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A. INTRODUCTION

Typical steel structures that are exposed to marine environments are marine piles, offshore
structures, vessels, and other structures immersed in seawater. A steel structure in a marine
environment may be exposed to five different corrosive zones depending on the position of its parts
relative to sea level. The five zones are the atmospheric, splash, tidal, submerged, and seabed-
embedded zones. The corrosion characteristics and corrosion behavior of steel are different in each
zone. Some kinds of equipment, such as machinery and piping systems that use seawater for
industrial purposes, are also subject to seawater corrosion.

While well-established countermeasures are available against marine corrosion, such as
application of coatings and cathodic protection, corrosion of bare steel in marine environments is
important because some steel structures are used without protection and also because corrosion
protection systems in marine environments are particularly susceptible to damage and deterioration,
leaving considerable exposure time for corrosion before detection and repair.

B. CORROSION BY CONTINUOUS IMMERSION IN SEAWATER

1. Environmental Factors

The major variables that affect the corrosion rate of steel are salinity, dissolved oxygen concen-
tration, temperature, pH, carbonate, pollutants, and biological organisms. The characteristics of
seawater with respect to these variables are summarized in Table 1. Reviews of the variability in
seawater at different global locations have been published by Dexter and Culberson [1], and by
Dexter [2].

Corrosion of steel in seawater is controlled by the rate of supply of dissolved oxygen to the steel
surface, similar to corrosion in fresh waters. The rate of oxygen supply, in turn, is determined by
the oxygen concentration in the bulk seawater, the degree of movement of seawater, the diffusion
coefficient for oxygen in seawater, and characteristics of corrosion product films on the steel surface
as a barrier to oxygen diffusion.
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TABLE 1. Environmental Factors in Seawater Corrosion"

Salinity

Dissolved oxygen concentration

Temperature

pH

Carbonate

Pollutants

Biological organisms

1. Open sea: Variation with horizontal location is small 32-36 ppt.
2. Near river outlets: Lower.
3. Variation with depth: Very small.

1. Surface water: (1) Near the equilibrium saturation concentration with
atmospheric oxygen at a given temperature [6 ppm (in the tropics) -
11 ppm (in the Arctic)], (2) Can be supersaturated due to photo-
synthesis by microscopic plants (up to 200%) and entrainment of air
bubbles (up to ~ 10%).

2. Variation with depth: (1) Tends to be undersaturated due to consump-
tion by the biochemical oxidation of organic matter, (2) Goes through
a minimum at intermediate depths (400-240Om deep).

1. Surface water: In the open ocean, variations are in the range of —2
to 350C depending on the !attitude, season, currents, and so on.

2. Variation with depth: Drops with depth. The difference with depth
and season may be large or small depending on the location.

1. Surface water: Lies between 7.5 and 8.3 in the open ocean
depending on the concentration of dissolved CO2 determined by air-
sea exchange and photosynthesis activity of plants, (2) Microbiological
activity affects the pH value; e.g., lower pHs by the formation
of CO2 through the process of biochemical oxidation, and higher pH
values by the reduction of CO2 through the process of photosynthesis,
(3) Affected by pollutants in the coastal waters.

2. Variation with depth: Tends to show a profile similar to that of
dissolved oxygen (the biochemical oxidation that consumes dissolved
oxygen generates CO2 reducing the pH value).

1 . Surface water: Nearly always supersaturated with respect to CaCO3

(200-500%) favored by high pH values and moderate temperatures.
2. Variation with depth: Saturation state with respect to CaCO3 decreases

as the result of lower temperature and pH. Undersaturated in deep
waters (e.g., below 200-30Om).

1. H2S may be 50 ppm or higher in polluted waters in estuaries, harbors,
river mouths, and fitting-out basins.

2. Ammonia may be high in inshore waters and harbors.

1. Bacteria form bacterial films (slime).
2. Weeds grow from spores.
3. Animals (e.g., barnacles, tube worms, and hyroids) adhere.

a Prepared based on [2].

The concentration of oxygen in surface waters in usually near the equilibrium saturation value
with the atmosphere, which varies inversely with the temperature and salinity of seawater. Because
salinity variations in the surface water are relatively small and do not greatly affect oxygen solubility,
the temperature is the major factor affecting oxygen concentration.

The temperature of the surface waters of oceans varies mainly with the latitude, and the range is
from about -20C in the Arctic to ~ 350C in the tropics. Accordingly, the equilibrium saturation
concentration of oxygen varies from 1 1 to 6 ppm [1,2]. The equilibrium concentration of oxygen in
water is shown in Table 2 as a function of temperature and salinity.

The diffusion coefficient for oxygen, on the other hand, increases with increase of temperature,
and the corrosion rate of steel at a given oxygen concentration approximately doubles for every 3O0C
rise in temperature [3]. Because of the compensating effects of temperature with respect to the
oxygen solubility and the diffusion coefficient, the rate of corrosion of steel in seawater is relatively
independent of temperature.



TABLE 2. Equilibrium Saturation Concentration of Oxygen in Seawater as a Function of Temperature
and Salinity"

Oxygen solubility (ppm) at indicated salinity (ppt)

Temperature (0C)

O
5

10
15
20
25
30

O

14.6
12.5
10.9
9.5
8.5
7.6
6.8

8

13.9
11.9
10.4
9.1
8.1
7.2
6.5

16

13.1
11.3
9.8
8.7
7.7
6.9
6.2

24

12.4
10.7
9.4
8.2
7.3
6.6
6.0

31

11.8
10.2
8.9
7.9
7.0
6.3
5.7

36

11.4
9.9
8.7
7.7
6.8
6.2
5.6

"Calculated based on data from [2].

The corrosion product film on the steel surface, that more or less serves as a barrier to oxygen
diffusion and decreases the corrosion rate of steel, contains oxides and hydroxides of iron, and
possibly iron sulfide, calcareous deposits, bacterial slime, and macroscopic marine growths. While
the film is a physical barrier to oxygen diffusion, oxygen-utilizing bacteria in the film may provide a
biochemical barrier by consuming all the oxygen diffusing through the film, resulting in anaerobic
conditions at the metal surface. These conditions reduce corrosion by oxygen, but may provide a
condition where sulfate-reducing bacteria flourish and accelerate corrosion.

In spite of wide variations of environmental factors affecting the rate of oxygen supply,
differences in the corrosion rate of steel under conditions of continuous immersion in seawater at
different locations throughout the world are relatively small. LaQue [4] pointed out that this
similarity of corrosion rates in seawater everywhere occurs because the controlling factors change in
a compensating way. For example, decrease of oxygen concentration by higher water temperatures is
compensated by a large diffusion coefficient. High water temperature, which tends to promote higher
reaction rates, also enhances the development of protective calcareous deposits and marine growths,
which stifle attack [4]. The action of bacteria that grow beneath the original corrosion product film
may simply be to take the place of the excluded oxygen in enabling corrosion reactions to continue at
the rates commonly observed [4].

Of course, there are some cases where the corrosion rate is exceptionally high or low. For
example, the corrosion rate may be very low because of complete coverage of the surface by
macroscopic fouling organisms. Significant salinity variations, caused by river discharge or high
evaporation, affect oxygen concentration in seawater, and hence, the overall corrosion rate. Pollu-
tants in inshore waters (e.g., organic material, hydrogen sulfide, and ammonia) affect corrosion by
changing the oxygen concentration and/or the nature of corrosion product films as a barrier to
oxygen diffusion.

Intense photosynthesis by macroscopic marine plants growing in the surface layers of the sea can
produce high supersaturation of oxygen in the surface waters in the daylight hours. On the other
hand, oxygen concentration of seawater below the surface tends to be lower due to consumption by
the biochemical oxidation of organic matter. The vertical profile of oxygen concentration depends on
the location, but commonly goes through a minimum at intermediate depths. The depth of the
oxygen minimum ranges from 400 m in the equatorial eastern Pacific to over 2400 m in the central
Pacific, and the concentration at the depth of the minimum ranges from 0.16 to 6.4 ppm [2].

The pH of open ocean seawater ranges from ~ 7.5 to 8.3, and has no direct effect on the corrosion
rate of steel, but its variation affects the degree of saturation with respect to CaCO3. Spontaneous
calcareous deposition is more likely to occur at higher pH values, but the function of the deposits as a
barrier to oxygen diffusion is limited because of the presence of organic matter and high salinity of
seawater, although enhanced buildup of calcareous deposits under cathodic protection helps to
reduce the required protection current, lowering the power consumption.
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FIGURE 1. Average corrosion rates of steel continuously immersed in seawater.

2. Corrosion Rate

Overall corrosion rates of steel continuously immersed in quiescent seawater at many locations
throughout the world for periods from < 1 year to 40 years collected from various literature [4-14]
are plotted in Figure 1. The corrosion rates range from 0.02 to 0.37 mm/year (0.8-14.6 mpy), the
average rate being ~ 0.1 mm/year (4 mpy).

The average of the corrosion rates in Figure 1 in the first 5 years is 0.14 mm/year (5.5 mpy) being
very close to 0.125 mm/year (5 mpy), which is the value most commonly used as the expected
average rate of corrosion of steel continuously immersed in seawater under natural conditions
[4, 15]. The average of the corrosion rates for periods of > 5 to 10 years, > 10 to 20 years, and > 20
years are 0.07, 0.07, and 0.05 mm/year (2.8, 2.8, and 2.0 mpy), respectively, indicating that the
corrosion rate decreases with time.

At one time, the corrosion rate of steel in seawater was considered to be linear with time [4].
Larrabee [16] reported in 1962 that the average corrosion rate of submerged sections of 20 H-piles of
a steel pier near Santa Barbara, CA, used for offshore oil wells for 23.5 years, was ~ 0.038 mm/year
(1.5 mpy), and concluded that the corrosion rate of carbon steel in seawater averages 0.05 mm year
(2 mpy) for the first 20 years, then drops to 0.025 mm/year (1 mpy).

The decrease of corrosion rate with time has been more clearly shown in corrosion tests in which
steel was continuously immersed in seawater at a specific location for different periods of time.
Southwell and Alexander [12] who conducted an extensive corrosion test in the Panama Canal Zone
showed that the overall corrosion rates [(average penetration)/(time of exposure)] of structural steel
in seawater in 1,2,4,8, and 16 years were 0.14,0.11,0.094,0.084, and 0.077 mm/year (5.5,4.3,3.7,
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a: Wrightsviile Beach, NC [9]

b: Panama Canal Zone [12]

c: Wrightsviile Beach, NC [10]

Coupon specimen
Pilling



3.3, and 3.0 mpy), respectively (curve b in Fig. 1). The corrosion rate was 0.15 mm/year (5.9 mpy)
after 1 year of exposure and 0.068 mm/year (2.7 mpy) after 16 years of exposure. From the results of
corrosion tests of structural carbon steels in seawater at Wrightsville Beach, NC, Schmitt and Phelps
[10] reported that the corrosion rates of structural carbon steel in 1.5, 2.5, 4.5, and 8.5 years were
0.12, 0.10, 0.083, and 0.068 mm/year (4,7, 4.0, 3.3, and 2.7 mpy), respectively (curve c in Fig. 1).

3. Localized Corrosion

One of the common causes of pitting of carbon steel is differential aeration cells formed by
nonuniformity of corrosion product films or spotty coverage of fouling organisms on the surface.
Mill scale, if it has not been removed prior to exposure to seawater, accelerates corrosion at bare
spots or breaks in the scale through galvanic action, resulting in pits. Galvanic action tends to
decrease with time because of the development of insulating calcareous deposits as a result of
cathodic reaction at the scaled surface [4], and also because mill scale is undermined by corrosion
products that cause it to be spalled off. For this reason, the effect of mill scale is more pronounced
during the early stages of exposure.

From a literature survey, Fink [15] concluded that the pitting attack on bare steel is frequently
^ 0.25 -0.38 mm/year (10- 15 mpy) and that the presence of mill scale significantly increases the
rate of pitting, the penetration rate being ~ 0.5 mm/year (20 mpy). Assuming the average corrosion
rate of 0.125 mm/year (5 mpy), the pitting factor (the ratio of deepest metal penetration to average
metal penetration) is 2-3 for bare steel and 4 for mill-scaled steel. According to LaQue [4], the
pitting rate decreases with time, and a normal pitting factor for exposure of ~ 10 years would be
~ 2.5 for descaled steel and 3.5 for steel exposed with mill scale. He also stated that, as a general
rule, steel exposed with mill scale will be pitted about three times as deeply as descaled steel in a
short period of exposure, and that this ratio decreases as the exposure is prolonged to become 1.5-1
for a 10-year exposure period.

The values of the pitting factor found in 15-year tests in seawater at Halifax (N. S., Canada),
Auckland (New Zealand), Plymouth (England), and Colombo (Sri Lanka) by the Committee of the
Institution of Civil Engineers (London) [17] were 2.0- 2.9 for pickled specimens and 2.1-5.6 for
specimens with mill scale, in fair agreement with the values indicated by Fink and LaQue.

The pitting factor based on the depth of the deepest pit and the average of the 20 deepest pits
found by Southwell et al. [11, 12] in the tropical sea of the Panama Canal Zone for machined and
mill-scaled structural steel are summarized in Table 3. In these data, the pitting factors are much
greater than those summarized by Fink and LaQue.

C. CORROSION OF PILINGS

The corrosion rates in the region between high and low tide, which is alternately immersed and not
immersed (the tidal zone), and in the area above it which receives seawater spray (the splash zone)

TABLE 3. Pitting Factor of Structural Steel in Seawater in the
Panama Canal Zone"

Exposure (year)

Surface finish

Machined
Mill scaled

1

12
25

2

17
14

4

8
10

8

6
11

16

3*
C

a Based on data from et al. [11, 12].
b Pickled specimen. Pit perforated in machined specimen. The pitting factor
for cast steel, which corroded more or less the same as carbon steel, is 3.
c Perforated.



Relative reduction in thickness

FIGURE 2. Corrosion profile of steel piling in seawater. (a) Uncoated piling (Reproduced with permission
from [5]. © Copyright NACE International.) (b) At coating defect of piling coated with an electrically insu-
lating substance.

are very high because of constant wetting. The corrosion attack in the tidal zone occurs primarily
during the periods of atmospheric exposure because of the presence of the thin seawater film and an
abundant supply of oxygen. The splash zone is under such conditions all the time.

However, bare (uncoated) vertical members, such as marine piles, that extend from the
submerged zone through the tidal zone into or beyond the splash zone frequently show characteristic
corrosion behaviour as first reported by Humble [5] in 1949. Relative corrosion rates of a bare marine
pile exposed to the atmospheric, splash, tidal, submerged, and mud (seabed) zones are shown by line
a in Figure 2. Of these zones, corrosion at the splash zone is the severest, as expected, but corrosion
in the tidal zone is relatively mild.

It is generally believed that the low corrosion rate in the tidal zone is the result of galvanic
protection by the part near the top of the submerged zone that shows a corrosion peak [5]. The part
in the tidal zone acts as the cathode probably because the corrosion products (iron oxides)
are oxidized to higher oxidation states during the periods of exposure to the atmosphere, resulting in a
more noble corrosion potential. Then, when the part in the tidal zone is submerged during the
periods of high tide, it acts as the cathode, with the reduction of the oxides on its surface [18]. If
the pile is coated with electrically insulating substances, such as organic coatings, the exposed
steel at coating defects in the tidal zone corrodes just as severely as in the splash zone [line b in
Fig. 2] [19].

Atmospheric
zone

Splash zone

Tidal zone

Submerged
zone

Mud zone

Mean high tide

Mean low tide

Mud line



High corrosion rates near the top of the submerged zone are not always observed. Zen [14]
investigated corrosion of piles used at 43 ports throughout Japan for times of up to 40 years and
classified the vertical corrosion profile of bare steel marine pilings (sheet and pipe piles) below the
low water level into five types. These types may be rearranged to the following three types:

Type 1: Sharp corrosion peak within several tenths of a meter below the low water level
(corrosion rate; 0.5 -1.0 mm/year, 20-40mpy), and mild corrosion below this level
(corrosion rate; ^ 0.1 mm/year, ^ 4mpy).

Type 2: Corrosion rate highest just below the low water level (0. 1-0.2 mm/year, 4-8mpy),
gradually decreasing with depth.

Type 3: Low and almost flat corrosion rate below the low water level (^ 0.1 mm/year,
^ 4 mpy).

Type 1, corresponding to the corrosion profile of line a in Figure 2, usually applied to pilings in
shallow water, ̂  3-m deep, with the lowest level of concrete coverage staying above the mean water
level. When the pilings were covered with concrete below this level or the water depth was ̂  5 m, the
sharp corrosion peak at the top of the submerged zone was not found, resulting in the corrosion
profile of Type 3. At locations where the difference in water level of high and low tides was small, the
sharp corrosion peak did not occur. The presence of a fresh water layer at the water surface caused by
river discharge, on the other hand, caused the corrosion peak to occur even in pilings in deep water.
The corrosion profile of Type 2 was intermediate between Types 1 and 3.

Corrosion rates of carbon steel pilings and test specimens in different corrosion zones, compiled
by a committee of The Kozai Club (organization composed of major steel manufacturers and traders
in Japan) [13] from the literature are listed in Table 4. Typical corrosion rates of bare pilings are

TABLE 4. Corrosion Rates of Carbon Steel Pilings and Test Specimens in Different Corrosion Zones"'*

Vertical Position

Atmospheric zone

Splash zone

Tidal zone

Low water level

Immersed zone

Mud zone

Material

Coupon
Average
Sheet pile
Pipe pile
H-pile
Coupon
Average
Sheet pile
Pipe pile
H-pile
Coupon
Average
Sheet pile
Average
Sheet pile
Pipe pile
H-pile
Coupon
Average
H-pile
Coupon
Average

Number
of Data

19
19
8
1
2

16
27
35
4
2

27
68
42
42
59
5
3

61
128

2
3
5

Time of Exposure
(year)

0.4-16

6-40
8

5-7
0.4-15

5-40
3-8.5
5-7

0.4-16

5-42

5-42
3-8.5
5-23.6
0.3-16

5-7
3-5

Corrosion
Rate (mm/year)

0.128
0.128
0.112
0.25
0.198
0.363
0.272
0.044
0.070
0.055
0.137
0.083
0.047
0.047
0.039
0.062
0.049
0.143
0.090
0.033
0.103
0.075

a Reproduced with permission from [13].
b Averages of corrosion rates compiled from literature.



Velocity (m/s)

FIGURE 3. Effect of velocity on corrosion of steel and cast iron in seawater. (a) Carbon steel tested for 36 days
at ~23°C [4]. [Reproduced with permission from F. L. LaQue, Corrosion Handbook H. H. Uhlig, ed., p. 391,
John Wiley & Sons, Inc., 1948., (b) Carbon steel tested for 30 days at ambient temperature. (Reproduced with
permission from [2O].) (c) Cast iron tested for 7 days at 250C. (Reproduced with permission from [21].)

0.1-0.2 mm/year (4-8 mpy) in the atmospheric zone, 0.3-0.5 mm/year (12-20mpy) in the splash
zone, 0.1 mm/year (4 mpy) in the tidal zone, 0.5-1 mm/year (20-40 mpy) at the top of the
submerged zone (down to 1-m deep) when the corrosion peak appears (otherwise 0.1 mm/year
(4 mpy)), 0.1 mm/year (4 mpy) in the submerged zone ^ Im, and 0.05 mm/year (2 mpy) in the mud
zone. The pitting factor in the tidal and splash zones is in the range of 2 to 3.

D. EFFECT OF VELOCITY

The corrosion rate of steel by seawater increases with increase of velocity until a critical velocity is
reached, beyond which there is little further increase in corrosion rate. The trend of the velocity
effect is shown in Figure 3 [4, 20, 21]. This behavior is different from that in fresh waters, where
corrosion decreases above a critical velocity by passivation (see Section A and B.3, in Chapter 31).
In seawater, passivity is not established at any velocity because of the high concentration of Cl~. The
limiting rate of corrosion corresponds to the maximum rate of oxygen supply by diffusion.

When the velocity increases above a critical value, corrosion of steel markedly increases because
of erosion-corrosion, even in the absence of solid particles. The critical velocity depends on the state
of flow, but it is said to be ~ 20 m/s [2O]. At areas where flow is disturbed (e.g., bends and joints in
piping), erosion-corrosion may occur at much lower velocities. The expected maximum corrosion
rate of carbon steel piping under velocities up to 4 m/s is ~ 1 mm/year (40 mpy), but above this
velocity, erosion-corrosion would occur at areas of flow disturbance.
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