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This paper reviews recent developments in the prediction of the likely future corrosion losses and of the maximum pit
depth for steels exposed to marine environments. A robust mathematical model based on corrosion science principles and
calibrated for immersion conditions to an extensive range of literature and new data is described. The model has provided
explanations for the effects of steel composition, water velocity, depth of immersion and seawater salinity and also has
facilitated new interpretations of data for long-term pitting corrosion. This paper briefly overviews these developments and
refers to some typical applications, including marine corrosion of ship ballast tanks, corrosion of sheet piling in harbours
and corrosion of offshore platform mooring chains.

INTRODUCTION

MODELS AND MODELING

Physical infrastructure plays a major role in the most modern societies. So-called whole-of-life assessments increasingly are
being used for decision processes. Such algorithms require models of sufficient rigor and robustness to represent (a) the demands
or loadings expected to be placed on the system; (b) the ways in
which the system may respond; and (c) prediction of likely future
response, including deterioration and effectiveness of repairs.
Consistent with modern decision theory, the models required for
(a) and (b) are probabilistic (Melchers, 1998). Until recently, models for (c) were largely ignored.
Most infrastructure has expected lives of several decades. As
argued previously (Melchers, 2005), the only way such predictions can be made is to invoke a combination of scientific
understanding of deterioration processes and sound mathematical
modeling. The present paper is concerned with the development of
corrosion models, particularly for longer-term exposures. Despite
good maintenance regimes, and the availability of protective coatings and of various forms of cathodic protection, field evidence
shows that existing infrastructure often shows signs of corrosion,
particularly in severe environments, such as for offshore facilities,
along marine coastlines and in harbors.
Below some general comments are made about the basic requirements for models with prediction capabilities. This is followed by a a description of the development of probabilistic/
mathematical models for corrosion loss and for maximum pit
depth. The main characteristics of the model are presented, and
its theoretical underpinnings reviewed. Attention is then turned to
pitting corrosion and the representation of uncertainty about maximum pit depth using Extreme Value distributions. Some ongoing
application-based research projects are then referenced, followed
by concluding remarks.

Models may be considered as mathematical constructs that, at
some level of abstraction, represent the phenomenon of interest.
Typically models are tailored to their application and used for specific purposes. They also need to provide meaningful answers. A
statement such as obtained from electrochemical potentials, “Corrosion is highly likely,” may be of some general interest but is of
limited technical value for estimating the rate of corrosion.
Various approaches to model development exist. For some,
a model is the outcome of an attempt to establish correlation
between available data for corrosion loss or pit depth and data for
the various factors believed to be of influence. Typically it provides a best fit curve (or surface) through data points. There is
a long history of this approach in the atmospheric corrosion literature. However, any objective evaluation repeatedly shows high
levels of uncertainty, low confidence levels or poor correlation
coefficients (e.g. Dean and Reiser, 2002). The reason is that these
models are empirical and lack reference to fundamental understanding of the processes involved. Also, extrapolation is questionable since there is no theoretical basis for it.
Potentially more powerful and therefore more interesting are
models based on fundamental principles and the calibrating of
these models to actual (particularly field) data. The tenuous link
between corrosion measured in the laboratory and in the real
world has been commented upon many times, over many years
(e.g. US-ONR, 2007).
Theory-based models are developed from reasonable hypotheses of the processes likely to be involved, including physical,
chemical, electrochemical and, if appropriate, microbiological
influences.
Calibrating a theory-based model implies that each set of data
is treated as a sample set of all possible observations. In essence
this approach asks: Can the data be interpreted as consistent with
the model? It is implicit that some degree of uncertainty always
is associated with each data point. (It is also possible for some
data points to be called wrong owing to errors in observation or
data processing.) As in science generally, the test is whether it is
possible to disprove the model; if so, model refinement (or abandonment) is required. And then the process can be repeated. This
is a completely different way of proceeding than the traditional
idea that the data are somehow sacrosanct, and that the data points
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are the only pieces of information from which to construct a socalled model.
The introduction of probability allows both for the uncertainty
associated with the level of abstraction used for constructing the
model, and for the inevitable uncertainties in data (Melchers,
1998). An appropriate probabilistic formulation for corrosion loss
c4t5 as a function of exposure period t is:
c4t5 = b4t5 · f 4t5 + 4t5

(1)

where f 4t5 is the mean-value function for corrosion loss, 4t5 is
a zero-mean error function, and b4t5 is a bias function with unit
mean, all as functions of t. If the mean value function f 4t5 is a
poor choice, the relationship to real data will be poor, and there
will be a large error term 4t5. Conversely, a high-quality model
should produce a good fit to data and leave only a small error
term. It follows that model development should focus primarily
on a sufficiently good-quality mean value function. This approach
has been explored intensely in recent years for marine corrosion of
steel (Melchers, 2003a, b). In the following, attention is confined
mainly to the mean value function.

MODELS FOR CORROSION
For engineers and for asset managers interested in the prediction of the future rate of corrosion, the problem may be illustrated
using the hypothetical but distinctly nonlinear corrosion loss curve
shown in Fig. 1a. At time ti , the estimated corrosion loss is c4ti 5
shown at A. Of interest is the likely rate of corrosion r4ti 5 for
t > ti , i.e. projection AC. Simple linear extrapolation from the
origin O through the current observation A (i.e. the line OAB)
usually will overestimate the rate. Knowledge of the underlying
model for the corrosion process, i.e. OAC, allows the likely future
corrosion loss rate r4ti 5 (i.e. AC) to be estimated. For this, knowledge of the model (OA) is essential.
From Fig. 1a and from Eq. 1, it is clear that in developing a
(probabilistic) corrosion or pit depth model (see also Fig. 1b) the
first priority should be the mean value function f 4t5. The existing applied corrosion literature, reflected in many well-known
texts, suggests various corrosion rates, apparently constant in time
(Jones, 1996). In engineering and naval architecture this is still the
common understanding although various other models have been
proposed. A review of these is available (Melchers 2008a). However, for most of these the actual corrosion loss measurements,
such as for ships plating, for example, have very high uncertainties (Guedes Soares et al., 2006). In the atmospheric corrosion
literature, the almost universally accepted model is the so-called
power-law model, which has corrosion loss c4t5 as a function of
exposure time t represented by Feliu et al. (1993):
c4t5 = At B

recently that the derivation of this model from diffusion principles involves a number of major assumptions (Melchers, 2003c).
Good-quality atmospheric corrosion data deviate from Eq. 2 in a
consistent manner, and A and B are functions of the length of the
data record (Melchers, 2009). This is inconsistent with a goodquality model.

A MORE ROBUST MODEL
To build a model based on corrosion theory it is necessary to
have some understanding of the processes involved. The corrosion
of steel in seawater or in coastal marine conditions is corrosion
in wet environments. Corrosion can occur only in the presence
of water and with an electron acceptor such as oxygen. Corrosion is an electro-chemical reaction, distinguished from a purely
chemical reaction, as it involves the physical transport of electrons
from 1 site (anode) to another (cathode), with a corresponding
part of the chemical section occurring at these sites. Of course the
sites may be very close to each other (nanometers) or much further apart, provided there is electrical conductivity between them.
Water provides such an electrolyte but steel has much greater
conductivity. The initiation of corrosion invariably is by pitting
at a micro-scale, set up by very small differences in the surface
topography and grain structure of a steel surface. This permits
very small (electrical) potential differences to develop and eventually lead to pit initiation (Jones, 1996; Burstein et al., 2004).
The kinetic reactions involved typically are very fast, much faster
than the transport of various species through processes such as
diffusion and effusion. In most cases these latter processes control
the rate of the corrosion reaction(s). In real seawater invariably
there also will be a colonization of the steel surface by biofilms
(Little and Lee, 2007). Usually these provide environments suitable for colonization by microorganisms such as bacteria present
in seawater.
The net result is that, usually within hours of first exposure,
very small pits initiate on a steel surface (Burstein et al., 2004).
These pits grow quickly in depth to some 100 microns (Butler et
al., 1972) within days of exposure and later they grow in width.
Many early pits stop growing soon after formation and are essentially overtaken by others. It follows that microscopic examination of a corroded steel surface invariably reveals a complex mix
of larger and smaller pits as well as unaffected regions (cathodes), at least for some time. Fig. 2 shows a schematic view of
the development of pitting with increased exposure time. In particular it shows that the initial major pits stop growing in depth

(2)

where A and B are constants obtained from fitting Eq. 2 to the
available data. Despite its long history, it has been shown only

Fig. 1 (a) Corrosion model 0AC and prediction of corrosion rates
(b) showing estimation of uncertainty in model from various data

Fig. 2 Development of pitting as a function of time, showing initial pitting broadening out to form a rough plateau on which new
pits then form (Jeffrey and Melchers, 2007)

Fig. 3 Successive views of pitted surface of steel coupons
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Fig. 4 Data and trends for corrosion of mild steel in 4 different
tropical exposure environments
but amalgamate to form shallow depressions, and that later new
pitting develops on the depression surfaces. The result is the formation of a series of depressions and a range of pit depths and
sizes. This shows that the growth of pit depth is not a continuous process, at least for longer exposures. Fig. 3 shows some
microscope photographs (at the same scale) of the progression of
pitting (Jeffrey and Melchers, 2007). This pattern of behavior for
pit growth and development contrasts with the conventional wisdom, which assumes a continuous single functional process for
pit depth development.
It follows immediately from these longer-term field observations that so-called uniform or general corrosion is an erroneous
but still convenient practical concept. In practice it usually is
obtained from the changes in mass loss of nominally identical
coupons exposed for different periods. Fig. 4 shows typical curves
for the development of mass loss with time, for 4 different marine
exposure environments (Southwell et al., 1958; Forgeson et al.,
1960). Because of its practical importance for structural strength
loss and because of its central position in conventional corrosion
research and testing, the uniform corrosion model is used here for
model development.
The environmental factors E that influence even the apparently
simplest case and the corrosion of fully immersed steel in seawater are summarized in Table 1, together with their importance
(Schumacher, 1979). Also of potential importance are: (a) steel
composition, (b) size and orientation of the steel item, (c) surface roughness of the steel, and (d) shielding of the object by
adjacent structures. The model development described below does
not consider all these factors but is confined to a specific and
practically useful situation: mild steel with normal or acid pickled finish, exposed in coastal seawater at various locations, and
without obvious water pollution. This eliminates, or very much
equalizes, most factors in Table 1, such as water quality, water
velocity and wave action, oxygenation—since coastal seawater is
near saturated, and pH—since pH varies very little between seawaters. The major variables left are (a) water temperature and (b)
microbiological influences. The former is simplified to the annual

Factor

Importance

Factor

bacteria
high
pollutants
biomass
low
temperature
oxygen supply
short term
pressure
carbon dioxide
little
suspended solids
salinity
not by itself
wave action
pH
high
water velocity
carbonate solubility
low
Table 1

Importance
varies
high
no
no
high
high

Selection of factors E known to influence corrosion
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Fig. 5 Model for corrosion showing (a) sequential phases, model
parameters (r0 , ca , ta , cs , rs 5 and early and later influence of nutrient availability levels; and (b) effect of increasing water temperature and reducing dissolved oxygen concentration (Melchers and
Jeffrey, 2008)
average seawater temperature, and the latter is considered only in
terms of nutrients necessary for microbiological activity; if these
are absent or severely limited, microbiological activity cannot be
important.
The principal features of the model are summarized in Fig. 5.
The underlying model (base model) is based on the idealization
that the corrosion process changes as rust layers build up on the
metal surface, and that these are not removed to any major extent.
This results in a model composed of a sequence of phases (subprocesses) labeled 0–4. The first phase (0) is quite short (days)
and includes both bacterial and electrochemical processes. Scientifically of great interest, it is of limited engineering importance as
it has little influence over longer-term corrosion. In phase 1, the
(instantaneous or tangent) rate of corrosion is limited by so-called
concentration control, in which the rate of transport of oxygen
from the surrounding (sea)water or moisture layers is controlled
by the rate at which it diffuses under the concentration gradient
established next to the metal surface (Jones, 1996). In phase 2,
the rate of corrosion is controlled by the slowly decreasing rate of
diffusion of oxygen through the increasing thickness of the rust
layers. This is analogous to the model first proposed by Tammann
(1923) and can be represented mathematically as a diffusion process in a simplified form (Melchers, 2003c).
As is well-known, under wet corrosion conditions the anodic
reaction is the dissociation of ferrous metal from ferrous ions
in which metallic iron oxidizes (i.e. becomes an electron donor)
(Jones, 1996). The overall reaction is:
2Fe + O2 + 2H2 O → 2Fe(OH)2

(3)

Note that the reaction does not include the chlorides in the seawater. Even for chlorid-containing environments, the rate-limiting
step is the rate of diffusion of oxygen to the corroding surface
(Evans, 1960; Brasher, 1967; Melchers, 2006). However, the presence of chlorides in seawater does permit some other reactions
involving oxygen as the electron acceptor. One is the production of ferrous chloride, summarized by the equilibrium reaction
(Sharland and Tasker, 1988):
Fe2+ + 2Cl− ⇔ FeCl2

(4)

When exposed to air or oxygen FeCl2 oxidizes quickly to FeCl3
and then to the chloride containing -FeOOH and producing also
-FeOOH (Waseda and Suzuki, 2006). As a result, FeCl2 is seldom detected in rusts exposed to the atmosphere.
Provided the data sets available are sufficiently rich, eventually the corrosion loss (and maximum pit depth) trends show an
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upswing in the instantaneous corrosion rate. This is the early part
of phase 3 in Fig 5a. The latter part of phase 3 has a declining
corrosion rate, eventually leading to an almost constant corrosion
rate, represented by phase 4.
Phases 3 and 4 have been associated with biologically influenced corrosion (Lee et al., 1995; Jeffrey and Melchers, 2003).
This arises from the development of anoxic conditions within
micro-niches in the rust layers, particularly those close to the corroding metal. These provide conditions suitable for colonization,
for example, by the obligatory anaerobic sulfate-reducing bacteria (SRB). In field conditions, as distinct from laboratory studies,
bacterial colonization and activity invariably involve broad communities of microorganisms (Hamilton, 1985). This cohabitation
provides mutual support for energy transfer and nutrient availability, although typically the community requires nutrients and
energy inputs from the external environment. It follows that the
rate of nutrient supply may play a rate-controlling role in corrosion resulting from bacteria such as SRB.
Bacteria also may play a role in corrosion during phases 0 and
1 in the anoxic niches that can develop adjacent to the corroding
steel surface (Cragnolino and Tuovinen, 1984). This is a transient
phenomenon (Melchers, 2010), as indicated in Fig. 5a. During
these early phases there is little to impede the diffusion of nutrients to the bacteria from the (supposedly nutrient-rich) external
environment. This is not the case in phases 3 and 4, when a considerable rust layer is present between the bacteria and the external environment.
Anoxic conditions also may permit wet corrosion under the
cathodic hydrogen evolution reaction. The mechanism within
which these reactions can occur at the corroding interface for the
early part of phase 3 has been postulated as locally similar to
those that cause crevice and pitting corrosion, both of which can
proceed very quickly in time (Melchers, 2011). Under these conditions the corrosion rate is controlled, initially at least, by the
rate of (outward) diffusion of molecular hydrogen. For a given
thickness and diffusivity of the rust layers present at the end of
phase 2, this is much faster than the inward diffusion of oxygen
because of the much smaller size of molecular hydrogen. The relative rates are shown schematically as ra and rb respectively in
Fig 5a. The likely long-term corrosion rate limiting mechanisms
are the inward diffusion of water or the outward movement of
ferrous ions. The details remain to be determined.
The hydrogen-reduction reaction (Fig. 7) produces (black) magnetite. Usually it is found at the base of older rusts, highly adherent to the underlying metal although it may be quite weak if
hydrated. It has a characteristic smell very different from the
black corrosion product hydrogen sulfide FeS (or similar sulfide
products) produced by microbiological activity. FeS results from
the metabolism of hydrogen and the sulfates abundantly present
in seawater. Typically it is soft and slimy and easily removed to

Fig. 7 Schematic representation of effects of small amounts of
alloying materials on corrosion loss; effects are different for various parts (phases) of model. Also, higher carbon content appears
to increase both cs and rs (Melchers, 2003d).
Factor

Summary influence

Water velocity
Salinity

Timing

Pressure
Depth
Size/Area

Table 2

Increases corrosion in the first few weeks as rusts
build up and thereafter little additional effect.
Important, but effect also influenced by water
hardness. Some soft fresh waters are highly
corrosive.
Steel exposed, say in autumn or winter, has initially a slower rate of corrosion. This moves
model (to the right) in time by about 6 months.
No evidence that it has any noticeable effect.
Depth effects result mainly from temperature,
DO and nutrient levels.
Precise shape or area involved in corrosion not
important for moderate-sized objects, i.e. with
distances insufficient for the water properties
to change.

Some factors influencing seawater corrosion of steel

reveal bright metal underneath. FeS is not always observed but
magnetite is common (Waseda and Suzuki, 2006).
Fig. 5 summarizes, schematically, the influence of the main
factors. Fig. 6 shows the calibration curves for just 2 of the parameters r0 and ta . As expected of field data collected under uncontrolled conditions, there is variability in the data (Lee et al., 2010)
but the trends are quite clear.
Since each phase of the model describes a different principal
corrosion mechanism, each may be expected to respond differently to steel composition (Fig. 7) and to various environmental
conditions, including water temperature, dissolved oxygen, salinity, carbonate and sulfate contents. Indeed this has been observed
in careful data analyses. This also has facilitated extension of the
model to conditions other than natural, unpolluted, largely quiescent coastal seawater. Table 2 shows the influence of some other
influencing factors.

PITTING CORROSION

Fig. 6 Data and calibrated trend curves for model parameters r0
and ta (Fig. 5a)

Pitting is of interest for the perforation of pipe walls and
tanks. This implies that the maximum pit depth is of interest. Measurement of maximum pit depths on multiple mild-steel
coupons exposed for various periods of immersion in aerated natural sweater has shown, repeatedly, a distinctly nonlinear, bimodal
trend (e.g. Fig. 8). The trend curve depends on the exposure conditions, a little on steel composition, but mainly on water temperature (Melchers, 2004a). The bimodal pit depth trend curve shown
in Fig. 8 is similar to the model for corrosion loss. This is not
surprising as pitting underlies also the uniform corrosion process.
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Fig. 8 Maximum pit depths as a function of exposure period for
natural coastal seawater (Taylors Beach, Australia)
In applications, interest lies mainly in the maximum pit depth
that may occur for larger steel surfaces, or equivalently, over
longer exposure periods. The conventional approach is to assume
that the statistics of maximum observed pit depths may be represented in terms of Extreme Value (EV) statistics (Galambos,
1987). In fact, pitting corrosion usually is considered one of the
prime applications of EV analysis.
In brief, the maximum of independent maxima may be considered distributed according to the well-known Gumbel Extreme
Value distribution (for maxima) (Galambos, 1987). Fig. 9 shows
an example of a so-called Gumbel plot. It is a special probability paper in which the cumulative probability distribution, shown
on the left axis, is distorted in such a way that data that are truly
Gumbel distributed plot as a straight line. (This is similar in concept to the so-called Normal probability plot). The left axis conventionally is labeled using the standardized variable w, defined
below. The equivalent cumulative probability (i.e. the probability
that the variable of interest is less than the value on the horizontal
axis) is shown on the right vertical axis.
For pitting, each pit depth is assumed to be an independent
maximum (or, can be so assumed in the limit as the number of pits
becomes large). Then, on the standard Gumbel plot, Fig. 9, the
standardized variable for the maxima is given by w = 4y − u5
which is defined through the cumulative distribution function
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Fig. 10 Gumbel plot of Fig. 9 with each data set is off-set by 0.5
mm for clarity; straight light lines through data are Gumbel trends
and comparison to data shows that data trends are not linear as
assumed in Fig. 9 (Melchers, 2008b).
(CDF) for y, i.e. by FY 4y5 and its probability density function
(PDF) fY 4y5 as:
FY 4y5 = FW 64y − u57
fY 4y5 = fW 64y − u57

with FW 4w5 = exp4−e−w 5

(5)
(6)

Here u and  respectively are the mode and slope of the Gumbel distribution and are related to the mean Y and standard deviation Y through Y = u + 101396/ and Y = 0040825 /.
A number of standard techniques exist to plot the data from a
data set on a Gumbel plot (Galambos, 1987). Fig. 9 shows 6 sets
of data, each one for a different period of exposure. It is seen
that straight lines can be fitted through each data set, indicating
the conventional Gumbel trend. It is seen also that the slopes of
the lines (cf.  in Eqs. 5 and 6) increase with longer exposure,
indicating greater variability in pit depth with increasing exposure
period. Closer examination of maximum pit depth data for longer
periods of exposure has shown that the data are not particularly
closely linear, but that they have a distinctive characteristic trend,
also seen for other data sets (Melchers, 2008b). Fig. 10 shows the
modified trends.
The most important observation in Fig. 10 is that for exposures
> 105 years and for the deeper pits (i.e. those above and to the
right of the line AA), the extreme value distribution that best fits
those data is the Frechet EV distribution (Galambos, 1987). It is
evident that there can be very large differences between Gumbel
and Frechet in the probabilities associated with a given depth of
pitting. This may have important practical implications.

APPLICATIONS
The above principles and models have been applied to the corrosion inside water ballast tanks for ships (Gudze and Melchers,
2008), the corrosion of steel piles in harbors by so-called accelerated low water corrosion (Melchers and Jeffrey, 2009), the corrosion of mooring chains for offshore floating production and storage platforms (Fontaine et al., 2012), and for the internal corrosion
of water injection pipelines used in the oil industry (Comãnescu
et al., 2012).

CONCLUSIONS
Fig. 9 Gumbel plot with maximum pit depth data at various exposure periods for 18 surfaces of mild-steel plate coupons continuously immersed in Pacific Ocean seawater (Melchers, 2004b)

A review of data and influencing factors for the corrosion of
steels in marine environments has shown that corrosion loss as a
process is best represented by the bi-model model that represents
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the changes that occur as corrosion develops, including microbiological effects, both on mass loss and for pitting. The representation of maximum pit depth statistics requires consideration of
these changes. The conventional Gumbel extreme value distribution ignores these changes and may not be adequate for prediction. Several applications using these approaches are referenced.
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