil parameters affecting corrosivity

Several important variables have been identified that have an influ-
ence on corrosion rates in soil; these include water, degree of aeration,
pH, redox potential, resistivity, soluble ionic species (salts), and micro-
biological activity. The complex nature of selected variables is pre-
sented graphically in Fig. 2.24.42

Water. Water in liquid form represents the essential electrolyte
required for electrochemical corrosion reactions. A distinction is made
between saturated and unsaturated water flow in soils. The latter rep-
resents movement of water from wet areas toward dry soil areas. The
groundwater level is important in this respect. It fluctuates from area
to area, with water moving from the water table to higher soil, against
the direction of gravity. Saturated water flow is dependent on pore size
and distribution, texture, structure, and organic matter.
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TABLE 2.24 Particle Sizes in Soil Texture

Category Diameter (mm)

Sand (very coarse) 1.00–2.00
Sand (coarse) 0.50–1.00
Sand (medium) 0.25–0.50
Sand (fine) 0.10–0.25
Sand (very fine) 0.05–0.10
Silt 0.002–0.05
Clay �0.002
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Water movement in soil can occur by the following mechanisms:
gravity, capillary action, osmotic pressure (from dissolved species), and
electrostatic interaction with soil particles. The water-holding capaci-
ty of a soil is strongly dependent on its texture. Coarse sands retain
very little water, while fine clay soils store water to a high degree.

Degree of aeration. The oxygen concentration decreases with increas-
ing depth of soil. In neutral or alkaline soils, the oxygen concentration
obviously has an important effect on corrosion rate as a result of its
participation in the cathodic reaction. However, in the presence of cer-
tain microbes (such as sulfate-reducing bacteria), corrosion rates can be
very high, even under anaerobic conditions. Oxygen transport is more
rapid in coarse-textured, dry soils than in fine, waterlogged textures.

Excavation can obviously increase the degree of aeration in soil,
compared with the undisturbed state. It is generally accepted that
corrosion rates in disturbed soil with greater oxygen availability are
significantly higher than in undisturbed soil.

pH. Soils usually have a pH range of 5 to 8. In this range, pH is gen-
erally not considered to be the dominant variable affecting corrosion
rates. More acidic soils obviously represent a serious corrosion risk to
common construction materials such as steel, cast iron, and zinc coat-
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Figure 2.24 Relationship of variables affecting the rate of corrosion in soil. For simplici-
ty, only the MIC effects of sulfate-reducing bacteria are shown.
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TABLE 2.25 Soil Classification System using Hierarchical Approach

Category Basis for classification Example(s) Comments

Order Differences in measurable and visible Entisol, Vertisol, Inceptisol,  Nine orders for mineral soils and one
characteristics of soil horizons Aridisol, Mollisol, Spodosol, order for all organic soils

Alfisol, Ultisol, Oxisol, Histosol 

Suborder Differences in development Aquod, Udult Grouping according to accumulation
characteristics of soluble materials, presence or 

absence of B horizons, mineralogy, 
and chemistry

Great group Presence or absence of Kandihumult Relative thickness of horizons 
certain horizons is important

Subgroup Typical or dominant concept of Typic Kandihumult Coded as either the great group name 
the great group with the “typic” prefix or a combination

of great group names

Family Differences in textural classes, Clayey oxidic isothermic Plants generally react in a similar 
mineralogy, acidity, and temperature Typic Kandihumult manner to the same soil family

Series Differences in texture Paaola Usually named after the location 
where the soil was first described
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ings. Soil acidity is produced by mineral leaching, decomposition of
acidic plants (for example, coniferous tree needles), industrial wastes,
acid rain, and certain forms of microbiological activity. Alkaline soils
tend to have high sodium, potassium, magnesium, and calcium con-
tents. The latter two elements tend to form calcareous deposits on
buried structures, and these have protective properties against corro-
sion. The pH level can affect the solubility of corrosion products and
also the nature of microbiological activity.

Soil resistivity. Resistivity has historically often been used as a broad
indicator of soil corrosivity. Since ionic current flow is associated with
soil corrosion reactions, high soil resistivity will arguably slow down cor-
rosion reactions. Soil resistivity generally decreases with increasing
water content and the concentration of ionic species. Soil resistivity is
by no means the only parameter affecting the risk of corrosion damage.
A high soil resistivity alone will not guarantee absence of serious corro-
sion. Variations in soil resistivity along the length of a pipeline are high-
ly undesirable, as this will lead to the formation of macro corrosion cells.
Therefore, for structures such as pipelines, the merit of a corrosion risk
classification based on an absolute value of soil resistivity is limited.

Soil resistivity can be measured by the so-called Wenner four-pin
technique or, more recently, by electromagnetic measurements. The
latter allows measurements in a convenient manner and at different
soil depths. Another option for soil resistivity measurements is the so-
called soil box method, whereby a sample is taken during excavation.
Preferably sampling will be in the immediate vicinity of a buried
structure (a pipe trench, for example).

Redox potential. The redox potential is essentially a measure of the
degree of aeration in a soil. A high redox potential indicates a high oxy-
gen level. Low redox values may provide an indication that conditions
are conducive to anaerobic microbiological activity. Sampling of soil
will obviously lead to oxygen exposure, and unstable redox potentials
are thus likely to be measured in disturbed soil.

Chlorides. Chloride ions are generally harmful, as they participate
directly in anodic dissolution reactions of metals. Furthermore, their
presence tends to decrease the soil resistivity. They may be found nat-
urally in soils as a result of brackish groundwater and historical geo-
logical seabeds (some waters encountered in drilling mine shafts have
chloride ion levels comparable to those of seawater) or come from
external sources such as deicing salts applied to roadways. The chlo-
ride ion concentration in the corrosive aqueous soil electrolyte will
vary as soil conditions alternate between wet and dry.
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Sulfates. Compared to the corrosive effect of chloride ions, sulfates are
generally considered to be more benign in their corrosive action toward
metallic materials. However, concrete may be attacked as a result of
high sulfate levels. The presence of sulfates does pose a major risk for
metallic materials in the sense that sulfates can be converted to highly
corrosive sulfides by anaerobic sulfate-reducing bacteria.

Microbiologically influenced corrosion. Microbiologically influenced
corrosion (MIC) refers to corrosion that is influenced by the presence
and activities of microorganisms and/or their metabolites (the prod-
ucts produced through their metabolism). Bacteria, fungi, and other
microorganisms can play a major part in soil corrosion. Spectacularly
rapid corrosion failures have been observed in soil as a result of
microbial action, and it is becoming increasingly apparent that most
metallic alloys are susceptible to some form of MIC. The mechanisms
potentially involved in MIC have been summarized as follows:43

■ Cathodic depolarization, whereby the cathodic rate-limiting step is
accelerated by microbiological action.

■ Formation of occluded surface cells, whereby microorganisms form
“patchy” surface colonies. Sticky polymers attract and aggregate bio-
logical and nonbiological species to produce crevices and concentra-
tion cells, the basis for accelerated attack.

■ Fixing of anodic reaction sites, whereby microbiological surface
colonies lead to the formation of corrosion pits, driven by microbial
activity and associated with the location of these colonies.

■ Underdeposit acid attack, whereby corrosive attack is accelerated by
acidic final products of the MIC “community metabolism,” principal-
ly short-chain fatty acids.

Certain microorganisms thrive under aerobic conditions, whereas
others thrive in anaerobic conditions. Anaerobic conditions may be cre-
ated in the microenvironmental regime even if the bulk conditions are
aerobic. The pH conditions and availability of nutrients also play a role
in determining what types of microorganisms can thrive in a soil envi-
ronment. In general, microbial activity is highest in the surface O and
A horizons, because of the availability of both organic carbon nutrients
and oxygen. Microorganisms associated with corrosion damage in soils
include the following:

■ Anaerobic bacteria, which produce highly corrosive species as part of
their metabolism.

■ Aerobic bacteria, which produce corrosive mineral acids.
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■ Fungi, which may produce corrosive by-products in their metabo-
lism, such as organic acids. Apart from metals and alloys, they can
degrade organic coatings and wood.

■ Slime formers, which may produce concentration corrosion cells on
surfaces.

A summary of the characteristics of bacteria commonly associated with
soil corrosion (mostly for iron-based alloys) is provided in Table 2.26.

2.4.4 Soil corrosivity classifications

For design and corrosion risk assessment purposes, it is desirable to
estimate the corrosivity of soils, without conducting exhaustive corrosion
testing. Corrosion testing in soils is complicated by the fact that long
exposure periods may be required (buried structures are usually expect-
ed to last for several decades) and that many different soil conditions can
be encountered. Considering the complexity of the parameters affecting
soil corrosion, it is obvious that the use of relatively simple soil corrosiv-
ity models is bound to be inaccurate. These limitations should be consid-
ered when applying any of the common aids/methodologies.

One of the simplest classifications is based on a single parameter, soil
resistivity. Table 2.27 shows the generally adopted corrosion severity
ratings. Sandy soils are high on the resistivity scale and therefore are
considered to be the least corrosive. Clay soils, especially those contam-
inated with saline water, are on the opposite end of the spectrum. The
soil resistivity parameter is very widely used in practice and is general-
ly considered to be the dominant variable in the absence of microbial
activity.

The American Water Works Association (AWWA) has developed a
numerical soil corrosivity scale that is applicable to cast iron alloys. A
severity ranking is generated by assigning points for different vari-
ables, presented in Table 2.28.44 When the total points of a soil in the
AWWA scale are 10 (or higher), corrosion protective measures (such as
cathodic protection) have been recommended for cast iron alloys. It
should be appreciated that this rating scale remains a relatively sim-
plistic, subjective procedure for specific alloys. Therefore, it should be
viewed as a broad indicator and should not be expected to accurately
predict specific cases of corrosion damage.

A worksheet for estimating the probability of corrosion damage to
metallic structures in soils has been published, based on European
work in this field. The worksheet consists of 12 individual ratings (R1
to R12), listed in Table 2.29.45 This methodology is very detailed and
comprehensive. For example, the effects of vertical and horizontal soil
homogeneity are included, as outlined in Table 2.30. Even details such
as the presence of coal or coke and other pollutants in the soil are con-
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TABLE 2.26 Characteristics of Bacteria Commonly Associated with Corrosion in Soils

Species Likely soil conditions Metabolic action Species produced Comments

Sulfate-reducing Anaerobic, close to Convert sulfate Iron sulfide, Very well known for corrosion of iron
bacteria (SRB) neutral pH values, to sulfide hydrogen and steel. Desulfovibrio genus 

presence of sulfate ions. sulfide very widespread
Often associated with
waterlogged clay soils

Iron-oxidizing Acidic, aerobic Oxidize ferrous Sulfuric acid, Thiobacillus ferrooxidans
bacteria (IOB) ions to ferric ions iron sulfate is a well-known example

Sulfur-oxidizing Aerobic, acidic Oxidize sulfur and Sulfuric acid Thiobacillus genus is a common 
bacteria (SOB) sulfide to form example

sulfuric acid

Iron bacteria (IB) Aerobic, close to Oxidize ferrous ions Magnetite Gallionella genus is an example.
neutral pH values to ferric ions Usually associated with deposit 

and tubercle formation149
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sidered. The assessment is directed at ferrous materials (steels, cast
irons, and high-alloy stainless steels), hot-dipped galvanized steel, and
copper and copper alloys. Summation of the individual ratings pro-
duces an overall corrosivity classification into one of the four cate-
gories listed in Table 2.31. It has been pointed out that sea or lake beds
cannot be assessed using this worksheet.
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TABLE 2.27 Corrosivity Ratings Based on Soil Resistivity

Soil resistivity, ��cm Corrosivity rating

� 20,000 Essentially noncorrosive
10,000–20,000 Mildly corrosive

5000–10,000 Moderately corrosive
3000–5000 Corrosive
1000–3000 Highly corrosive
� 1000 Extremely corrosive

TABLE 2.28 Point System for Predicting Soil Corrosivity 
According to the AWWA C-105 Standard

Soil parameter Assigned points

Resistivity, ��cm
� 700 10
700–1000 8

1000–1200 5
1200–1500 2
1500–2000 1
� 2000 0

pH
0–2 5
2–4 3
4–6.5 0

6.5–7.5 0
7.5–8.5 0
� 8.5 3

Redox potential, mV
� 100 0
50–100 3.5

0–50 4
� 0 5

Sulfides
Positive 3.5
Trace 2
Negative 0

Moisture
Poor drainage, continuously wet 2
Fair drainage, generally moist 1
Good drainage, generally dry 0
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2.4.5 Corrosion characteristics of selected
metals and alloys

Ferrous alloys. Steels are widely used in soil, but almost never with-
out additional corrosion protection. It may come as something of a sur-
prise that unprotected steel is very vulnerable to localized corrosion
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TABLE 2.30 R10 and R12 Worksheet Ratings

Resistivity variation between adjacent domains 
(all positive R2 values are treated as equal) Rating

R10, Horizontal Soil Homogeneity

R2 difference �2 0
R2 difference �2 and �3 �2
R2 difference �3 �4

R11, Vertical Soil Homogeneity

Adjacent soils with same Embedded in soils with same 0
resistivity structure or in sand

Embedded in soils with 
different structure or 
containing foreign matter �6

Adjacent soils with R2 difference �2 and �3 �1
different resistivity R2 difference �3 �6

TABLE 2.29 Variables Considered in Worksheet 
of Soil Corrosivity

Rating number Parameter

R1 Soil type
R2 Resistivity
R3 Water content
R4 pH
R5 Buffering capacity
R6 Sulfides
R7 Neutral salts
R8 Sulfates
R9 Groundwater

R10 Horizontal homogeneity
R11 Vertical homogeneity
R12 Electrode potential

TABLE 2.31 Overall Soil Corrosivity Classification

Summation of R1 to R12 ratings Soil classification

�0 Virtually noncorrosive
�1 to �4 Slightly corrosive
�5 to �10 Corrosive

�10 Highly corrosive
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damage (pitting) when buried in soil. Such attack is usually the result
of differential aeration cells, contact with different types of soil, MIC,
or galvanic cells when coal or cinder particles come into contact with
buried steel. Stray current flow in soils can also lead to severe pitting
attack. A low degree of soil aeration will not necessarily guarantee low
corrosion rates for steel, as certain microorganisms associated with
severe MIC damage thrive under anaerobic conditions.

The primary form of corrosion protection for steel buried in soil is
the application of coatings. When such coatings represent a physical
barrier to the environment, cathodic protection in the form of sacrifi-
cial anodes or impressed current systems is usually applied as an addi-
tional precaution. This additional measure is required because coating
defects and discontinuities will inevitably be present in protective
coatings.

Cast iron alloys have been widely used in soil; many gas and water
distribution pipes in cities are still in use after decades of service. These
have been gradually replaced with steel (coated and cathodically pro-
tected) and also with polymeric pipes. While cast irons are generally
considered to be more resistant to soil corrosion than steel, they are
subject to corrosion damage similar to that described above for steel.
Coatings and cathodic protection with sacrificial anodes tend to be used
to protect buried cast iron structures.

Stainless steels are rarely used in soil applications, as their corro-
sion performance in soil is generally poor. Localized corrosion attack is
a particularly serious concern. The presence of halide ions and con-
centration cells developed on the surface of these alloys tends to induce
localized corrosion damage. Since pitting tends to be initiated at rela-
tively high corrosion potential values, higher redox potentials increase
the localized corrosion risk. Common grades of stainless steel (even
the very highly alloyed versions) are certainly not immune to MIC,
such as attack induced by sulfate-reducing bacteria.

Nonferrous metals and alloys. In general, copper is considered to have
good resistance to corrosion in soils. Corrosion concerns are mainly
related to highly acidic soils and the presence of carbonaceous contam-
inants such as cinder. Chlorides and sulfides also increase the risk of
corrosion damage. Contrary to common belief, copper and its alloys are
not immune to MIC. Cathodic depolarization, selective leaching,
underdeposit corrosion, and differential aeration cells have been cited
as MIC mechanisms for copper alloys.46 Corrosive products produced
by microbes include carbon dioxide, hydrogen sulfide and other sulfur
compounds, ammonia, and acids (organic and inorganic).

In the case of brasses, consideration must be given to the risk of
dezincification, especially at high zinc levels. Soils contaminated with
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detergent solutions and ammonia also pose a higher corrosion risk for
copper and copper alloys. Additional corrosion protection for copper
and copper alloys is usually considered only in highly corrosive soil
conditions. Cathodic protection, the use of acid-neutralizing backfill
(for example, limestone), and protective coatings can be utilized.

The main application of zinc in buried applications is in galvanized
steel. Performance is usually satisfactory unless soils are poorly aerated,
acidic, or highly contaminated with chlorides, sulfides, and other solutes.
Well-drained soils with a coarse texture (the sandy type) provide a high
degree of aeration. It should also be borne in mind that zinc corrodes
rapidly under highly alkaline conditions. Such conditions can arise on
the surface of cathodically overprotected structures. The degree of corro-
sion protection afforded by galvanizing obviously increases with the
thickness of the galvanized coating. Additional protection can be afford-
ed by so-called duplex systems, in which additional paint coatings are
applied to galvanized steel.

The corrosion resistance of lead and lead alloys in soils is generally
regarded as being in between those of steel and copper. The corrosion
resistance of buried lead sheathing for power and communication
cables has usually been satisfactory. Caution needs to be exercised in
soils containing nitrates and organic acids (such as acetic acid).
Excessive corrosion is also found under highly alkaline soil conditions.
Silicates, carbonates, and sulfates tend to retard corrosion reactions by
their passivating effects on lead. Barrier coatings can be used as addi-
tional protection. When cathodic protection is applied, overprotection
should be avoided because of the formation of surface alkalinity.

Aluminum alloys are used relatively rarely in buried applications,
although some pipelines and underground tanks have been construct-
ed from these alloys. Like stainless steels, these alloys tend to under-
go localized corrosion damage in chloride-contaminated soils.
Protection by coatings is essential to prevent localized corrosion dam-
age. Cathodic protection criteria for aluminum alloys to minimize the
risk of generating undesirable alkalinity are available. Aluminum
alloys can undergo accelerated attack under the influence of microbio-
logical effects. Documented mechanisms include attack by organic acid
produced by bacteria and fungi and the formation of differential aera-
tion cells.46 It is difficult to predict the corrosion performance of alu-
minum and its alloys in soils with any degree of confidence.

Reinforced concrete. Steel-reinforced concrete (SRC) pipes are widely
used in buried applications to transport water and sewage, and their
use dates back nearly a century. So-called prestressed concrete cylin-
der pipes (PCCP) were already developed prior to 1940 for designs
requiring relatively high operating pressures and large diameters.
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PCCP applications include water transmission mains, distribution
feeder mains, water intake and discharge lines, low-head penstocks,
industrial pressure lines, sewer force mains, gravity sewer lines, sub-
aqueous lines, and spillway conduits.47

There are three dominant species in soils that lead to excessive
degradation of reinforced concrete piping. Sulfate ions tend to attack
the tricalcium aluminate phase in concrete, leading to severe degra-
dation of the concrete/mortar cover and exposure of the reinforcing
steel. The mechanism of degradation involves the formation of a volu-
minous reaction product in the mortar, which leads to internal pres-
sure buildup and subsequent disintegration of the cover. Sulfate levels
exceeding about 2 percent (by weight) in soils and groundwater report-
edly put concrete pipes at risk. Chloride ions are also harmful, as they
tend to diffuse into the concrete and lead to corrosion damage to the
reinforcing steel. A common source of chloride ions is soil contamina-
tion by deicing salts. This corrosion phenomenon is discussed in detail
in Sec. 2.5, Reinforced Concrete. Finally, acidic soils present a corro-
sion hazard. The protective alkaline environment that passivates the
reinforcing steel can be disrupted over time. Carbonic acid and humic
acid are examples of acidic soil species.

2.4.6 Summary

Corrosion processes in soil are highly complex phenomena, especially
since microbiologically influenced corrosion can play a major role. Soil
parameters tend to vary in three dimensions, which has important
ramifications for corrosion damage. Such variations tend to set up
macrocells, leading to accelerated corrosion at the anodic site(s). The
corrosion behavior of metals and alloys in other environments should
not be extrapolated to their performance in soil. In general, soils rep-
resent highly corrosive environments, often necessitating the use of
additional corrosion protection measures for common engineering met-
als and alloys.

2.5 Reinforced Concrete

2.5.1 Introduction

Concrete is the most widely produced material on earth. The use of
cement, a key ingredient of concrete, by Egyptians dates back more
than 3500 years. In the construction of the pyramids, an early form of
mortar was used as a structural binding agent. The Roman Coliseum
is a further example of a historic landmark utilizing cement mortar as
a construction material. Worldwide consumption of concrete is close to
9 billion tons and is expected to rise even further.
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Contrary to common belief, concrete itself is a complex composite
material. It has low strength when loaded in tension, and hence it is
common practice to reinforce concrete with steel, for improved tensile
mechanical properties. Concrete structures such as bridges, buildings,
elevated highways, tunnels, parking garages, offshore oil platforms,
piers, and dam walls all contain reinforcing steel (rebar). The princi-
pal cause of degradation of steel-reinforced structures is corrosion
damage to the rebar embedded in the concrete. The scale of this prob-
lem has reached alarming proportions in various parts of the world. In
the early 1990s, the costs of rebar corrosion in the United States alone
were estimated at $150 to $200 billion per year.48

The durability of concrete should not simply be equated to high-
strength grades of concrete. There are several methods for controlling
rebar corrosion in new structures, and valuable lessons can be learned
from previous failures. In existing structures, the choices for correct-
ing rebar corrosion problems are relatively limited. The corrosion
mechanisms involved in the repair of existing structures may be fun-
damentally different from those that affect new constructions. A
gamut of inspection methods is available for assessment of the condi-
tion of reinforced concrete structures.

2.5.2 Concrete as a structural material

In order to understand corrosion damage in concrete, a basic under-
standing of the nature of concrete as an engineering material is
required. A brief summary follows for this purpose. It is important to
distinguish clearly among terms such as cement, mortar, and concrete.
Unfortunately, these tend to be used interchangeably in household use.

The fundamental ingredients required to make concrete are cement
clinker, water, fine aggregate, coarse aggregate, and certain special addi-
tives. Cement clinker is essentially a mixture of several anhydrous
oxides. For example, standard Portland cement consists mainly of the
following compounds, in order of decreasing weight percent: 3CaO�SiO2,
2CaO�SiO2, 3CaO�Al2O3, and 4CaO�Al2O3�Fe2O3. The cement reacts with
water to form the so-called cement paste. It is the cement paste that sur-
rounds the coarse and fine aggregate particles and holds the material
together. The importance of adequately mixing the concrete constituents
should thus be readily apparent. The fine and coarse aggregates are
essentially inert constituents. In general, the size of suitable aggregate
is reduced as the thickness of the section of a structure decreases.

The reaction of the cement and water to form the cement paste is
actually a series of complex hydration reactions, producing a multi-
phase cement paste. One example of a specific hydration reaction is
the following:
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2(3CaO � SiO2) � 6H2O → 3Ca(OH)2 � 3CaO � 2SiO2 � 3H2O (2.28)

Following the addition of water, the cement paste develops a fibrous
microstructure over time. Importantly for corrosion considerations,
the cement paste is not a continuous solid material on a microscopic
scale. Rather, the cement paste is classified as a “gel” to describe its
limited crystalline character and the water-filled spaces between the
solid phases. These microscopic spaces are also known as gel “pores”
and, strictly speaking, are filled with an ionic solution rather than
“water.” Additional pores of larger size are found in the cement paste
and between the cement paste and the aggregate particles. The pores
that result from excess water in the concrete mix are known as capil-
lary pores. Air voids are also invariably present in concrete. In so-
called air-entrained concrete, microscopic air voids are intentionally
created through admixtures. This practice is widely used in cold cli-
mates to minimize freeze-thaw damage. Clearly then, concrete is a
porous material, and it is this porosity that allows the ingress of cor-
rosive species to the embedded reinforcing steel.

A further important feature of the hydration reactions of cement with
water is that the resulting pore solution in concrete is highly alkaline
[refer to Eq. (2.28) above]. In addition to calcium hydroxide, sodium and
potassium hydroxide species are also formed, resulting in a pH of the
aqueous phase in concrete that is typically between 12.5 and 13.6.
Under such alkaline conditions, reinforcing steel tends to display com-
pletely passive behavior, as fundamentally predicted by the Pourbaix
diagram for iron. In the absence of corrosive species penetrating into
the concrete, ordinary carbon steel reinforcing thus displays excellent
corrosion resistance.

From the above discussion, the complex nature of concrete as a par-
ticulate-strengthened ceramic-matrix composite material and the dif-
ference between the terms concrete and cement should be apparent.
The term mortar refers to a concrete mix without the addition of any
coarse aggregate.

2.5.3 Corrosion damage in reinforced
concrete

Mehta’s holistic model of concrete degradation. The large-scale environ-
mental degradation of the reinforced concrete infrastructure in many
countries (often prematurely) has indicated that traditional approach-
es to concrete durability may be in need of revision. Historically, the
general approach has been to relate concrete durability directly to the
strength of concrete. It is well known that higher water-to-cement
ratios in concrete lead to lower strength and increase the degree of
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porosity in the concrete. A generally accepted argument is that low-
strength, more permeable concrete is less durable. However, in real
reinforced concrete structures, durability issues are more complex,
and consideration of the strength variable alone is inadequate.

The approach adopted by Mehta in his holistic model of concrete degra-
dation was to focus on the soundness of concrete under service conditions
as a fundamental measure of concrete durability rather than on the
strength of concrete. In simplistic terms, soundness of concrete implies
freedom from cracking.49 Mehta’s proposed model of concrete degradation
has been adapted in the illustration of environmental damage in Fig.
2.25. According to this model, concrete manufactured to high quality stan-
dards is initially considered to be an impermeable structure. This condi-
tion exists so long as interior pores and microcracks do not form
interconnected paths extending to the exterior surfaces.

Under environmental weathering and loading effects, the perme-
ability of the concrete gradually increases as the network of “defects”
becomes more interconnected over time. It is then that water, carbon
dioxide, and corrosive ions such as chlorides can enter the concrete
and produce detrimental effects at the level of the reinforcing steel.
The corrosion mechanisms involved are discussed in more detail in
subsequent sections. The buildup of corrosion products leads to a
buildup of internal pressure in the reinforced concrete because of the
voluminous nature of these products. The volume of oxides and
hydroxides associated with rebar corrosion damage relative to steel is
shown in Fig. 2.26. In turn, these internal stresses lead to severe
cracking and spalling of the concrete covering the reinforcing steel.
Extensive surface damage produced in this manner is shown in Figs.
2.27 and 2.28. It is clear that the damage inflicted by formation of cor-
rosion products (and other effects) reduces the soundness of concrete
and facilitates further deterioration at an increasing rate.

In the light of the importance that Mehta’s model of environmental
concrete degradation attaches to defects such as cracks, the reliance on
the high strength of concrete alone for satisfactory service life becomes
questionable. High strength levels in concrete alone certainly do not
guarantee a high degree of soundness; several arguments can be made
for high-strength concrete being potentially more prone to cracking.

The importance of concrete cracks in rebar corrosion has also been
highlighted by Nürnberger.50 Both carbonation and chloride ion diffu-
sion, two important processes associated with rebar corrosion, can pro-
ceed more rapidly into the concrete along the crack faces, compared
with uncracked concrete. Nürnberger argued that corrosion in the
vicinity of the crack tip could be accelerated further by crevice corro-
sion effects and galvanic cell formation. The steel in the crack will tend
to be anodic relative to the cathodic (passive) zones in uncracked
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A �new� reinforced concrete structure containing
discontinuous cracks, microcracks and pores

Cracks, microcracks and pores become more interconnected

Serious cracking, spalling and loss of mass

Expansion of concrete due to internal pressure buildup
caused by corrosion of steel, freezing water and

 chemical attack of the concrete

Reduction in strength and stiffness of concrete 

CLOSED

Environmental Effect:
Cyclic heating, cooling
Wetting/drying
Cyclic and impact loading

Stage 1:
No visible damage

Stage 2:
Initiation and
propagation of damage

Environmental Effect:
Penetration of corrosive
species
Penetration of water

Figure 2.25 Concrete degradation processes resulting from environmental effects.
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concrete. The particularly harmful effects of dried-out cracks (as
opposed to those that are water-filled), which allow rapid ingress of
corrosive species, were also emphasized. Even casual visual examina-
tions of most reinforced concrete structures invariably reveal the pres-
ence of macroscopic cracks in concrete.

Corrosion mechanisms. The two most common mechanisms of reinforc-
ing steel corrosion damage in concrete are (1) localized breakdown of the
passive film by chloride ions and (2) carbonation, a decrease in pore solu-
tion pH, leading to a general breakdown in passivity. Harmful chloride
ions usually originate from deicing salts applied in cold climate regions
or from marine environments/atmospheres. Carbonation damage is pre-
dominantly induced by a reaction of concrete with carbon dioxide (CO2)
in the atmosphere.

Chloride-induced rebar corrosion. Corrosion damage to reinforcing
steel is an electrochemical process with anodic and cathodic half-cell
reactions. In the absence of chloride ions, the anodic dissolution reac-
tion of iron,
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Figure 2.26 Relative volume of possible rebar corrosion products.
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Figure 2.27 Concrete degradation caused by rebar corrosion damage in a highway structure
in downtown Toronto, Ontario. Extensive repair work was underway on this structure at
the time the picture was taken. The annual maintenance costs for this structure were
recently reported at around $18 million.
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Figure 2.28 Concrete degradation caused by rebar corrosion damage near
Kingston, Ontario. This bridge underwent extensive rehabilitation shortly
after this picture was taken.
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Fe → Fe2� � 2e� (2.29)

is balanced by the cathodic oxygen reduction reaction,

1�2O2 � H2O � 2e� → 2OH� (2.30)

Oxygen diffuses to the reinforcing steel surface through the porous
concrete, with cracks acting as fast diffusion paths, especially if they
are not filled with water. The Fe2� ions produced at the anodes com-
bine with the OH� ions from the cathodic reaction to ultimately pro-
duce a stable passive film. This electrochemical process is illustrated
schematically in Fig. 2.29.

Chloride ions in the pore solution, having the same charge as OH�

ions, compete with these anions to combine with the Fe2� cations. The
resulting iron chloride complexes are thought to be soluble (unstable);
therefore, further metal dissolution is not prevented, and ultimately
the buildup of voluminous corrosion products takes place. Chloride
ions also tend to be released from the unstable iron chloride complex-
es, making these harmful ions available for further reaction with the
reinforcing steel. As the iron ultimately precipitates out in the form of
iron oxide or hydroxide corrosion products, it can be argued that the
consumption of hydroxide ions leads to localized pH reduction and
therefore enhanced metal dissolution.

162 Chapter Two

H O2

O2 O2 O2

O 2Fe

2e

-

2+

Anode Reaction   :  Fe     Fe   + 2e
Cathode Reaction: 1/2O  + H O + 2e      2OH2 2

-
-

-
2+

Oxygen diffuses into
the Concrete

The Pore Solution acts
as the Electrolyte

Depth
of Cover

Figure 2.29 Schematic illustration of electrochemical corrosion reactions in concrete.

0765162_Ch02_Roberge  9/1/99 4:02  Page 162



Chloride-induced rebar corrosion tends to be a localized corrosion
process, with the original passive surface being destroyed locally
under the influence of chloride ions. Apart from the internal stresses
created by the formation of corrosion products leading to cracking and
spalling of the concrete cover, chloride attack ultimately reduces the
cross section and significantly compromises the load-carrying capabil-
ity of steel-reinforced concrete.

Sources of chloride ions and diffusion into concrete. The harmful chloride
ions leading to rebar corrosion damage either originate directly from
the concrete mix constituents or diffuse into the concrete from the sur-
rounding environment. The use of seawater or aggregate that has been
exposed to saline water (such as beach sand) in concrete mixes creates
the former case. Calcium chloride has been deliberately added to cer-
tain concrete mixes to accelerate hardening at low temperatures,
mainly before the harmful corrosion effects were widely known.

An important source of chlorides from the external environment is
the widespread use of deicing salts on road surfaces in cold climates.
Around 10 million tons of deicing salt is used annually in the United
States; the Canadian figure is about 3 million tons. The actual tonnage
used each year fluctuates with the severity of the particular winter
season. The main purpose of deicing salt application is to keep road-
ways safe and passable in winter and to minimize the disruption of
economic activity. The application of salt to ice and snow results in the
formation of brine, which has a lower freezing point.

Salt, primarily in the form of rock salt, is the most widely used deic-
ing agent in North America because of its low cost, general availabili-
ty, and ease of storage and handling. Rock salt is also known as halite
and has the well-known chemical formula NaCl. The rate of salt appli-
cation to roads varies with traffic and weather conditions. Other chlo-
ride compounds in use for deicing purposes are calcium chloride
(CaCl2) and magnesium chloride (MgCl2).

Other obvious important sources of corrosive chloride ions are sea-
water and marine atmospheres. Alternate drying and wetting cycles
promote the buildup of chloride ions on surfaces. Hence actual surface
concentrations of chlorides can be well in excess of those of the bulk
environment.

Clearly the diffusion rate of external chlorides into concrete to the
reinforcing steel is very important. While some simplified models such
as Fick’s second law of diffusion have been used for life prediction pur-
poses in combination with so-called critical chloride levels, the actual
processes are much more complex than such simplistic models.
Considering the complex nature of concrete as a material on the
microstructural scale, this complexity must be anticipated. Chloride
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diffusion processes are affected by capillary suction and chemical and
physical interaction in the concrete. Weather/climatic conditions, the
pore structure in concrete, and other microstructural parameters are
important variables. If only the capillary suction mechanism is con-
sidered, the rate of chloride ingress from exposure to a saline solution
will be higher in dry concrete than in water-saturated concrete.
Furthermore, the surface concentration of chlorides is obviously time-
dependent, particularly in deicing salt applications, adding more com-
plications to diffusion models. The effects of cracks on both the
macroscopic and microscopic levels are also important practical con-
siderations, since they function as rapid chloride diffusion paths.

Chlorides in concrete and critical chloride levels. Chlorides in concrete exist in
two basic forms, so-called free chlorides and bound chlorides. The former
are mobile chlorides dissolved in the pore solution, whereas the latter
type represents relatively immobile chloride ions that interact (by chem-
ical binding and/or adsorption) with the cement paste. At first glance, it
may appear that only the free chlorides should be considered for corro-
sion reactions. However, Glass and Buenfeld have recently reviewed the
role of both bound and free chlorides in corrosion processes in detail and
have concluded that both types may be important.51 Bound chloride may
essentially buffer the chloride ion activity at a high value, and localized
acidification at anodic sites may release some bound chloride.

The determination of a critical chloride level, below which serious
rebar corrosion damage does not occur, for design, maintenance plan-
ning, and life prediction purposes is appealing. Not surprisingly, then,
several studies have been directed at defining such a parameter.
Unfortunately, the concept of a critical chloride content as a universal
parameter is unrealistic. Rather, a critical chloride level should be
defined only in combination with a host of other parameters. After all,
a threshold chloride level for corrosion damage will be influenced by
variables such as

■ The pore solution pH
■ Moisture content of the concrete
■ Temperature
■ Age and curing conditions of the concrete
■ Water-to-cement ratio
■ Pore structure and other “defects”
■ Oxygen availability (hence cover and density of concrete)
■ Presence of prestressing
■ Cement and concrete composition
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Considering the above, it is apparent that the specification of critical
chloride levels should be treated with extreme caution. Furthermore, it
should not be surprising that an analysis of 15 chloride levels reported
for the initiation of corrosion of steel produced a range of 0.17 to 2.5
percent, expressed as total chlorides per weight of cement.51

Carbonation-induced corrosion. Carbon dioxide present in the atmos-
phere can reduce the pore solution pH significantly by reacting with
calcium hydroxide (and other hydroxides) to produce insoluble carbon-
ate in the concrete as follows:

Ca(OH)2 � CO2 → CaCO3 � H2O (2.31)

Carbonation is manifested as a reduction in the pH of the pore solu-
tion in the outer layers of the concrete and often appears as a well-
defined “front” parallel to the external surface. This front can
conveniently be made visible by applying a phenolphthalein indicator
solution to freshly exposed concrete surfaces. Behind the front, where
all the calcium hydroxide has been depleted, the pH is around 8, where-
as ahead of the front, the pH remains in excess of 12.5.52 The passivat-
ing ability of the pore solution diminishes with the decrease in pH.
Carbonation-induced corrosion tends to proceed in a more uniform man-
ner over the rebar surface than chloride-induced corrosion damage.

The rate of ingress of carbonation damage in concrete decreases
with time. Obviously carbon dioxide has to penetrate greater distances
into the concrete over time. The precipitation of calcium carbonate and
possibly additional cement hydration are also thought to contribute to
the reduced rate of ingress.52

Several variables affect the rate of carbonation. In general, low-per-
meability concrete is more resistant. Carbonation tends to proceed
most rapidly at relative humidity levels between 50 and 75 percent. At
lower humidity levels, carbon dioxide can penetrate into the concrete
relatively rapidly, but little calcium hydroxide is available in the dis-
solved state for reaction with it. At higher humidity levels, the water-
filled pore structure is a more effective barrier to the ingress of carbon
dioxide. Clearly, environmental cycles of alternate dry and wet condi-
tions will be associated with rapid carbonation damage.

In many practical situations, carbonation- and chloride-induced
corrosion can occur in tandem. Research studies have shown that cor-
rosion caused by carbonation was intensified with increasing chloride
ion concentration, provided that the carbonation rate itself was not
retarded by the presence of chlorides.52 According to these studies,
chloride attack and carbonation can act synergistically (the combined
damage being more severe than the sum of its parts) and have been
responsible for major corrosion problems in hot coastal areas.
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2.5.4 Remedial measures

In principle, a number of fundamental technical measures can be tak-
en to address the problem of reinforcing steel corrosion, such as

■ Repairing the damaged concrete
■ Modifying the external environment
■ Modifying the internal concrete environment
■ Creating a barrier between the concrete and the external environment
■ Creating a barrier between the rebar steel and the internal concrete

environment
■ Applying cathodic protection to the rebar
■ Using alternative, more corrosion-resistant rebar materials
■ Using alternative methods of reinforcement

Alternative solutions to periodic repair of damaged concrete are
being sought. After all, this is generally a costly corrective mainte-
nance approach after serious damage has already set in. In view of the
overwhelming magnitude of the problem and increasingly limited gov-
ernment budgets, various alternative approaches have come to the
forefront over the last two decades. Several of these are still in emerg-
ing stages with limited track records. Given that rebar corrosion prob-
lems are typically manifested only over many decades, it takes
significant time for new technologies to acquire credibility in industri-
al practice.

An important distinction has to be made in the applicability of reme-
dial measures to new and existing structures. Unfortunately, the
options for the most pressing problems in aging existing structures are
fairly limited. Obviously even the “best” technologies for new con-
struction are of limited value if education and technology transfer
efforts directed at designers and users are not effective. This aspect is
particularly challenging in the fragmented construction industry.52 A
further important prerequisite for advancing the cause of effective cor-
rosion control in reinforced concrete structures is acceptance and
implementation of life-cycle costing, as opposed to awarding contracts
on the basis of the lowest initial capital cost outlay.

Alternative deicing methods. Since chloride-based deicing agents are a
major factor in rebar corrosion, one obvious consideration is the possi-
ble use of alternative noncorrosive deicing chemicals. Such chemicals
are indeed available and are used in selective applications, such as for
airport runway deicing and on certain bridges. In addition to the cor-
rosive action on reinforcing steel, the details of the deicing mechanism
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(temperature ranges, texture of products, etc.) and possible damage to
the concrete itself obviously need to be considered for alternative chem-
icals. Strictly speaking, a distinction is also made between anti-icing
and deicing, depending on whether chemical application is done before
or after snow and ice accumulation. An excellent summary of highway
deicing practices has been published by the Ministry of Transportation,
Ontario.53

The potential use of calcium magnesium acetate (CMA) has been
extensively researched in North America, and field trials have 
been conducted in several states and provinces. The CMA specifica-
tion in terms of composition, particle size and shape, color, and den-
sity has evolved over time. CMA application rates have generally
been higher than those for salt. The majority of trials conducted
have indicated effectiveness similar to that of salt at temperatures
down to �5°C, but slower performance than salt at lower tempera-
tures. Unfortunately, costs are reportedly more than 10 times high-
er than those of road salt on a mass basis. If a higher application
rate of 1.5 times that of salt is assumed, a cost factor increase of 45
has been reported.53 Cost issues surrounding the use of CMA are
complex and include factors such as potential environmental bene-
fits, reduced automobile corrosion, mass production technology, and
alternative raw materials.

The use of formate compounds as highway deicers was explored as
early as 1965. Lower reaction rates of sodium formate with snow and
ice have been reported in Canadian field trials. In the Canadian stud-
ies, commercial grades of sodium formate were found to be “contami-
nated” with chlorides.53 Concerns related to automobile corrosion and
increased costs have been expressed, and little information is avail-
able concerning possible adverse effects on the environment.

Urea is widely used as an airport runway deicer, as it is not corro-
sive to aircraft materials. However, urea is generally not considered to
be a viable alternative deicing chemical for highway applications.
Reported limitations include higher application rates, longer reaction
times, effectiveness only at temperatures above �10°C, relatively high
cost, and significant adverse effects on the environment.53

Verglimit, a patented compound, is often mentioned in the context
of alternative deicing compounds. In this product, capsules that con-
tain calcium chloride are incorporated into asphalt paving. With grad-
ual wear and tear of the asphalt surface, the capsules are exposed and
broken open, releasing the deicing chemical. This methodology was
specifically designed for exposed bridge decks that freeze over more
rapidly than adjacent road surfaces. Many North American readers
will be familiar with the traffic warning signs, “Caution: Bridge
Freezes First.”
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Abrasives are widely used in Europe and North America to improve
skid resistance, and using them exclusively as a means of eliminating
deicing salts has been considered. While mixtures of sand and road
salt are widely used, elimination of deicing chemicals has not proved
feasible in geographic areas such as Ontario. A major problem is that
abrasives alone do not assist snowplows in removing ice bonded to
pavements. Other problems include the blocking of storm sewers and
accumulation in catch basins. Importantly, without mixed-in deicing
chemicals, stockpiles of abrasives would tend to freeze in winter, with
resultant reduced workability and difficulty in spreading. Such stock-
piles invariably contain moisture, causing abrasive particles to freeze
together in winter.

The concept of embedding electrical heating elements in concrete to
keep road surfaces ice-free has received some attention. Considering
the fact that electric power is routinely fed to street lighting, the
potential merits of such systems can be appreciated. A Canadian
experimental concept of electrically conducting concrete also appears
to hold promise for heating purposes. Other innovative experimental
approaches that have been explored include noncontact deicing with
acoustic or microwave energy.

Alternative deicing methods are largely applicable to new structures;
arguably, they may also benefit existing structures, provided that no
serious corrosion damage or chloride ion ingress has taken place.

Cathodic protection. Cathodic protection (CP) is one of the few tech-
niques that can be applied to control corrosion on existing structures.
Cathodic protection of conventional rebar is well established, with
applications dating back well over 20 years. The subject of the applica-
bility of CP to prestressed concrete (pre- and posttensioned systems) is
much more controversial, with the main concern being hydrogen
embrittlement of the high-strength prestressing steel. To the author’s
knowledge, CP for prestressed concrete has not progressed beyond ini-
tial laboratory tests. The difficult issues surrounding CP and pre-
stressed concrete have been reviewed by Hartt.54

The principles and theory of cathodic protection are the subject of
Chap. 11. Essentially the concept involves polarizing the rebar to a
cathodic potential, where anodic dissolution of the rebar is minimized.
A direct current source (rectifier) is usually employed to establish the
rebar as the cathode of an electrochemical cell, and a separate anode
is required to complete the electric circuit. Three basic methods are
available for controlling the output of a rectifier:

■ In constant-current mode, the rectifier maintains a constant current
output. The output voltage will vary with changes in the circuit
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resistance. The potential of the reinforcing steel can be measured
with a reference cell as a function of the applied current, to ensure
that certain protection criteria are met.

■ In constant-voltage mode, a constant output voltage is maintained by
the rectifier. The applied current will change with variations in cir-
cuit resistance. Low concrete resistance, often associated with
increased risk for corrosion damage, will result in increased current
output. It should be noted that in this mode, the rebar potential is not
necessarily constant. It can again be monitored with a reference cell.

■ In constant rebar potential mode, the current output is adjusted con-
tinuously to provide a constant (preselected) rebar potential. The
rebar potential, measured continuously with reference electrodes, is
fed back to the rectifier unit. Successful operation in this mode
depends on minimizing the IR drop error in the rebar potential mea-
surements and on the accuracy and stability of the reference elec-
trodes over time.

An important issue in CP of reinforcing steel is how much current
should be impressed between the reinforcing steel and the anode. Too
little current will result in inadequate corrosion protection of the
rebar, while excessive current can result in problems such as hydrogen
embrittlement and concrete degradation. Furthermore, a uniform cur-
rent distribution is obviously desirable.

Unfortunately, the current requirement cannot be measured directly,
and various indirect criteria have been proposed (see Table 2.32). The
CP current requirements are often expressed in terms of the potential
of the reinforcing steel (or a shift in the potential when the CP system
is activated or deactivated) relative to a reference electrode. The refer-
ence electrodes can be located externally, in contact with the outside
concrete surface, or be embedded in the concrete with the rebar. It is
important that potential readings should be free from so-called IR drop
errors; this fundamental aspect is discussed in more detail in Chap. 11.
The current densities involved in meeting commonly used protection
criteria are typically around 10 mA per square meter of rebar surface.

Adequate anode lifetime is obviously also an important factor relat-
ed to the magnitude and uniformity of current flow. A variety of anode
systems have evolved for cathodic protection of reinforcing steel, each
with certain advantages and limitations. Continuous surface anodes
have been based on conductive bituminous overlays and conductive
surface coatings. The former are suited only to horizontal surfaces. In
general, good current distribution is achievable with such systems.
Discrete anodes have been used without overlays and with cementi-
tious overlays. For horizontal surfaces, anodes without overlays can be
recessed in the concrete surface. Nonuniform current distribution is a
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fundamental concern in these systems. Anodes in the form of a titani-
um mesh, with proprietary surface coatings of precious metals, are
commonly used in concrete structures, in conjunction with cementi-
tious overlays. These systems are applicable to both horizontal and
vertical surfaces and generally provide uniform current distribution.

Although the underlying principle of cathodic protection is a rela-
tively simple one, considerable attention needs to be directed at details
such as sound electrical connections, reliable reference electrodes,
durable control cabinets, possible short circuits between the anodes
and rebar, and maintenance schedules for the CP hardware.

Electrochemical chloride extraction. A further technique, applicable to
existing concrete structures that have been contaminated with chlo-
rides, involves the electrochemical removal of these harmful ions. The
hardware involved is similar to that involved in cathodic protection.
Electrochemical extraction of chloride ions is achieved by establishing
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TABLE 2.32 Cathodic Protection Criteria for Steel in Concrete

Criterion Details Comments

Potential shift 100-mV shift of rebar Depolarization occurs when CP
potential in the positive current is switched off. Time 
direction when system period required for rebar to 
is depolarized. depolarize is debatable. The 

potential reading before 
interrupting the CP current 
should be IR corrected.

Potential shift 300-mV shift of rebar The potential reading with the CP
potential in the negative current on should be IR corrected.
direction due to application The method relies on a stable 
of CP current. rebar potential before the 

application of CP current.

E log i curve The decrease in corrosion This methodology is
rate due to the application structure-specific, and the 
of CP current can be measurements involved are
determined provided the relatively complex and require
relationship between rebar specialist interpretation. Ideal 
potential E and current i can Tafel behavior is rarely observed 
be measured and modeled. for steel in concrete.
A simple model is Tafel 
behavior with a linear 
relationship between E
and log i.

Current density Application of 10 mA/m2 Empirical  approach based on 
of rebar surface area. limited  experience. Does not 

consider individual characteristics
of structures and environments.
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an anode and a caustic electrolyte on the external concrete surface,
and impressing a direct current between the anode and the reinforcing
steel, which acts as the cathode (Fig. 2.30). Under the application of
this electric field, chloride ions migrate away from the negatively
charged steel and toward the positively charged external anode.

Chloride extraction has been recommended for structures that do not
contain pre- or posttensioned steel and have little damage to the con-
crete itself. The current densities involved are significantly higher than
those used in cathodic protection. The unsuitability of the technique to
prestressed concrete is thus not surprising. The risk of hydrogen evo-
lution on the rebar and subsequent hydrogen embrittlement is clearly
much greater than in cathodic protection. Further requirements are a
high degree of rebar electrical continuity and preferably low concrete
resistance. Since the extraction processes require several days or even
weeks using suitable current densities, the technique is more applica-
ble to highway substructures than to bridge decks (most readers will
agree that long traffic closures are highly unpopular).

In practice, the chloride extraction process does not remove the
chloride ions from the concrete completely. Rather, a certain percent-
age is removed and the balance is redistributed away from the rein-
forcing bars. Importantly, through the cathodic reaction on the rebar
surface, OH� ions are generated, which have an important effect in
counteracting the harmful influence of chloride ions, as explained
earlier.

As with cathodic protection, the applied current density has to be
controlled. If the current magnitude is excessive, several problems can
arise, such as reduction in bond strength, softening of the cement paste
around the rebar steel, and cracking of the concrete. Concrete contain-
ing alkali-reactive aggregates is not considered a suitable candidate for
the process, as the expansive reactions leading to cracking and spalling
associated with these aggregates tend to be aggravated.55

Electrochemical chloride extraction has been applied industrially for
a number of years and can be an effective control method for chloride-
induced corrosion of existing structures. Its limitations and drawbacks
must be recognized, and it is clear that it is a relatively complex
methodology, requiring specialized knowledge.

Re-alkalization. This treatment is applied to existing structures, to
restore alkalinity around reinforcing bars in previously carbonated con-
crete. The electrochemical principle and hardware are similar to those
for electrochemical chloride extraction. Direct current is applied
between the cathodic rebar and external anodes positioned at the exter-
nal concrete surface and surrounded by electrolyte (Fig. 2.30).
Compared to cathodic protection, the current densities in re-alkalization
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are again significantly higher. Typically, the process is applied for sev-
eral days to restore alkalinity in carbonated concrete.

The external electrolyte used in re-alkalization is a sodium carbonate
solution, with a caustic pH. In addition to the generation of hydroxyl
(OH�) ions at the cathode and their migration away from the rebar under
the electric field, other mechanisms can account for the formation of
alkaline solution in the concrete. First, simple diffusion effects may arise
as a result of concentration gradients in the concrete. Furthermore,
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Figure 2.30 Principle of electrochemical chloride extraction and re-alkalization treat-
ments (schematic).
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“bulk” flow of external solution into the concrete may occur by either
direct absorption or electro-osmosis. In dry concrete, absorption effects
can occur to a depth of several centimeters in a matter of a day.

The potential disadvantages of re-alkalization are similar to those of
chloride extraction, namely, risk of reduced bond strength, hydrogen
embrittlement, alkali-aggregate reaction, and other microstructural
changes in the concrete. Several practical applications of this technol-
ogy have been documented in recent years.

Repair techniques. Given the vast scale of concrete infrastructure
deterioration by corrosion processes, concrete repair is practiced wide-
ly to maintain the functionality of existing structures. Anyone travel-
ing in North America during the road repair season can attest to this.
An important fundamental consideration that should be respected in
dealing with concrete repairs is that corrosion protection in repaired
systems has different requirements from corrosion protection in new
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New Structures Repaired Structures 

Service life includes corrosion
initiation and propagation phases

Reinforcement experiences a
relatively uniform internal concrete
environment (at least initially)

Durability requirements are related
to design life

Low  permeability concrete generally
offers excellent protection

Corrosive species usually penetrate
from the outside into the interior,
toward the rebar

Good and relatively uniform bond
between rebar and concrete

Protective coatings on rebar can be
applied under controlled, off-site
conditions  

Service life involves mostly the 
propagation phase - corrosion is 
generally more severe

The internal environment affecting
the rebar is very heterogeneous -
corrosion  macrocells can be set up

Durability requirements are related
to minimizing further corrosion

Low permeability concrete in one area
can lead to problems in another area

Transport effects from outside through
the protective cover but also from
old concrete to new concrete

Bond between rebar and concrete
often weakened and variable

Existing rebar cannot be removed from
site, hence surface preparation and 
coating application is more challenging

Figure 2.31 Differences between corrosion protection in new and repaired structures.
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construction. Some important differences between new and repaired
structures are highlighted in Fig. 2.31.

Two basic approaches to concrete repair have been followed. The
first repair methodology utilizes concrete or other cementitious mate-
rials alone. Essentially, these procedures involve the removal of loose,
spalled concrete, followed by further systematic removal of the con-
crete surrounding the corroded rebar. Finally, the rebar and concrete
surfaces are cleaned and primed before the new repair concrete is
applied. The repair procedures thus create three different material
zones that interact with the reinforcing steel: (1) the old chloride-con-
taminated/carbonated concrete, (2) the new concrete, and (3) the inter-
face between the old and new concrete. The interface may represent a
zone of weakness with respect to further ingress of corrosive species.

Importantly, the existing concrete should be removed to a depth well
below the corroded reinforcing bars. Failure to do this can easily produce
a detrimental galvanic corrosion cell in the repaired area, as depicted in
Fig. 2.32. An undesirable galvanic corrosion cell involving the new and
existing concrete can still be created despite this precaution, as shown in
Fig. 2.33. To avoid rebar corrosion damage in the existing concrete in this
situation, more extensive removal of the old chloride-contaminated con-
crete is necessary. Cathodic protection of the rebar or chloride extraction
could also be considered as part of the repair specifications. The complex
nature of electrochemical compatibility in repaired concrete structures is
well illustrated by the examples in Figs. 2.32 and 2.33.
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Figure 2.32 Galvanic corrosion cell in concrete repair (schematic).
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Figure 2.33 Galvanic corrosion cell in concrete repair (schematic).
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The second type of repair methodology involves additional corrosion
protection schemes, apart from replacing the damaged concrete.
Cathodic protection of the rebar is an obvious candidate for this role.
Other approaches include the following:

■ Zinc epoxy primer applied to the rebar, with sacrificial corrosion pro-
tection for the rebar in the repair zone

■ Corrosion-inhibiting admixtures in conjunction with polymer-modified
cementitious coatings applied to the rebar

■ Other cement-based barrier coatings in combination with corrosion
inhibitors

■ Migrating corrosion inhibitors

It has been pointed out that reliable information and guidelines for
the selection of repair strategies remain scarce and that there is an
urgent need to establish suitable (preferably short-term) test methods
for evaluating corrosion protection in repair systems.

Epoxy-coated reinforcing steel. Epoxy coatings provide an inert physi-
cal barrier that isolates the reinforcing steel from the corrosive envi-
ronment. In North America, the use of epoxy-coated rebar dates back
more than two decades, and at present it represents the most com-
monly used alternative to standard reinforcing steel. Standards cover-
ing these materials include ASTM A 775 and BS 7295. It is important
to recognize that different types of epoxy coatings will display differ-
ent properties. Variables such as surface cleanliness and preparation,
coating thickness, coating adhesion to the rebar, coating continuity,
and coating thickness have to be considered for optimal corrosion
resistance.

While epoxy coatings have reportedly performed satisfactorily in
many applications, such as bridge decks, incidents of severe corrosion
have been observed in the substructure of four bridges in the Florida
Keys (United States) after only 6 to 10 years of exposure.56 The marine
environment concerned was a particularly corrosive one.

Since the epoxy coating functions by providing a corrosion barrier,
the coating continuity is obviously very important. While it may be
possible to control coating defects (holidays) within tight limits in the
manufacturing plant, the risk of coating damage during transporta-
tion, off-loading, storage, installation on site, and concrete pouring and
vibration is considerably greater. Efforts have been directed at repair-
ing visible damage on site, prior to placement in concrete.

Stainless steel rebar. The use of stainless steel rebar is as yet not wide-
spread and is still a “novelty” in the construction industry. It may thus
appear surprising that some industrial applications of stainless rebar
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date back more than 10 years. A list of selected international applica-
tions is presented in Table 2.33. The results from a number of research
projects have indicated the superior corrosion performance of stainless
alloys compared with carbon steel; reviews of international research
findings have been published.57 Several potential advantages could
lead to growing interest in stainless rebars:

■ Corrosion resistance is integral to the material (this does not imply
that the material is always immune to corrosive attack).

■ No coatings are involved that could chip, crack, or degrade.
■ They have the capability to withstand shipping, handling, and

bending.
■ There are no “exposed” ends to cover or coat.
■ Common rebar grades have good ductility, strength, and weldability.
■ They can be magnetic or nonmagnetic, depending on grade.
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TABLE 2.33 Examples of Stainless Steel Rebar Applications

Application Date Comments

Bridge deck in I-696 1995 Type 304 rebars. Exposure 
highway near to winter deicing salts.
Detroit, Michigan

Bridge deck in I-295 1985 Carbon steel rebars with
highway near type 304 cladding.
Trenton, New Jersey Exposure to winter deicing salts. If

ends of clad products are exposed, these
represent a galvanic corrosion risk.

Bridge deck in 407 1996 Type 316LN rebars. 
toll highway, near Exposure to winter deicing 
Toronto, Ontario salts.

Seafront structure mid 1980s Type 316 for replacement columns and
restoration, precast beams.
Scarborough, U.K.

Guild Hall Yard East 1996 Type 304 selected for very long design 
project, London life, in keeping with the famous historic

buildings on the site.

Road slab of underpass, 1995 Type 316.
Cradlewell, U.K.

Sydney Opera House �1990 Type 316 in a marine
forecourt restoration, environment.
Australia
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A range of stainless steels is available for rebar applications; final
selection depends on mechanical design requirements, expected corro-
sivity, and cost considerations. For rebar, the austenitic and duplex
(austenitic-ferritic) grades have received the most attention. There are
currently two standards dealing with stainless steel rebar, the British
BS 6744 (dating back to 1986) and the American ASTM A 955 (first
published in 1996). The British Standard specifies austenitic alloys
(Types 304, 304L, 316, and 316L, where “L” denotes alloys with lower
carbon contents). The ASTM standard covers a wider range of alloys,
including the well-known duplex alloy 2205.

Naturally, the initial cost of a structure with stainless steel rebar
will be higher than that of a conventional structure. However, the
overall construction cost increase may actually be relatively modest.
The case for stainless steel rebar can be strengthened when a life-cycle
cost approach is followed. This approach helps to focus attention on
total costs over the lifetime of a structure, including the frequency and
cost of future maintenance and replacement work. In such an analysis
performed for a bridge, the cost benefits of austenitic stainless steels
over carbon steel were clearly apparent after a time period of 18 to 23
years, at which time major repair costs would be incurred for the con-
ventionally reinforced structure.58

When considering the use of stainless rebar, a further type of “hid-
den” cost is of relevance. Anyone who has been trapped in a traffic jam
resulting from concrete repair work (a common experience in North
America) can obviously also attest to such costs as lost productivity,
wasted fuel, delivery delays, disruption of trade, etc., which are not eas-
ily quantified for highways. In the case of toll bridges and tunnels and
harbor facilities, such disruptions have a direct impact on revenue.

Galvanized rebars. Arguments advocating corrosion protection of
rebars by galvanizing are based on three principles. First, zinc-coat-
ed rebar is thought to remain passive in concrete at somewhat low-
er pH levels than ordinary steel. Second, the zinc coating represents
a sacrificial anode that will tend to protect the steel cathodically.
The galvanized coating is clearly consumed in the protection of rebar
rather than being of the inert type, as epoxy coatings are. Third, it
is argued that the usual corrosion product(s) of zinc occupy lower
volume than the corrosion products of steel, implying lower expan-
sive stresses.

Despite the above considerations, the performance of galvanized
reinforcing steel has had somewhat mixed reviews. One explanation
provided for low performance levels has been the formation of a par-
ticularly voluminous corrosion product involving expansions greater
than those of many iron corrosion products.
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Corrosion inhibitors. Corrosion-inhibiting admixtures are essentially
designed to improve the performance of good-quality reinforced con-
crete. It has been emphasized that the function of such admixtures is
not to “make good concrete out of poor quality concrete.”59 Adherence
to this important principle is important in order to avoid unrealistic
performance expectations for corrosion inhibitors in concrete.

One of the better-known corrosion-inhibitor admixtures used in
attempting to control chloride-induced rebar corrosion is calcium
nitrite, Ca(NO2)2. The mechanism of inhibition involves nitrite ions
competing with chloride ions to react with Fe2� ions produced at the
anode.59 Essentially, the nitrite ions limit the formation of unstable
iron chloride complexes and promote the formation of stable com-
pounds that passivate the rebar surface. The following reactions have
been proposed:

2Fe2� � 2OH� � 2NO2
� → 2NO(g) � Fe2O3 � H2O

or

Fe2� � OH� � NO2
� → NO(g) � FeOOH

The results of surface analysis of rebar steel exposed to concrete
pore solutions inhibited with calcium nitrite have been entirely con-
sistent with this proposed mechanism.60 Since nitrite ions compete
with chloride ions to interact with ferrous ions, the ratio of nitrite to
chloride ions is important for adequate corrosion protection.

An important consideration for any corrosion-inhibiting admixture is
its effects on the properties of concrete, such as workability, curing time,
and strength. Many mechanistic details of commercial rebar corrosion
inhibitors have remained relatively obscure because of the proprietary
nature of their formulations.

Concrete cover and mix design. Given that chlorides and other corro-
sive species diffuse to the reinforcing steel, one obvious method of mit-
igating corrosion damage is to increase the concrete cover. The rule of
thumb that a twofold increase in the concrete cover produces a fourfold
life extension, that a threefold cover increase results in a ninefold ben-
efit, etc., is often quoted in industry. This relationship is based on the
(overly) simplistic model described by Fick’s second law of diffusion.
The beneficial effects of increased cover are also applicable to cracked
concrete, but are less significant in exposure to chloride solutions
involving alternative wetting and drying cycles.50

The diffusion rate of chlorides into concrete increases distinctly with
increasing porosity, which in turn is increased by higher water-to-cement
ratios and lower cement content. In the case of Portland cement, the pen-
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etration of chlorides by diffusion decreases with increasing content of the
3CaO�Al2O3 (C3A) cement component. The following recommendations
have therefore been made for ameliorating the corrosion risk for
Portland cement concrete:50

■ Water/cement ratio � 0.45
■ Cement content � 400 kg/m3

■ C3A content in cement: � 11% (by weight)

A further important consideration in controlling corrosion by reduc-
ing the permeability of concrete is that adequate curing (2 to 4 weeks’
hydration) is required for the development of a dense internal texture
with low porosity.

An important development in concrete mix design has been the addi-
tion of so-called supplementary cementitious materials. Two classifi-
cations apply to these compounds: Pozzolans, such as fly ash and silica
fume, react with the cement hydration products, notably calcium
hydroxide; hydraulic materials, such as granulated blast furnace slag,
undergo direct hydration reactions. As these materials are of lower
cost than conventional cement and essentially represent “environmen-
tal waste products,” there are obvious incentives for blending them in
concrete mixes. As pointed out by Hansson,52 these materials can
improve the strength and durability of concrete, with the important
proviso that the concrete is cured adequately.

Concrete mixes known as high-performance concrete (HPC) have
received considerable attention in recent years. This new generation of
concrete has resulted from advances in the fields of admixtures and
new cementitious materials. Examples of recent major HPC construc-
tion projects in highly corrosive environments include the Canadian
Hibernia offshore oil platform and the P.E.I. Fixed Link, a 13-km bridge
structure linking Prince Edward Island to New Brunswick. HPC does
not refer to any specific mix design and should not simply be equated
with high-strength concrete. Rather, it refers to various mixes with
enhanced attributes compared with those of traditional concrete.
Improvements in mechanical properties, durability, early-age strength,
ease of placement and compaction, chemical resistance, and adhesion
to hardened concrete all fit into the HPC concrete family.

HPC mixes with particularly low water-to-cement ratios, resulting
in high compressive strengths, have been achieved with superplasti-
cizer additives. These additives obviously play a crucial role in ensur-
ing satisfactory workability at the low water contents. High density
and low permeability typically characterize such mixes, which can be
expected to represent an effective barrier to the ingress of corrosive
species, provided the concrete is in the uncracked condition. Certain
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additives also increase the electrical resistance of the cement paste,
thereby arguably retarding the kinetics of ionic corrosion reactions.

2.5.5 Condition assessment of reinforced
concrete structures

In view of the large-scale reinforcing steel corrosion problems, the abil-
ity to assess the severity of corrosion (and other) damage is assuming
increasing importance. Techniques that can provide early warning of
imminent corrosion damage are particularly helpful. Once rebar corro-
sion has proceeded to such an advanced state that its effects are visu-
ally apparent on external surfaces, it is usually too late to implement
effective corrosion control measures, and high repair or replacement
costs are inevitable. Techniques with high sensitivity are required for
early warning capability, and also for assessing the effectiveness of
remedial measures in short, practical time frames.

Specific codes, guides, and standards related to the assessment of
reinforced concrete structures are generally not as well developed as
in, say, the mechanical engineering and metallic materials domains.
However, the essential purpose of a detailed condition survey provides
useful terms of reference. This is usually threefold: First, the extent of
deterioration has to be determined; second, the mechanisms and caus-
es of deterioration should be established; and finally, a corrosion con-
trol and/or repair strategy has to be specified.

An example of a comprehensive algorithm for reinforced concrete
condition assessment is one developed for concrete bridge components
under a contract from the U.S. Strategic Highway Research Program
(SHRP). This algorithm (SHRP product 2032) is based on 13 conven-
tional, well-established test methods and 7 new methodologies (refer
to Table 2.34). An excellent summary of the SHRP methodology has
been published by the Canadian Strategic Highway Research
Program.61

Briefly, in the SHRP algorithm, the evaluation of bridge components
is divided into three types of surveys. The initial (baseline) evaluation
survey focuses on parameters that undergo relatively little change
over time. The test methods recommended for this baseline survey are
listed in Table 2.35 and essentially represent tests that should form
part of the acceptance testing of new concrete bridge components. The
second type of survey in the SHRP scheme is subsequent evaluation.
The initial step in these surveys is visual inspection. The nature of
subsequent inspection techniques depends on the morphology of dam-
age observed in the visual inspection phase. The emphasis on rein-
forcing steel corrosion damage is placed under concrete spalling
phenomena. The recommended assessment procedures for this form of
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TABLE 2.34 Conventional and New Methods for Reinforced Concrete Structures

Property Test methodology

Existing Techniques in SHRP Bridge Assessment Guide

Depth of concrete cover Magnetic flux devices

Concrete strength from test cylinders ASTM C 39 for test cylinders

Concrete strength from core samples ASTM C 42

Concrete strength from pullout tests ASTM C 900

Concrete strength/quality from ASTM C 805
rebound hammer tests

Concrete strength/quality from ASTM C 803
penetration tests

Air void system characterization ASTM C 457
in hardened concrete

Microscopic evaluation of hardened ASTM C 856 petrographic examination
concrete quality

Alkali-silica reactivity

Delamination detection ASTM D 4580 sounding

Damage assessment by pulse velocity ASTM C 597

Cracking damage ACI 224.1R

Probability of active rebar corrosion ASTM C 876 based on corrosion 
potential (note that no corrosion rate is
determined)

New Techniques in SHRP Bridge Assessment Guide

Instantaneous corrosion-rate Electrochemical measurements, 
measurement applicable to uncoated steel

Condition assessment of asphalt-
covered decks with pulsed radar

Condition assessment of preformed 
membranes on decks using pulse 
velocity

Evaluating relative effectiveness 
of penetrating concrete sealers with 
electrical resistance

Evaluating penetrating concrete 
sealers by water absorption

Evaluating chloride content in 
concrete by specific ion sensor

Evaluating relative concrete 
permeability by surface air flow
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damage are presented in Fig. 2.34. The third survey category is special
surveys applicable to asphalt-covered decks, pretensioned and post-
tensioned concrete members, and rigid deck overlays.

Certain basic methods, such as visual inspection, core sampling for
compressive strength tests, and petrographic analysis and chain drag
sounding, have formed the basis of “traditional” condition assess-
ments. However, as is apparent from Table 2.34, a host of additional
new NDE methods and corrosion-monitoring techniques are available
in modern engineering practice. A brief description of selected individ-
ual techniques specifically related to reinforcing steel corrosion dam-
age follows.

Electrochemical corrosion measurements. These measurements can be
performed completely nondestructively on the actual reinforcing steel
or on sensors that are embedded in the concrete structure. The corro-
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TABLE 2.34 (Continued)

Other

Chloride ion content by titration AASHTO T-260

Rebar location X-ray and radar

pH and depth of carbonation Phenolphthalein 
solution or pH electrode 
in extracted pore solution

Concrete permeability with respect ASTM C 1202 and ASTM C 642
to chloride ions 

Delamination, voids, and other  Impact echo, infrared thermography, pulse 
hidden defects echo, and radar

Material properties Density (ASTM C 642), moisture content
(ASTM C 642), shrinkage (ASTM C 596, 
C 426), dynamic modulus (ASTM C 215),
modulus of elasticity (ASTM C 464)

TABLE 2.35 Initial Evaluation Survey of Reinforced Bridge Components

Assessment procedure Comments

Air void and petrographic core samples Applicable to structures up to 15 years old
Alkali-silica reactivity test Applicable to structures that are between 1

and 15 years old
Concrete strength Applicable at all ages
Relative permeability Applicable at all ages
Rebar cover Applicable at all ages

Note: Test and sampling details may vary, depending on the age of the structure.
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sion sensors are essentially small sections of rebar steel, with shield-
ed electrical leads attached for potential and current measurements.
Preferably these sensors are embedded at different depths of cover,
and their use must obviously be defined in the design stage of the
structure. In general, electrochemical techniques are highly sensitive
and therefore can detect corrosion damage at a very early stage. More
detail on individual electrochemical techniques has been provided in
Sec. 7.2.3.

Chloride content. Samples for determining the chloride level in con-
crete are collected in the form of powder produced by drilling or by the
extraction of cores, sections of which are subsequently crushed. The
latter method can provide a more accurate chloride concentration
depth profile. The chloride ion concentration, used as a measure of the
risk of corrosion damage and degree of chloride penetration, is subse-
quently determined by potentiometric titration. Two distinctions are
made in chloride ion concentration testing: Acid-soluble chloride con-
tent (ASTM C 114) refers to the total chloride ion content, while the
water-soluble content represents a lower value.
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Figure 2.34 Part of the SHRP guide to assessing concrete bridge components (applicable
to uncoated steel rebar).
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Petrographic examination. Petrographic examination is a microscopic
analysis of concrete, performed on core samples removed from the struc-
ture. Further details may be found in the ASTM C856 standard. It yields
information such as the depth of carbonation, density of the cement
paste, air content, freeze-thaw damage, and direct attack of the concrete.

Permeability tests. These tests are based either on ponding core samples
in chloride solution (with subsequent chloride content analysis) or on
“forced” migration of chloride ions under the influence of an external
electric field. The application of the electric field accelerates chloride ion
migration and hence reduces the testing time.

2.5.6 Life prediction for corroding
reinforced concrete structures

In a sense, inspection of concrete structures provides short-term qual-
itative life prediction. The essential performance of a structure from
one inspection period to the next can probably be anticipated.
However, prediction of remaining life over a longer time horizon is
obviously important for decision-making, planning, licensing, life-cycle
costing, and budgeting purposes.

A popular, fundamental conceptual model of concrete degradation by
rebar corrosion involves two separate phases, initiation and propaga-
tion (Fig. 2.35). In the initiation phase, no significant corrosion damage
takes place, but increasingly corrosive conditions develop that with
time will eventually lead to depassivation of the reinforcing steel. The
rate of damage in the propagation phase is significantly higher, leading
to maintenance requirements and eventually large-scale rehabilitation.

Provided that the concrete is not water-saturated, it may be reason-
able to assume that the initiation phase is considerably longer than the
propagation period and that the end of the initiation period alone is a
useful indicator of service life. Clifton and Pommersheim have
reviewed simple models based on this approach.62 For chloride-induced
rebar corrosion, one of these is the use of Fick’s second law of diffusion
and the concept of a critical chloride concentration. Limitations and
simplifying assumptions of this approach have been discussed in previ-
ous sections. Actual chloride concentration profiles can be measured on
structures, to estimate parameters such as the diffusion coefficient
used in the model. For carbonation, it has been proposed that the depth
of carbonation is proportional to the square root of the exposure time.
Again, the measurement of actual carbonation depth with time can be
used to estimate a proportionality constant for a specific structure.

Cady and Weyers described the morphology and chronology of the
degradation of bridge decks with chloride-induced corrosion damage.63

Their work focused on actual bridge decks, and represents a more com-
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prehensive methodology than the models described above. A brief sum-
mary of their work is as follows: The process of damage often begins
during construction, when subsidence cracking provides a direct path
by which chlorides can reach some of the reinforcing steel. This crack-
ing phenomenon in fresh concrete was described by a probabilistic
function of the slump, rebar diameter, and depth of cover. The proba-
bility of cracking increased with increasing rebar size and slump but
decreased with increasing cover. Reinforcing steel corrosion and frac-
ture of the concrete could be manifested by this mechanism in a matter
of months to a few years.

For the bridge decks investigated, the next phase of concrete dam-
age was noticed after about 7 years. This mechanism of damage
involves diffusion of chlorides through uncracked concrete to the rein-
forcing steel and its subsequent depassivation. The damage was man-
ifested as concrete fracture and spalling under the wedging action of
voluminous corrosion products. The requirement for periodic patch-up
of small damaged areas thus began after some 7 years. The percentage
of concrete surface damaged by this mechanism increases at a steady-
state rate of about 2 percent per year. Typically, after 40 percent of the
deck is affected, major deck rehabilitation is called for. Once the criti-
cal chloride level for rebar corrosion is attained, the time to cracking
of concrete is inversely proportional to the corrosion rate. The rebar
corrosion rate thus clearly assumes an important role in this model.
An approach based on Fick’s second law and a critical chloride level
was followed to estimate the time between the initial “construction
phase” damage and the steady-state damage phase in the concrete.
The difficulty in determining values for the chloride diffusion coeffi-
cient and the critical chloride level were highlighted.
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Figure 2.35 Conceptual model of rebar corrosion (schematic).
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An interesting approach to life prediction attempted by Buenfeld
and Hassanein involves the use of neural networks.64 They (correctly)
argued that deterioration rates should ideally be predicted on the
basis of condition surveys on real structures or natural exposure tri-
als, rather than laboratory studies. Clearly, the enormous number of
variables involved in such “uncontrolled” tests cannot be tackled with
conventional computational approaches. Neural network analysis was
directed at large data sets from different sources for predicting chlo-
ride profiles and carbonation depth in concrete.

Neural networks are inherently suitable for a combined analysis
(using a high number of combined variables) of different individual
studies, each with a limited number of variables. For neural network
studies, all variables have to be quantified. When no numerical values
are available, such as for environmental corrosivity or cement type, a
rating scale has to be assigned. The usefulness of a neural network for
predicting the time to first cracking in concrete as a result of reinforce-
ment corrosion was highlighted, but the researchers concluded that
this is more difficult than predicting chloride profiles or carbonation
depths. It was concluded that at present insufficient relevant data for
developing a suitable neural network for this purpose are available. A
further observation was that available “training data” for neural net-
works rarely extend to the design life of structures, which is typically
more than 50 years. Therefore, while a neural network can determine
the time dependence of a concrete degradation process, extrapolation to
design life with appropriate safety factors will be required.

2.5.7 Other forms of concrete degradation

Besides corrosion-induced rebar damage, there are three other com-
monly cited forms of concrete degradation, namely, alkali-aggregate
reaction, freeze-thaw damage, and sulfate attack.

Alkali-aggregate reaction. Alkali-aggregate reaction refers to chemical
reactions between certain reactive aggregates and the highly alkaline
concrete pore solution. Reactive silica is known for such reactions, and in
this case the term alkali-silica reaction is often used. The damage is asso-
ciated with an internal volume increase, producing cracking and spalling
of the concrete. The expansion of aggregate particles and the formation
of hygroscopic gels that swell are thought to produce the internal stress-
es. The cracking and spalling of alkali-aggregate reaction damage can
make the underlying steel more susceptible to corrosion damage.

For this type of damage, the adage “prevention is better than cure”
certainly holds true. Screening tests to identify problematic aggre-
gates (such as ASTM C 289 and C 227) are available. Methodologies to
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improve the reliability and reduce the testing time of existing screen-
ing tests are under development. The addition of lithium salts to con-
crete mixes may arrest the undesirable expansive effects. Drying of
concrete and sealing to minimize ingress of moisture have been sug-
gested to limit the damage in existing structures; in practice, these
methods are obviously not always easy to implement.

Freeze-thaw damage. Freeze-thaw damage is related to the porous
nature of concrete. If the solution trapped in the pores freezes, a vol-
ume expansion occurs, which results in tensile stresses. When the
hydraulic pressure exceeds the strength of the cement paste, cracking
and spalling of the concrete results. Concrete with a high moisture
content is most susceptible to this damage mechanism.

In cold climates, where this form of damage is a problem, the use of
air-entrained concrete is specified. Such concrete has demonstrated its
ability to provide durable long-term service. Essentially, additives cre-
ate air voids entrained in the concrete. The freezing pore solution can
then expand into this interconnected system of air voids. Usually the
air content of this type of concrete is between 3 and 8 volume percent.
However, the total air content alone is not necessarily adequate to
assure resistance to freeze-thaw damage. The distribution and size of
the entrained air voids are also of major importance. A tradeoff exists
between air content and strength.

Scaling of concrete surfaces is closely related to freeze-thaw dam-
age. Repetitive cycles of freezing and thawing can cause concrete sur-
faces to scale, leading to a pitted surface morphology. Contact
between deicing salts and concrete surfaces plays an important role
in scaling damage. By their hygroscopic action, deicing salts can con-
centrate moisture in the surface layers of concrete. Additional
buildup of pressure can be created when dissolved salts recrystallize
in the concrete pores.

Sulfate attack. Soluble sulfate species can cause deterioration of con-
crete as a result of expansive reactions between sulfate and calcium
aluminates in the cement paste. Sulfate ions are ubiquitous; they are
found in soils, seawater, groundwater, and effluent solutions. Use of
cement with a low tricalcium aluminate content is beneficial for reduc-
ing the severity of attack.

2.6 Microbes and Biofouling

2.6.1 Basics of microbiology and MIC

Microorganisms pervade our environment and readily “invade” industri-
al systems wherever conditions permit. These agents flourish in a wide
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range of habitats and show a surprising ability to colonize water-rich
surfaces wherever nutrients and physical conditions allow. Microbial
growth occurs over the whole range of temperatures commonly found in
water systems, pressure is rarely a deterrent, and limited access to nitro-
gen and phosphorus is offset by a surprising ability to sequester, concen-
trate, and retain even trace levels of these essential nutrients. A
significant feature of microbial problems is that they can appear sud-
denly when conditions allow exponential growth of the organisms.65

Because they are largely invisible, it has taken considerable time for a
solid scientific basis for defining their role in materials degradation to be
established. Many engineers continue to be surprised that such small
organisms can lead to spectacular failures of large engineering systems.

The microorganisms of interest in microbiologically influenced cor-
rosion are mostly bacteria, fungi, algae, and protozoans.66 Bacteria are
generally small, with lengths of typically under 10 �m. Collectively,
they tend to live and grow under wide ranges of temperature, pH, and
oxygen concentration. Carbon molecules represent an important nutri-
ent source for bacteria. Fungi can be separated into yeasts and molds.
Corrosion damage to aircraft fuel tanks is one of the well-known prob-
lems associated with fungi. Fungi tend to produce corrosive products
as part of their metabolisms; it is these by-products that are responsi-
ble for corrosive attack. Furthermore, fungi can trap other materials,
leading to fouling and associated corrosion problems. In general, the
molds are considered to be of greater importance in corrosion problems
than yeasts.66 Algae also tend to survive under a wide range of envi-
ronmental conditions, having simple nutritional requirements: light,
water, air, and inorganic nutrients. Fouling and the resulting corrosion
damage have been linked to algae. Corrosive by-products, such as
organic acids, are also associated with these organisms. Furthermore,
they produce nutrients that support bacteria and fungi. Protozoans
are predators of bacteria and algae, and therefore potentially amelio-
rate microbial corrosion problems.66

MIC is responsible for the degradation of a wide range of materials.
An excellent representation of materials degradation by microbes has
been provided by Hill in the form of a pipe cross section, as shown in
Fig. 2.36.67 Most metals and their alloys (including stainless steel, alu-
minum, and copper alloys) are attacked by certain microorganisms.
Polymers, hessian, and concrete are also not immune to this form of
damage. The synergistic effect of different microbes and degradation
mechanisms should be noted in Fig. 2.36.

In order to influence either the initiation or the rate of corrosion in
the field, microorganisms usually must become intimately associated
with the corroding surface. In most cases, they become attached to the
metal surface in the form of either a thin, distributed film or a discrete
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biodeposit. The thin film, or biofilm, is most prevalent in open systems
exposed to flowing seawater, although it can also occur in open fresh-
water systems. Such thin films start to form within the first 2 to 4 h of
immersion, but often take weeks to become mature. These films will
usually be spotty rather than continuous in nature, but will neverthe-
less cover a large proportion of the exposed metal surface.68
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Figure 2.36 Schematic illustration of the principal methods of microbial degradation of
metallic alloys and protective coatings. 1. Tubercle leading to differential aeration corro-
sion cell and providing the environment for 2. 2. Anaerobic sulfate-reducing bacteria
(SRB). 3. Sulfur-oxidizing bacteria, which produce sulfates and sulfuric acid. 
4. Hydrocarbon utilizers, which break down aliphatic and bitumen coatings and allow
access of 2 to underlying metallic structure. 5. Various microbes that produce organic
acids as end products of growth, attacking mainly nonferrous metals and alloys and coat-
ings. 6. Bacteria and molds breaking down polymers. 7. Algae forming slimes on above-
ground damp surfaces. 8. Slime-forming molds and bacteria (which may produce organic
acids or utilize hydrocarbons), which provide differential aeration cells and growth con-
ditions for 2. 9. Mud on river bottoms, etc., provides a matrix for heavy growth of
microbes (including anaerobic conditions for 2). 10. Sludge (inorganic debris, scale, cor-
rosion products, etc.) provides a matrix for heavy growth and differential aeration cells,
and organic debris provides nutrients for growth. 11. Debris (mainly organic) on metal
above ground provides growth conditions for organic acid–producing microbes.
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In contrast to the distributed films are discrete biodeposits. These
biodeposits may be up to several centimeters in diameter, but will usu-
ally cover only a small percentage of the total exposed metal surface,
possibly leading to localized corrosion effects. The organisms in these
deposits will generally have a large effect on the chemistry of the envi-
ronment at the metal/film or the metal/deposit interface without hav-
ing any measurable effect on the bulk electrolyte properties.
Occasionally, however, the organisms will be concentrated enough in
the environment to influence corrosion by changing the bulk chemistry.
This is sometimes the case in anaerobic soil environments, where the
organisms do not need to form either a film or a deposit in order to
influence corrosion.68

The taxonomy of microorganisms is an inexact science, and microbio-
logical assays typically target functional groups of organisms rather
than specific strains. Most identification techniques are designed to
find only certain types of organisms, while completely missing other
types. The tendency is to identify the organisms that are easy to grow
in the laboratory rather than the organisms prevalent in the field.
This is particularly true of routine microbiological analyses by many
chemical service companies, which, although purporting to be very
specific, are often based on only the crudest of analytical techniques.

Bacteria can exist in several different metabolic states. Those that
are actively respiring, consuming nutrients, and proliferating are said
to be in a growth stage. Those that are simply existing, but not grow-
ing because of unfavorable conditions, are said to be in a resting state.
Some strains, when faced with unacceptable surroundings, form
spores that can survive extremes of temperature and long periods
without moisture or nutrients, yet produce actively growing cells
quickly when conditions again become acceptable. The latter two
states may appear, to the casual observer, to be like death, but the
organisms are far from dead. Cells that actually die are usually con-
sumed rapidly by other organisms or enzymes. When looking at an
environmental sample under a microscope, therefore, it should be
assumed that most or all of the cell forms observed were alive or capa-
ble of life at the time the sample was taken.

Classification of microorganisms. Microorganisms are first categorized
according to oxygen tolerance. There are68

■ Strict (or obligate) anaerobes, which will not function in the pres-
ence of oxygen

■ Aerobes, which require oxygen in their metabolism
■ Facultative anaerobes, which can function in either the absence or

presence of oxygen
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■ Microaerophiles, which use oxygen but prefer low levels

Strictly anaerobic environments are quite rare in nature, but strict
anaerobes are commonly found flourishing within anaerobic microen-
vironments in highly aerated systems. Another way of classifying
organisms is according to their metabolism:

■ The compounds or nutrients from which they obtain their carbon for
growth and reproduction

■ The chemistry by which they obtain energy or perform respiration
■ The elements they accumulate as a result of these processes

A third way of classifying bacteria is by shape. These shapes are pre-
dictable when organisms are grown under well-defined laboratory con-
ditions. In natural environments, however, shape is often determined
by growth conditions rather than by pedigree. Examples of shapes are

■ Vibrio for comma-shaped cells
■ Bacillus for rod-shaped cells
■ Coccus for round cells
■ Myces for fungilike cells

Bacteria commonly associated with MIC
Sulfate-reducing bacteria. Sulfate-reducing bacteria (SRB) are anaerobes
that are sustained by organic nutrients. Generally they require a com-
plete absence of oxygen and a highly reduced environment to function
efficiently. Nonetheless, they circulate (probably in a resting state) in
aerated waters, including those treated with chlorine and other oxidiz-
ers, until they find an “ideal” environment supporting their metabolism
and multiplication. There is also a growing body of evidence that some
SRB strains can tolerate low levels of oxygen. Ringas and Robinson
have described several environments in which these bacteria tend to
thrive in an active state.69 These include canals, harbors, estuaries,
stagnant water associated with industrial activity, sand, and soils.

SRB are usually lumped into two nutrient categories: those that can
use lactate, and those that cannot. The latter generally use acetate
and are difficult to grow in the laboratory on any medium. Lactate,
acetate, and other short-chain fatty acids usable by SRB do not occur
naturally in the environment. Therefore, these organisms depend on
other organisms to produce such compounds. SRB reduce sulfate to
sulfide, which usually shows up as hydrogen sulfide or, if iron is avail-
able, as black ferrous sulfide. In the absence of sulfate, some strains
can function as fermenters and use organic compounds such as pyruvate
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to produce acetate, hydrogen, and carbon dioxide. Many SRB strains
also contain hydrogenase enzymes, which allow them to consume
hydrogen.

Most common strains of SRB grow best at temperatures from 25° to
35°C. A few thermophilic strains capable of functioning efficiently at
more than 60°C have been reported. It is a general rule of microbiolo-
gy that a given strain of organism has a narrow temperature band in
which it functions well, although different strains may function over
widely differing temperatures. However, there is some evidence that
certain organisms, especially certain SRB, grow well at high tempera-
tures (around 100°C) under high pressures—e.g., 17 to 31 MPa—but
can also grow at temperatures closer to 35°C at atmospheric pressure.68

Tests for the presence of SRB have traditionally involved growing
the organisms on laboratory media, quite unlike the natural environ-
ment in which they were found. These laboratory media will grow only
certain strains of SRB, and even then some samples require a long lag
time before the organisms will adapt to the new growth conditions. As
a result, misleading information regarding the presence or absence of
SRB in field samples has been obtained. Newer methods that do not
require the SRB to grow to be detected have been developed. These
methods are not as sensitive as the old culturing techniques but are
useful in monitoring “problem” systems in which numbers are rela-
tively high.

SRB have been implicated in the corrosion of cast iron and steel, fer-
ritic stainless steels, 300 series stainless steels (and also very highly
alloyed stainless steels), copper-nickel alloys, and high-nickel molybde-
num alloys. Selected forms of SRB damage are illustrated in Fig. 2.37.70

They are almost always present at corrosion sites because they are in
soils, surface-water streams, and waterside deposits in general. Their
mere presence, however, does not mean that they are causing corrosion.
The key symptom that usually indicates their involvement in the cor-
rosion process of ferrous alloys is localized corrosion filled with black
sulfide corrosion products. While significant corrosion by pure SRB
strains has been observed in the laboratory, in their natural environ-
ment these organisms rely heavily on other organisms to provide not
only essential nutrients, but also the necessary microanaerobic sites for
their growth. The presence of shielded anaerobic microenvironments
can lead to severe corrosion damage by SRB colonies thriving under
these local conditions, even if the bulk environment is aerated. The
inside of tubercles covering ferrous surfaces corroded by SRB is a clas-
sic example of such anaerobic microenvironments.

Sulfur–sulfide-oxidizing bacteria. This broad family of aerobic bacteria
derives energy from the oxidation of sulfide or elemental sulfur to sul-
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fate. Some types of aerobes can oxidize the sulfur to sulfuric acid, with
pH values as low as 1.0 reported. These Thiobacillus strains are most
commonly found in mineral deposits, and are largely responsible for
acid mine drainage, which has become an environmental concern.
They proliferate inside sewer lines and can cause rapid deterioration
of concrete mains and the reinforcing steel therein. They are also
found on surfaces of stone buildings and statues and probably account
for much of the accelerated damage commonly attributed to acid rain.

Where Thiobacillus bacteria are associated with corrosion, they are
almost always accompanied by SRB. Thus, both types of organisms
are able to draw energy from a synergistic sulfur cycle. The fact that
two such different organisms, one a strict anaerobe that prefers neu-
tral pH and the other an aerobe that produces and thrives in an acid
environment, can coexist demonstrates that individual organisms are
able to form their own microenvironment within an otherwise hostile
larger world.

Iron/manganese-oxidizing bacteria. Bacteria that derive energy from the
oxidation of Fe2� to Fe3� are commonly reported in deposits associated
with MIC. They are almost always observed in tubercles (discrete
hemispherical mounds) over pits on steel surfaces. The most common
iron oxidizers are found in the environment in long protein sheaths or
filaments.68 While the cells themselves are rather indistinctive in
appearance, these long filaments are readily seen under the microscope
and are not likely to be confused with other life forms. The observation
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that filamentous iron bacteria are “omnipresent” in tubercles might,
therefore, be more a matter of their easy detection than of their relative
abundance.

An intriguing type of iron oxidizers is the Gallionella bacterium,
which has been blamed for numerous cases of corrosion of stainless
steels. It was previously believed that Gallionella simply caused bulky
deposits that plugged water lines. More recently, however, it has been
found in several cases in which high levels of iron, manganese, and
chlorides are present in the deposits. The resulting ferric manganic
chloride is a potent pitting agent for stainless steels.

Besides the iron-manganese oxidizers, there are organisms that
simply accumulate iron or manganese. Such organisms are believed to
be responsible for the manganese nodules found on the ocean floor. The
accumulation of manganese in biofilms is blamed for several cases of
corrosion of stainless steels and other ferrous alloys in water systems
treated with chlorine or chlorine–bromine compounds.71 It is likely
that the organisms’ only role, in such cases, is to form a biofilm rich in
manganese. The hypochlorous ion then reacts with the manganese to
form permanganic chloride compounds, which cause distinctive sub-
surface pitting and tunneling corrosion in stainless steels.

Aerobic slime formers. Aerobic slime formers are a diverse group of aero-
bic bacteria. They are important to corrosion mainly because they pro-
duce extracellular polymers that make up what is commonly referred
to as “slime.” This polymer is actually a sophisticated network of sticky
strands that bind the cells to the surface and control what permeates
through the deposit. The stickiness traps all sorts of particulates that
might be floating by, which, in dirty water, can result in the impres-
sion that the deposit or mound is an inorganic collection of mud and
debris. The slime formers and the sticky polymers that they produce
make up the bulk of the distributed slime film or primary film that
forms on all materials immersed in water.

Slime formers can be efficient “scrubbers” of oxygen, thus prevent-
ing oxygen from reaching the underlying surface. This creates an ide-
al site for SRB growth. Various types of enzymes are often found
within the polymer mass, but outside the bacterial cells. Some of these
enzymes are capable of intercepting and breaking down toxic sub-
stances (such as biocides) and converting them to nutrients for the
cells.68 Tubercles, though attributed to filamentous iron bacteria by
some, usually contain far greater numbers of aerobic slime formers.
Softer mounds, similar to tubercles but lower in iron content, are also
found on stainless steels and other metal surfaces, usually in conjunc-
tion with localized MIC. These, too, typically contain high numbers of
aerobic bacteria, either Gallionella or slime formers.
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The term high numbers is relative. A microbiologist considers 106

cells per cubic centimeter or per gram in an environmental sample to
represent high numbers. However, these organisms make up only a
minuscule portion of the overall mass. Biomounds, whether crusty
tubercles on steel surfaces or the softer mounds on other metals, typi-
cally analyze approximately 10 percent by weight organic matter, most
of that being extracellular polymers.

Methane producers. Only in recent years have methane-producing bac-
teria (methanogens) been added to the list of organisms believed
responsible for corrosion. Like many SRB, methanogens consume
hydrogen and thus are capable of performing cathodic depolarization.
While they normally consume hydrogen and carbon dioxide to produce
methane, in low-nutrient situations these strict anaerobes will become
fermenters and consume acetate instead. In natural environments,
methanogens and SRB frequently coexist in a symbiotic relationship:
SRB producing hydrogen, CO2, and acetate by fermentation, and
methanogens consuming these compounds, a necessary step if fer-
mentation is to proceed. The case for facilitation of corrosion by
methanogens still needs to be strengthened, but methanogens are as
common in the environment as SRB and are just as likely to be a prob-
lem. The reason they have not been implicated before now is most like-
ly because they do not produce distinctive, solid byproducts.

Organic acid–producing bacteria. Various anaerobic bacteria such as
Clostridium are capable of producing organic acids. Unlike SRB,
these bacteria are not usually found in aerated macroenvironments
such as open, recirculating water systems. However, they are a prob-
lem in gas transmission lines and could be a problem in closed water
systems that become anaerobic.

Acid-producing fungi. Certain fungi are also capable of producing organ-
ic acids and have been blamed for corrosion of steel and aluminum, as
in the highly publicized corrosion failures of aluminum aircraft fuel
tanks. In addition, fungi may produce anaerobic sites for SRB and can
produce metabolic byproducts that are useful to various bacteria.

Effect of operating conditions on MIC. Biocorrosion problems occur most
often in new systems when they are first wetted. When the problem
occurs in older systems, it is almost always a result of changes, such
as new sources or quality of water, new materials of construction, new
operating procedures (e.g., water now left in system during shut-
downs, whereas it used to be drained), or new operating conditions
(especially temperature). Some of the operating parameters known to
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have or suspected of having an effect on MIC are temperature, pres-
sure, flow velocity, pH, oxygen level, and cleanliness.72

Temperature. All microorganisms have an optimum temperature range
for growth. Observation of the water or surface temperatures at which
corrosion mounds or tubercles do or do not grow may offer important
clues as to how effective slight temperature changes may be. The nor-
mal expectation is that increasing temperature increases corrosion
problems. With MIC, this is not necessarily so.

Flow velocity. Flow velocity has little long-term effect on the ability of
cells to attach to surfaces. Once attachment takes place, however, flow
affects the nature of the biofilm that forms. It has been observed that
low-velocity biofilms tend to be very bulky and easily disturbed, while
films that form at higher velocities are much denser, thinner, and more
tenacious.

As a rule, flow velocities above 1.5 m/s are recommended in water
systems to minimize settling out of solids. Such velocities will not pre-
vent surface colonization in systems that are prone to biofouling, how-
ever. Stagnant conditions, even for short periods of time, generally
result in problems. Increasing velocity to discourage biological attach-
ment is not always feasible, since it can promote erosion corrosion of
the particular metal being used. Copper, for instance, suffers erosion
corrosion above 1.5 m/s at 20°C.

pH. Bulk water pH can have a significant effect on the vitality of
microorganisms. Growth of common strains of SRB, for example, slows
above pH 11 and is completely stifled at pH 12.5. Some researchers
have speculated that this is why cathodic protection is effective
against these microbes, since cathodic protection has a net effect of
increasing the pH of the metallic surface being protected.

Oxygen level. Many bacteria require oxygen for growth. There is reason
to believe that many biological problems could be partly alleviated if a
system were completely deaerated. Many aerobes can function ade-
quately with as little as 50 ppb O2, and facultative organisms, of
course, simply convert to an anaerobic metabolism if oxygen is deplet-
ed. Practically speaking, removing dissolved oxygen from the system
can affect MIC, but it is not likely to eliminate a severe problem.

Cleanliness. The “cleanliness” of a given water usually refers to the
water’s turbidity or the amount of suspended solids in that water.
Settling of suspended solids enhances corrosion by creating occlusions
and surfaces for microbial growth and activity. The organic and dis-
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solved solids content of the water are also important. These factors
may be significantly reduced by “cleaning up” the water. Improving
water quality is not necessarily a solution to MIC.

With respect to water cleanliness, one rule is that as long as any
microorganisms can grow in the water, the potential for MIC exists.
On the surfaces of piping and equipment, however, “cleanliness” is
much more important. Anything that can be done to clean metal sur-
faces physically on a regular basis (i.e., to remove biofilms and
deposits) will help to prevent or minimize MIC. In summary, any time
the operating conditions in a water system are changed, extra atten-
tion should be paid to possible biological problems that may result.

Identification of microbial problems
Direct inspection. Direct inspection is best suited to enumeration of plank-
tonic organisms suspended in relatively clean water. In liquid suspen-
sions, cell densities greater than 107 cells�cm�3 cause the sample to
appear turbid. Quantitative enumerations using phase contrast
microscopy can be done quickly using a counting chamber which holds
a known volume of fluid in a thin layer. Visualization of microorganisms
can be enhanced by fluorescent dyes that cause cells to light up under
ultraviolet radiation. Using a stain such as acridine orange, cells sepa-
rated by filtration from large aliquots of water can be visualized and
counted on a 0.25-�m filter using the epifluorescent technique. Newer
stains such as fluorescein diacetate, 5-cyano-2,3-ditolyltetrazolium chlo-
ride, or p-iodonitrotetrazolium violet indicate active metabolism by the
formation of fluorescent products.65

Identification of organisms can be accomplished by the use of anti-
bodies generated as an immune response to the injection of micro-
bial cells into an animal, typically a rabbit. These antibodies can be
harvested and will bind to the target organism selectively in a field
sample. A second antibody tagged with a fluorescent dye is then
used to light up the rabbit antibody bound to the target cells. In
effect, the staining procedure can selectively light up target organ-
isms in a mixed population or in difficult soil, coating, or oily emul-
sion samples.73

Such techniques can provide insight into the location, growth rate,
and activity of specific kinds of organisms in mixed populations in
biofilms. Antibodies which bind to specific cells can also be linked to
enzymes that produce a color reaction in an enzyme-linked immunosor-
bent assay. The extent of the color produced in solution can then be cor-
related with the number of target organisms present.74 While
antibody-based stains are excellent research tools, their high specifici-
ty means that they identify only the target organisms. Other organisms
potentially capable of causing problems are missed.
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Growth assays. The most common way to assess microbial populations
in industrial samples is through growth tests using commercially
available growth media for the groups of organisms that are most com-
monly associated with industrial problems. These are packaged in a
convenient form suitable for use in the field. Serial dilutions of sus-
pended samples are grown on solid agar or liquid media. Based on the
growth observed for each dilution, estimates of the most probable
number (MPN) of viable cells present in a sample can be obtained.75

Despite the common use of growth assays, however, only a small frac-
tion of wild organisms actually grow in commonly available artificial
media. Estimates of SRB in marine sediments, for example, suggest
that as few as one in a thousand of the organisms present actually
show up in standard growth tests.76

Activity assays.
Whole cell. Approaches based on the conversion of a radioisotopically
labeled substrate can be used to assess the potential activity of micro-
bial populations in field samples. The radiorespirometric method
allows use of field samples directly, without the need to separate
organisms, and is very sensitive. Selection of the radioactively labeled
substrate is key to interpretation of the results, but the method can
provide insights into factors limiting growth by comparing activity in
native samples with supplemented test samples under various condi-
tions. Oil-degrading organisms, for example, can be assessed through
the mineralization of 14C-labeled hydrocarbon to carbon dioxide.
Radioactive methods are not routinely used by field personnel but
have found use in a number of applications, including biocide screen-
ing programs, identification of nutrient sources, and assessment of key
metabolic processes in corrosion scenarios.65

Enzyme-based assays. An increasingly popular approach is the use of
commercial kits to assay the presence of enzymes associated with
microorganisms that are suspected of causing problems. For example,
kits are available for the sulfate reductase enzyme77 common to SRB
associated with corrosion problems and for the hydrogenase enzyme
implicated in the acceleration of corrosion through rapid removal of
cathodic hydrogen formed on the metal surface.78 The performance of
several of these kits has been assessed by field personnel in round-
robin tests. Correlation of activity assays and population estimates is
variable. In general, these kits have a narrower range of application
than growth-based assays, making it important to select a kit with a
range of response appropriate to the problem under consideration.79

Metabolites. An overall assessment of microbial activity can be
obtained by measuring the amount of adenosine triphosphate (ATP) in
field samples. This key metabolite drives many cellular reactions.
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Commercial instruments are available which measure the release of
light by firefly luciferin/luciferase with ATP. The method is best suited
to clean aerobic aqueous samples; particulate and chemical quenching
can affect results. Detection of metabolites such as organic acids in
deposits or gas compositions including methane or hydrogen sulfide by
routine gas chromatography can also indicate biological involvement
in industrial problems.65

Cell components. Biomass can be generally quantified by assays for pro-
tein, lipopolysaccharide, or other common cell constituents, but the
information gained is of limited value. An alternative approach is to use
cell components to define the composition of microbial populations, with
the hope that the insight gained may allow damaging situations to be
recognized and managed in the future. Fatty acid analysis and nucleic
acid sequencing provide the basis for the most promising methods.

Fatty acid profiles. Analyzing fatty acid methyl esters derived from
cellular lipids can fingerprint organisms rapidly. Provided that perti-
nent profiles are known, organisms in industrial and environmental
samples can be identified with confidence. In the short term, the
impact of events such as changes in operating conditions or application
of biocides can be monitored by such analysis. In the longer term, prob-
lem populations may be identified quickly so that an appropriate man-
agement response can be implemented in a timely fashion.

Nucleic acid–based methods. Specific DNA probes can be con-
structed to detect segments of genetic material coding for known
enzymes. A gene probe developed to detect the hydrogenase enzyme
which occurs broadly in SRB from the genus Desulfovibrio was
applied to samples from an oilfield waterflood plagued with iron sul-
fide–related corrosion problems. The enzyme was found in only 12 of
20 samples, suggesting that sulfate reducers which did not have this
enzyme were also present.80 In principle, probes could be developed
to detect all possible sulfate reducers, but application of such a bat-
tery of probes becomes daunting when large numbers of field sam-
ples are to be analyzed.

To overcome this obstacle, the reverse sample genome probe (RSGP)
was developed. In this technique, DNA from organisms previously iso-
lated from field problems is spotted on a master filter. DNA isolated
from field samples of interest is then labeled with either a radioactive
or a fluorescent indicator and exposed to this filter. Where complemen-
tary strands of DNA are present, labeled DNA from the field sample
sticks to the corresponding spot on the master filter. Organisms repre-
sented by the labeled spots are then known to be in the field sample.
The technique is quantitative, and early work with oilfield populations
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suggests that a significant fraction of all the DNA present in a field cor-
rosion site sample can be correlated with known isolates.80

Sampling. Samples for analysis can be obtained from industrial sys-
tems by scraping accessible surfaces. In open systems or on the outside
of pipelines or other underground facilities, this can be done directly.
Bull plugs, coupons, or inspection ports can provide surface samples in
low-pressure water systems.81 More sophisticated devices are commer-
cially available for use in pressurized systems.82 In these devices,
coupons are held in an assembly which mounts on a standard pressure
fitting. If biofilms are to be representative of a system, it is important
that the sampling coupons are of the same material as the system and
flush-mounted in the wall of the system so that flow effects match
those of the surrounding surface. While pressure fittings allow
coupons to be implanted directly in process units, the fittings are
expensive, pressure vessel codes and accessibility can restrict their
location, and the removal and installation of coupons involves exact
technical procedures. For these reasons, sidestream installations are
often used instead.

Handling of field samples should be done carefully to avoid contam-
ination with foreign matter, including biological materials. A wide
range of sterile sampling tools and containers is readily available.
Because many systems are anaerobic, proper sample handling and
transport is essential to avoid misleading results brought about by
excessive exposure to oxygen in the air. One option is to analyze sam-
ples on the spot using commercially available kits, as described above.
Where transportation to a laboratory is required, Torbal jars or simi-
lar anaerobic containers can be used.83 In many cases, simply placing
samples directly in a large volume of the process water in a complete-
ly filled screw-cap container is adequate. Processing in the lab should
also be done anaerobically, using special techniques or anaerobic
chambers designed for this purpose. Because viable organisms are
involved, processing should be done quickly to avoid growth or death
of cells that are stimulated or inhibited by changes in temperature,
oxygen exposure, or other factors.65

2.6.2 Biofouling

For the first 200� years of microbiology, organisms were studied
exclusively in planktonic form (freely floating in water or nutrient
broth). In the late 1970s, with the advent of advanced microscopic
methods, microbiologists were surprised to find that biofilms are the
predominant form of bacterial growth in almost all aquatic systems.
Since that time, it has become apparent that organisms living within
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a biofilm can behave very differently from the same species floating
freely. In water treatment, biofilms are undesirable because they har-
bor pathogenic organisms such as Legionella, reduce heat transfer,
cause increased friction or complete blockage of pipes, and contribute
to corrosion.84

Nature of biofilm. A biofilm is said to consist of microbial cells (algal,
fungal, or bacterial) and the extracellular biopolymer they produce.
Generally, it is bacterial biofilms that are of most concern in industri-
al water systems, since they are generally responsible for the fouling
of heat-transfer equipment. This is due in part to the minimal nutri-
ents that many species require in order to grow.

Biofilm contributes to corrosion in several ways. The simplest is the
difference in oxygen concentration depending on the thickness of the
biofilm.85 In addition to this effect, biofilm allows accumulation of fre-
quently acidic metabolic products near the metal surface, which accel-
erates the cathodic reaction.86 One particular metabolic product,
hydrogen sulfide, will also promote the anodic reaction through the
formation of highly insoluble ferrous sulfide. Finally, certain bacteria
will oxidize Fe2� produced by these first two effects to form ferric
hydroxide in the form of tubercles. The tubercles greatly steepen the
oxygen gradient and accelerate the corrosion process. The corrosion
products of MIC also interfere with the performance of biocides, result-
ing in a vicious cycle.84

The microorganisms themselves may make up from 5 to 25 percent
of the volume of a biofilm. The remaining 75 to 95 percent of the vol-
ume, the biofilm matrix, is actually 95 to 99 percent water. The dry
weight consists primarily of acidic exopolysaccharides excreted by the
organisms. Very close to the bacteria cells, the biofilm matrix is more
likely to consist of lipopolysaccharides (fatty carbohydrates), which are
more hydrophobic than the exopolysaccharides. The exopolysaccha-
ride/water mixture gels when enough calcium ions replace the acidic
protons of the polymers. The chemically very similar alginates are
used in water treatment because of this calcium-binding property. The
same anionic sites on the polymers will also bind other divalent
cations, such as Mg2�, Fe2�, and Mn2�.87

The biofilm allows enzymes to accumulate and act on food substrates
without being washed away as they would be in the bulk water. The
presence of the biofilm causes often acidic metabolic products to accu-
mulate within 0.5 �m or so of the colony. When one species can use the
metabolic products of another, colonies of the two species will often be
found adjacent to each other within the biofilm. An example of this type
of cooperation occurs in MIC, where one can find Desulfovibrio,
Thiobacillus, and Gallionella forming a miniature ecosystem within a
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corrosion pit.86 The biofilm matrix can also protect organisms within it
from the grazing of larger protozoa such as amoeba and from antibod-
ies or leukocytes of a host organism. Because of these many advan-
tages, almost all microorganisms are capable of producing some
amount of biofilm. Biofilm is most stable when conditions in the ambi-
ent water are stable. Changes in ionic strength, pH, or temperature
will all destabilize biofilm.84

Biofilm formation. In industrial systems, direct and indirect biominer-
alization processes can influence scale formation and mineral deposi-
tion within the biofilm. Clay particles and other debris become trapped
in the extracellular slime, adding to the thickness and heterogeneity
of the biofilm. Iron, manganese, and silica are often elevated in
biofilms as a result of mineral deposition and ion exchange. In the case
of iron-oxidizing bacteria found in aerobic water systems, metal oxides
are an important component of the biofilm. In steel systems operating
under anaerobic conditions, iron sulfides can be deposited when fer-
rous ions released by corrosion of steel surfaces precipitate with sul-
fide generated by bacteria in the biofilm.65

A completely clean surface will display an induction period during
which colonization occurs. After a previously clean surface has been
colonized, a biofilm will grow exponentially at first, until either the
thickness of the film interferes with diffusion of nutrients to the organ-
isms within it or the flow of water causes matrix material to slough off
at the surface as fast as it is being produced below. Biofilm develop-
ment is most rapid when consortia of mutually beneficial species are
involved. In the absence of antimicrobial agents, biofilms in cooling
water typically take 10 to 14 days to reach equilibrium. The equilibri-
um thickness of biofilms varies widely but can reach the 500- to 1000-
�m range in a cooling-water system. The thickness of biofilm is seldom
uniform, and patches of exposed metal may even be found in systems
with significant biofilm present.

As a biofilm matures, enzymes and other proteins accumulate. These
can react with polysaccharides to form complex biopolymers. A selective
process occurs in which biopolymers that are most stable under the
ambient conditions remain while those that are less stable are sloughed
off. Thus a mature biofilm is generally more difficult to remove than a
new biofilm. Studies have shown that biofilm growth is due primarily to
reproduction within the biofilm rather than to the adherence of plank-
tonic organisms.88 The shedding of biofilm organisms into the bulk
water serves to spread a given species from one region of the system to
another, but once species are widespread, the concentration of organ-
isms in the water is merely a symptom of the amount of biofilm activity
rather than a cause of biofilm formation. Consequently, planktonic bac-
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teria counts can be misleading. A biocide may kill a large percentage of
the planktonic organisms while having little effect on anything but the
outer surfaces of the biofilm. In this case, planktonic bacteria counts
may rise quickly after the biocide has left the system as shedding of
organisms from the biofilm resumes.84

In cooling towers and spray ponds, algal biofilms are also a concern.
Not only will algal biofilms foul distribution decks and tower fill, but
algae will also provide nutrients (organic carbon) that will help sup-
port the growth of bacteria and fungi. Algae do not require organic car-
bon for growth, but instead utilize CO2 and the energy provided by the
sun to manufacture carbohydrate.

In aquatic environments, microorganisms may be suspended freely
in the bulk water (planktonic existence) or attached to an immobile
substratum or surface (sessile existence). The microorganisms may
exist as solitary individuals or in colonies that contain from a few to
more than a million individuals. Complex assemblages of various
species may occur within both planktonic and sessile microbial popu-
lations. The environmental conditions largely dictate whether the
microorganisms will exist in a planktonic or sessile state. Sessile
microorganisms do not attach directly to the substratum surface, but
rather attach to a thin layer of organic matter (the conditioning film)
adsorbed on the surface (Fig. 2.38, Stages 1 and 2). As microbes attach
to and replicate on the substratum, a biofilm is formed over the sur-
face. The biofilm is composed of immobilized cells and their extracel-
lular polymeric substances.

The characteristics of a biofilm may change with time. During the
early stages of development, a biofilm is composed of the pioneering
microbial species, which are distributed as individual cells in a het-
erogeneous manner over the surface. Within a matter of minutes, some
of the attached species produce adhesive exopolymers that encapsu-
late the cells and extend from the cell surface to the substratum and
into the bulk fluid (Fig. 2.38, Stage 2). The adhesive exopolymers
restrict the dissemination of microbial cells as they replicate on the
surface (Fig. 2.38, Stage 3). At this stage of development, the biofilm is
less than 10 µm in thickness and exists as a discontinuous matrix of
exopolymers interspersed with cells.72

As the immobilized cells continue to replicate and excrete more
exopolymer material, the biofilm forms a confluent blanket of increas-
ing thickness over the surface (Fig. 2.38, Stage 4). Bacteria attach to
surfaces by proteinaceous appendages referred to as fimbriae. Once a
number of fimbriae have “glued” the cell to the surface, detachment of
the organism becomes very difficult. One reason bacteria prefer to
attach to surfaces is the adsorbed organic molecules that can serve as
nutrients. Once attached, the organisms begin to produce material
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Stage 6

Stage 5

Planktonic bacteria

Stage 1

Conditioning
film

Stage 2

Sessile
bacteria

Stage 3

Stage 4

Exopolymer

Figure 2.38 Different stages of biofilm formation and growth. Stage 1: Conditioning film
accumulates on submerged surface. Stage 2: Planktonic bacteria from the bulk water
colonize the surface and begin a sessile existence by excreting exopolymer that anchors
the cells to the surface. Stage 3: Different species of sessile bacteria replicate on the met-
al surface. Stage 4: Microcolonies of different species continue to grow and eventually
establish close relationships with one another on the surface. The biofilm increases in
thickness. Conditions at the base of the biofilm change. Stage 5: Portions of the biofilm
slough away from the surface. Stage 6: The exposed areas of surface are recolonized by
planktonic bacteria or sessile bacteria adjacent to the exposed areas.
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called extracellular biopolymer or slime. The amount of biopolymer
produced can exceed the mass of the bacterial cell by a factor of 100 or
more. The extracellular polymer produced may tend to provide a more
suitable protective environment for the survival of the organism.

The extracellular biopolymer consists primarily of polysaccharides
and water. The polysaccharides produced vary depending on the
species but are typically made up of repeating oligosaccharides, such
as glucose, mannose, galactose, xylose, and others. An often-cited
example of a bacterial-produced biopolymer is xanthan gum, produced
by Xanthomonas campestris. This biopolymer is used as a thickening
agent in a variety of foods and consumer products. Gelation of some
biopolymers can occur upon addition of divalent cations, such as calci-
um and magnesium. The electrostatic interaction between carboxylate
functional groups on the polysaccharide and the divalent cations
results in a bridging effect between polymer chains. Bridging and
cross-linking of the polymers help to stabilize the biofilm, making it
more resistant to shear.

Over time, species of planktonic bacteria and nonliving particles
become entrained in the biofilm and contribute to a growing commu-
nity of increasing complexity. At this stage, the mature biofilm may be
visibly evident. Its morphology and consistency vary depending on the
types of microorganisms present and the conditions in the surround-
ing bulk liquid. The time it takes to achieve this stage may vary from
a few days to several weeks.

As the biofilm increases in thickness, diffusion of dissolved gases
and other nutrients from the bulk liquid to the substratum becomes
impeded. Conditions become inhospitable to some of the microorgan-
isms at the base of the biofilm, and eventually many of these cells die.
As the foundation of the biofilm weakens, shear stress from the flow-
ing liquid causes sloughing of cell aggregations, and localized areas of
bare surface are exposed to the bulk liquid (Fig. 2.38, Stage 5). The
exposed areas are subsequently recolonized, and new microorganisms
and their exopolymers are woven into the fabric of the existing biofilm
(Fig. 2.38, Stage 6). This phenomenon of biofilm instability occurs even
when the physical conditions in the bulk liquid remain constant. Thus,
biofilms are constantly in a state of flux.72

Marine biofouling. Marine biofouling is commonplace in open waters,
estuaries, and rivers. It is commonly found on marine structures, includ-
ing pilings, offshore platforms, and boat hulls, and even within piping
and condensers. The fouling is usually most widespread in warm condi-
tions and in low-velocity (�l m/s) seawater. Above l m/s, most fouling
organisms have difficulty attaching themselves to surfaces. There are
various types of fouling organisms, particularly plants (slime algae), sea
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mosses, sea anemones, barnacles, and mollusks (oysters and mussels). In
steel, polymer, and concrete marine construction, biofouling can be detri-
mental, resulting in unwanted excess drag on structures and marine
craft in seawater or causing blockages in pipe systems. Expensive
removal by mechanical means is often required. Alternatively, costly pre-
vention methods are often employed, which include chlorination of pipe
systems and antifouling coatings on structures.89

Marine organisms attach themselves to some metals and alloys
more readily than to others. Steels, titanium, and aluminum will foul
readily. Copper-based alloys, including copper-nickel, have very good
resistance to biofouling, and this property is used to advantage.
Copper-nickel is used to minimize biofouling on intake screens, sea-
water pipe work, water boxes, cladding of pilings, and mesh cages in
fish farming.89

Problems associated with biofilms. Once bacteria begin to colonize sur-
faces and produce biofilms, numerous problems begin to arise, includ-
ing reduction of heat-transfer efficiency, fouling, corrosion, and scale.
When biofilms develop in low-flow areas, such as cooling-tower film
fill, they may initially go unnoticed, since they will not interfere with
flow or evaporative efficiency. Over time, the biofilm becomes more
complex, often with filamentous development. The matrix provided
will accumulate debris that may impede or completely block flow.

Biofilms may be patchy and highly channelized, allowing nutrient-
bearing water to flow through and around the matrix. When excessive
algal biofilms develop, portions may break loose and be transported to
other parts of the system, causing blockage as well as providing nutri-
ents for accelerated bacterial and fungal growth. Biofilms can cause
fouling of filtration and ion-exchange equipment.

Calcium ions are fixed into the biofilm by the attraction of carboxy-
late functional groups on the polysaccharides. In fact, divalent cations,
such as calcium and magnesium, are integral in the formation of gels
in some extracellular polysaccharides. A familiar biofilm-induced min-
eral deposit is the calcium phosphate scale that the dental hygienist
removes from teeth. When biofilms grow on tooth surfaces, they are
referred to as plaques. If these plaques are not continually removed,
they will accumulate calcium salts, mainly calcium phosphate, and
form tartar (scale).

When iron- and manganese-oxidizing organisms colonize a surface,
they begin to oxidize available reduced forms of these elements and pro-
duce a deposit. In the case of iron-oxidizing organisms, ferrous iron is
oxidized to the ferric form, with the electron lost in the process being uti-
lized by the bacterium for energy production. As the bacterial colony
becomes encrusted with iron (or manganese) oxide, a differential oxygen
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concentration cell may develop, and the corrosion process will begin.
The ferrous iron produced at the anode will then provide even more fer-
rous iron for the bacteria to oxidize. The porous encrustation (tubercle)
may potentially become an autocatalytic corrosion cell or may provide
an environment suitable for the growth of sulfate-reducing bacteria.

Friction factor. A fluid flowing through a pipe experiences drag from the
pipe surface. This drag reduces flow velocity and increases the pressure
required to sustain a given flow rate. Microbial fouling can lead to a
sharply increased friction factor with a marked loss of system capacity.
Losses up to 55 percent have been reported for water supply systems,
with significant effects being seen in large-diameter conduits made of
cement and concrete as well as in steel piping.90 Most of the loss is attrib-
utable to increased surface roughness (Table 2.36). Laboratory studies
indicate that the friction factor does not increase until the biofilm
extends beyond the viscous sublayer of fluid flow normally associated
with the pipe wall (typically 30 �m). The friction factor is a function of
Reynolds number for different biofilm thickness in turbulent flow.

Unlike hard scale deposits, the biofilm has an irregular surface and
spongy (viscoelastic) behavior that exaggerate its drag on fluid flow.
Extraordinary increases in friction factor may be related to cells pro-
truding into the bulk water flow and influencing the hydrodynamics at
the biofilm–bulk water interface. The extra drag on fluid flow would be
analogous to that caused by waving water weeds in a stream. Another
common problem encountered in industrial operations is the fouling of
screens or pumping systems with debris sloughed off or eroded from
fouling deposits. Again, the presence of biological slimes exacerbates
such problems by capturing clays and other particulates which might
have otherwise remained suspended and passed through the system.65

Heat exchange. Bacterial fouling of heat exchangers can occur quickly
as a result of a process leak or influx of nutrients. The sudden increase
in nutrients in a previously nutrient-limited environment will send
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TABLE 2.36 Roughness of Biofilms Compared to 
Inorganic Deposits

Material Thickness, �m Relative roughness

Biofilm 40 0.003
165 0.01
300 0.06
500 0.15

Scale, CaCO3 165 0.0001
224 0.0002
262 0.0006

0765162_Ch02_Roberge  9/1/99 4:02  Page 207



bacterial populations into an accelerated logarithmic growth phase,
with rapid accumulation of biofilm. The biofilms that develop will then
interfere with heat-transfer efficiency.

Sizing of heat exchangers assumes a certain heat-transfer efficiency
between the bulk fluid and metal wall. Because biofilms more or less
behave like gels on the metal surface, heat transfer can occur only by
conduction through the biofilm. The thermal conductivity of biofilms is
similar to that of water but much less than that of metals.87 On the
basis of relative thermal conductivities (Table 2.37), a biofilm layer 41
�m thick offers the same resistance to heat transfer as a titanium tube
wall 1000 �m thick.

In calculating the impact of biofouling, changes in the advective
(convective) heat transfer from the bulk fluid to the biofilm must also
be considered because biofilm roughness can influence turbulence at
the interface between the biofilm and the bulk fluid. This increase in
local turbulence may actually improve the advective heat transfer to
the biofilm, partially offsetting the loss in conductive heat transfer. On
balance, inorganic deposits give a lower net increase in heat-transfer
resistance than biofilms of similar thickness. Case histories in power
plant operations have shown that decreases of 30 percent in heat-
transfer efficiency can occur in 30 to 60 days as a result of biofouling.

2.6.3 Biofilm control

Introduction. In the natural gas industry, MIC has been estimated to
cause 15 to 30 percent of corrosion-related pipeline failures. The
growth of bacteria on surfaces in cooling and process-water systems
can lead to significant deposits and corrosion problems. Once the
severity of these problems is understood, the importance of controlling
biofilms becomes quite clear.

Protection from microbial problems can be designed into a system by
selection of materials which do not support microbial growth, use of
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TABLE 2.37 Thermal Conductivity of Biofilms 
Compared to Inorganic Deposits and Metals

Thermal conductivity, 
Material W�m�1�K�1

Biofilm 0.6
Scale, CaCO3 2.6
Iron oxide, Fe2O3 2.3
Water 0.6
Carbon steel 52
Stainless steel 16
Copper 384
Titanium 16
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cathodic protection, or use of protective coatings. Operating conditions
can sometimes be altered to discourage growth, and addition of bio-
cides is common. Avoiding and removing surface deposits is a very
effective control procedure. In industrial plant settings, this usually
involves physically cleaning production units during shutdowns. Table
2.38 presents some physical methods that have been used to clean
fouled surfaces.

In pipelines, cleaning tools called pigs can be pushed through the
line by fluid flow without shutdown, often accompanied by slugs of
treatment chemicals designed to coat freshly exposed metal surfaces
with corrosion inhibitors or to kill microbial communities disturbed by
passage of the cleaning tool. In practice, the strategy adopted is an
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TABLE 2.38 Some Physical Methods of Cleaning Biofouled Surfaces

Method Comments

Flushing Simplest method
Limited efficacy
Biofilms thinner than viscous sublayer not sheared

Backwashing Effective for loosely adherent films in tubes, on filters, to a
certain extent in ion exchangers

Air bumping Very limited efficacy

Sponge balls
Abrasive Demonstrated efficacy, but  possible problems because of the 

abrasion of protective oxide films

Nonabrasive Extensively used in industry
Problems with thick biofilms and with smearing organics

Sand scouring Difficult to control abrasive effects

Brushing Very effective
Limited applicability
Expensive
Can lead to the selection of firmly adhering species

Hot water, steam Used in high-purity water systems with good results
Saves expensive and possibly harmful and toxic chemicals
Hot-water systems may select for thermophiles and are
reported to carry biofilms including mycobacteria

Irradiation Very low effectiveness against biofilms
Entrapped particles and opaque biofilms may shield bacteria

Ultrasonic energy Promising method for soft biofilms
Application limited to nonsensitive material
Some biofilms are extremely stable
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exercise in risk management in which capital and operating costs are
balanced against the chance and consequence of operating inefficien-
cies caused by undue fouling or leaks.65 Biofilms can be controlled
through the use of biocides or biodispersants and by limiting nutri-
ents. In the United States, industries spend $1.2 billion annually on
biocidal chemicals to fight MIC.91 Biocides, both oxidizing and nonoxi-
dizing, can be effective in overall biofilm control when applied proper-
ly. Table 2.39 lists some of the advantages and disadvantages related
to the use of some of the biocides that have been used in the past or
are being considered for usage in the future.

The effectiveness of biocides depends on a number of factors, such as
the kind of biocide, the biocide concentration, the biocide demand, inter-
ference with other dissolved substances, pH, temperature, contact time,
types of organisms present, their physiological state, and, most impor-
tant, the presence of biofilms. As a general rule, the higher the temper-
ature, the longer the contact time needs to be, and the higher the
concentration of the disinfectant, the greater should be the degree of dis-
infecting. A sanitation program will include weakening the biofilm
matrix and the strength of the adhesion to the supporting surface by
chemicals prior to the application of shear stress by flushing.92

The oxidizing biocides, such as chlorine, bromine, chlorine dioxide,
and ozone, can be extremely effective in destroying both the extra-
cellular polysaccharides and the bacterial cells. When using oxidizing
biocides, one must be sure to obtain a sufficient residual for a long
enough duration to effectively oxidize the biofilm. It is generally more
effective to maintain a higher residual for several hours than to con-
tinuously maintain a low residual. Continuous low-level feed may not
achieve an oxidant level sufficient to oxidize the polysaccharides and
expose the bacteria to the oxidant.

Too often, microbiological control efforts focus only on planktonic
counts, i.e., the number of bacteria in the bulk water. While some use-
ful data may be gathered from monitoring daily bacterial counts,
monthly or weekly counts have little meaningful use. Planktonic
counts do not necessarily correlate with the amount of biofilm present.
In addition, planktonic organisms are not generally responsible for
deposit and corrosion problems. There are a few exceptions, such as a
closed-loop system, in which planktonic organisms may degrade corro-
sion inhibitors, produce high levels of H2S, or reduce pH.

Another misconception involves the use of chlorine at alkaline pH 
(� 8.0). It is often thought that chlorine is ineffective in controlling
microorganisms at elevated pH. This is only partly true. Certainly, the
hypohalous acid form of chlorine (HOCl) is more effective at killing
cells than the hypohalite form (OCl�). However, the hypohalite is actu-
ally very effective at oxidizing the extracellular polysaccharides and
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TABLE 2.39 Advantages and Disadvantages of Industrial Biocides

Advantages Disadvantages

Chlorine Broad spectrum of activity Toxic by-products
Residual effect Degradation of recalcitrant compounds to biodegradable 
Advanced technology available products
Can be generated on site Development of resistance
Active in low concentrations Corrosive
Destroys biofilm matrix and supports detachment Reacts with extracellular polymer substances (EPS) in 

biofilms
Low penetration characteristic in biofilms
Oxidizes to elemental sulfur (extremely difficult to remove 

from surfaces)

Hypochlorite Cheap Poor stability
Effective Oxidizing
Destabilizes and detaches the biofilm matrix Rapid aftergrowth observed
Easy to handle Toxic by-products
Used for biofilm thickness control Corrosive

Does not control initial adhesion

ClO2 Can be generated on site Explosive gas
Low pH dependency Safety problems
Low sensitivity to hydrocarbons Toxic by-products
Effective in low concentrations

Chloramine Good penetration of biofilms Less effective than chlorine against suspended bacteria
Specific to microorganisms Bacterial resistance observed
Less toxic by-products
High residual effect because of lower reactivity 
with water ingredients 

Bromine Very effective against broad microbial spectrum Toxic by-products
Development of bacterial resistance
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TABLE 2.39 Advantages and Disadvantages of Industrial Biocides
(Continued)

Advantages Disadvantages

H2O2 Decomposes to water and oxygen High concentrations (�3%) necessary
Relatively nontoxic Frequent resistance
Can easily be generated in situ Corrosive
Weakens biofilm matrix and supports 

detachment and removal 

Peracetic acid Very effective in small concentrations Corrosive
Broad spectrum Not very stable
Kills spores Increases DOC†

Decomposes to acetic acid and water
No toxic by-products known
Penetrates biofilms 

Formaldehyde Low costs Resistance in some organisms
Broad antimicrobial spectrum Toxicity
Stability Suspected of promoting cancer
Easy application Reacts with protein-fixing biofilms on surfaces

Legal restrictions

Glutaraldehyde Effective in low concentrations Does not penetrate biofilms well
Cheap Degrades to formic acid
Nonoxidizing Raises DOC�

Noncorrosive

Isothiazolones Effective at low concentrations Problems with compatibility with other
Broad antibiotic spectrum water ingredients

Inactivation by primary amines

QUAC* Effective in low concentrations Inactivation at low pH or in the presence 
Surface activity supports biofilm detachment of Ca2� or Mg2�

Relatively nontoxic Development of resistance
Adsorb to surfaces and prevent biofilm growth

*Quarternarg ammonia compounds.
†Dissolved organic carbon.
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the proteinaceous attachment structures. Therefore, the use of chlo-
rine in alkaline cooling waters can still be extremely effective.

In order to enter biofilm bacteria cells, chemical species in the water
must run the gauntlet of biopolymers that range in properties from
strongly anionic and hydrophilic to hydrophobic. This is exacerbated
by the fact that many species will accelerate their production of
exopolysaccharides in response to stress, including that caused by bio-
cides. The amount of a biocide necessary to achieve a given level of dis-
infection is often expressed as the product of concentration and time.
The same organisms living within a biofilm have been found to require
150 times the C � T factor of hypochlorous acid to achieve a 2 log
reduction in activity as they do in planktonic form.93

Oxidizers such as chlorine, bromine, and especially peroxide can
break down the polymers making up the biofilm; however, this activi-
ty is greatest at high pH, where they are in the form of anions. It is in
their neutral forms (hypochlorous acid, hypobromous acid, and hydro-
gen peroxide) at lower pH that they are able to diffuse across the mem-
branes of cells and enter them. Within the cells, each of these oxidizers
causes damage by producing free radicals that destroy proteins and
nucleic acids. The anions, however, are repelled by the negative
charges of the biofilm polymers and act only superficially on the
biofilm.

Biodispersants are usually nonionic molecules which adsorb to met-
al surfaces more readily than biofilm polymers. By reducing the size of
the biofilm points of contact with the surface, these materials cause
biofilm to detach from the surface. In practice, since these materials do
not actually destroy biofilm, the biofilm detaches from high-flow areas
and accumulates in low-flow areas. The low solubility of these materi-
als can also lead to fouling by the biodispersants themselves.

Continuous use of nonoxidizing biocides has been avoided in water
treatment, partly because of the expense, but also because of the risk
of selecting for organisms that are resistant to one particular biocide.
Thus, dual alternating slug-fed biocide programs have become more
common over the past decade. Continuous use of oxidizing biocides has
increased, however, based on the assumption that very few organisms
show any resistance to them and that if a nearly sterile system is
maintained, biofilm will not develop. While planktonic organisms may
not show increased resistance to oxidizers, biofilms do. Studies have
shown that with the continued use of chlorine, biofilms will display an
increased iron content.93 The iron acts as a reducing agent, limiting
the ability of chlorine to diffuse into the biofilm. In drinking-water
lines, biofilm can accumulate at a continuous chlorine concentration of
0.8 mg/L. There has not been found to be a level of continuous halo-
genation at which biofilm is controlled without significantly increased
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corrosion. Halogenation also produces carcinogenic halogenated
organics and in some applications unpleasant odors.84

Hydrogen peroxide and per-salts have been applied for biofilm
removal to eliminate the odor and environmental drawbacks of halo-
gens and reduce corrosion; however, the extremely high doses required
can still be corrosive and have been regarded as uneconomical for rou-
tine use. An alternative route is based on the use of hydroperoxide ion
(O2H�), a hydrolytic agent far more powerful even than hydroxide, to
destroy the polymers making up the biofilm matrix. Because this
anion alone would be repelled by these anionic polymers, a phase
transfer catalyst is included. The phase transfer catalyst carries the
hydroperoxide past the protective biofilm matrix to where it can do its
destructive duty. This combination, along with peroxide activators,
was originally developed for the detoxification of biological warfare
agents. In addition to hydrolysis, the formation of oxygen bubbles from
the decomposition of peroxide within the biofilm disrupts the biofilm.
The combination is available as a powder or as binary liquids.93

Nonoxidizing biocides are also effective in controlling biofilm.
Effective control is greatly dependent on frequency of addition, level
of feed, and resistance of the incumbent population to the product
being fed. A typical application for effective control may include a slug
addition of product two to five times a week. As with oxidizing bio-
cides, frequency and dosage will depend on the system conditions. It
is generally most effective to alternate nonoxidizing biocides at every
addition to ensure broad-spectrum control. Most nonoxidizing bio-
cides will have little effect in destroying the extracellular polysaccha-
rides found in the biofilm. However, many biocides may be able to
penetrate and kill bacteria found within the biofilm. Combining the
use of nonoxidizing and oxidizing biocides is a very effective means of
controlling biofilm.

Biofilm control programs can be made more effective through the
utilization of a biopenetrant/dispersant product. Products that pene-
trate and loosen the biopolymer matrix will not only help to slough the
biofilm but also expose the microorganisms to the effects of the biocide.
These products are especially effective in systems that have a high
organic carbon loading and a tendency to foul. They are typically fed
in slug additions prior to biocide feed. A recent development in biodis-
persant technology is making this approach more effective and popu-
lar than ever before. Enzyme technologies that will break down the
extracellular polysaccharides and degrade bacterial attachment struc-
tures are currently being developed and patented. These technologies,
although expensive, may provide biofilm control where biocide use is
environmentally restricted or provide a means of quickly restoring
fouled cooling-water systems to a clean, efficient operable state.
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A practical example: ozone treatment for cooling towers. Ozone is a mol-
ecule consisting of three oxygen atoms and is commonly denoted O3.
Under ambient conditions, ozone is very unstable, and as a result it
has a relatively short half-life, usually less than 10 min. Ozone is a
powerful biocide and virus deactivant and will oxidize many organic
and inorganic substances. These properties have made ozone an effec-
tive chemical for water treatment for nearly a century. During the last
20 years, technological improvements have made smaller-scale, stand-
alone commercial ozone generators both economically feasible and reli-
able. Using ozone to treat cooling-tower water is a relatively new
practice; however, its market share is growing as a result of water and
energy savings and environmental benefits relative to traditional
chemical treatment processes.

Since the 1970s, when ozonation was first used in cooling towers, a
number of cooling-tower operators have switched to it from multi-
chemical treatment and are satisfied with the results. Ozone genera-
tion is accomplished by passing a high-voltage alternating current (6
to 20 kV) across a dielectric discharge gap through which air is inject-
ed. As air is exposed to the electricity, oxygen molecules disassociate
and form single oxygen atoms, some of which combine with other oxy-
gen molecules to form ozone. Different manufacturers have their own
variations of components for ozone generators. Two different dielec-
tric configurations exist, flat plates and concentric tubes. Most gener-
ators are installed with the tube configuration, since it offers easier
maintenance.

Mass transfer of the ozone gas stream to the cooling-tower water is
usually accomplished through a venturi in a recirculation line connected
to the sump of the cooling tower, where the temperature of the water is
the lowest. Since the solubility of ozone is very temperature-dependent,
the point of lowest temperature allows the maximum amount of ozone to
be introduced in solution to the tower. Mass-transfer equipment can take
other forms: column-bubble diffusers, positive-pressure injection (U-
tube), turbine mixer tank, and packed tower. The countercurrent col-
umn-bubble contactor is the most efficient and cost-effective but is not
always useful in a cooling-tower setting because of space constraints.94

In a properly installed and operating system, bacterial counts are
reduced, with a subsequent minimization of the buildup of biofilm on
heat-exchanger surfaces. The resulting reduction in energy use,
increase in cooling-tower operating efficiency, and reduction in main-
tenance effort provide cost savings as well as environmental benefit
and compliance with regulations concerning discharge of wastewater
from blowdown.

Most cooling-tower ozone treatment systems include the following
components: an air dryer, an air compressor, water and oil coalescing
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filters, a particle filter, ozone injectors, an ozone generator, and a con-
trol system. Ambient air is compressed, dried, and then ionized in the
generator to produce ozone. Ozone is typically applied to cooling water
through a side stream of the circulating tower water.

Field tests have demonstrated that the use of ozone in place of chem-
ical treatment can reduce the need for blowdown, and in some cases,
where makeup water and ambient air are relatively clean, can elimi-
nate it. As a result, cost savings accrue from decreased chemical and
water use requirements and from a reduction of wastewater volume.
There are also environmental benefits, as fewer chlorine or chlorinat-
ed compounds and other chemicals are discharged.
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