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4.1 Introduction

Predictive modeling and statistical process control have become inte-
gral components of the modern science and engineering of complex
systems. The massive introduction of computers in the workplace has
also drastically changed the importance of these machines in daily
operations. Computers play important roles in data acquisition in lab-
oratory and field environments, data processing and analysis, data
searching, and data presentation in understandable and useful for-
mats. Computers also assist engineers in transforming data into
usable and relevant information.

The connectivity of computers to the outside world through the
Internet and the Web has opened up tremendous channels of commu-
nication that never existed before. This chapter covers a variety of top-
ics related to modeling of corrosion processes, from fundamental
expressions to pragmatic models, and to applications of computers
such as expert systems and computer-based training.

Chapter

4
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4.2 Modeling and Life Prediction

The complexity of engineering systems is growing steadily with the
introduction of advanced materials and modern protective methods.
This increasing technical complexity is paralleled by an increasing
awareness of the risks, hazards, and liabilities related to the operation
of engineering systems. However, the increasing cost of replacing
equipment is forcing people and organizations to extend the useful life
of their systems. The prediction of damage caused by environmental
factors remains a serious challenge during the handling of real-life
problems or the training of adequate personnel. Mechanical forces,
which normally have little effect on the general corrosion of metals,
can act in synergy with operating environments to provide localized
mechanisms that can cause sudden failures.

Models of materials degradation processes have been developed for a
multitude of situations using a great variety of methodologies. For sci-
entists and engineers who are developing materials, models have
become an essential benchmarking element for the selection and life
prediction associated with the introduction of new materials or process-
es. In fact, models are, in this context, an accepted method of repre-
senting current understandings of reality. For systems managers, the
corrosion performance or underperformance of materials has a very dif-
ferent meaning. In the context of life-cycle management, corrosion is
only one element of the whole picture, and the main difficulty with cor-
rosion knowledge is to bring it to the system management level. This
chapter is divided into three main sections that illustrate how corrosion
information is produced, managed, and transformed.

4.2.1 The bottom-up approach

Scientific models can take many shapes and forms, but they all seek to
characterize response variables through relationships with appropriate
factors. Traditional models can be divided into two main categories:
mathematical or theoretical models and statistical or empirical models.1
Mathematical models have the common characteristic that the response
and predictor variables are assumed to be free of specification error and
measurement uncertainty.2 Statistical models, on the other hand, are
derived from data that are subject to various types of specification,
observation, experimental, and/or measurement errors. In general
terms, mathematical models can guide investigations, and statistical
models are used to represent the results of these investigations.

Mathematical models. Some specific situations lend themselves to the
development of useful mechanistic models that can account for 
the principal features governing corrosion processes. These models are
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most naturally expressed in terms of differential equations or another
nonexplicit form of mathematics. However, modern developments in
computing facilities and in mathematical theories of nonlinear and
chaotic behaviors have made it possible to cope with relatively complex
problems. A mechanistic model has the following advantages:3

■ It contributes to our understanding of the phenomenon under study.
■ It usually provides a better basis for extrapolation.
■ It tends to be parsimonious, i.e., frugal, in the use of parameters and

to provide better estimates of the response.

The modern progress in understanding corrosion phenomena and con-
trolling the impact of corrosion damage was greatly accelerated when
the thermodynamic and kinetic behavior of metallic materials was
made explicit in what became known as E-pH or Pourbaix diagrams
(thermodynamics) and mixed-potential or Evans diagrams (kinetics).
These two models, both established in the 1950s, have become the basis
for most of the mechanistic studies carried out since then.

The multidisciplinary nature of corrosion science is reflected in the
multitude of approaches to explaining and modeling fundamental cor-
rosion processes that have been proposed. The following list gives
some scientific disciplines with examples of modeling efforts that one
can find in the literature:

■ Surface science. Atomistic model of passive films
■ Physical chemistry. Adsorption behavior of corrosion inhibitors
■ Quantum mechanics. Design tool for organic inhibitors
■ Solid-state physics. Scaling properties associated with hot corrosion
■ Water chemistry. Control model of inhibitors and antiscaling agents
■ Boundary-element mathematics. Cathodic protection

The following examples illustrate the applications of computational
mathematics to modeling some fundamental corrosion behavior that
can affect a wide range of design and material conditions.

A numerical model of crevice corrosion. Many mathematical models have
been developed to simulate processes such as the initiation and propa-
gation of crevice corrosion as a function of external electrolyte composi-
tion and potential. Such models are deemed to be quite important for
predicting the behavior of otherwise benign situations that can progress
into aggravating corrosion processes. One such model was published
recently with a review of earlier efforts to model crevice corrosion.4 The
model presented in that paper was applied to several experimental data

Modeling, Life Prediction, and Computer Applications 269

0765162_Ch04_Roberge  9/1/99 4:43  Page 269



sets, including crevice corrosion initiation on stainless steel and active
corrosion of iron in several electrolytes. The model was said to break
new ground by

■ Using equations for moderately concentrated solutions and includ-
ing individual ion-activity coefficients. Transport by chemical poten-
tial gradients was used rather than equations for dilute solutions.

■ Being capable of handling passive corrosion, active corrosion, and
active/passive transitions in transient systems.

■ Being generic and permitting the evaluation of the importance of dif-
ferent species, chemical reactions, metals, and types of kinetics at
the metal/solution interface.

Solution of the model for a particular problem requires specification
of the chemical species considered, their respective possible reactions,
supporting thermodynamic data, grid geometry, and kinetics at the
metal/solution interface. The simulation domain is then broken into a
set of calculation nodes, as shown in Fig. 4.1; these nodes can be
spaced more closely where gradients are highest. Fundamental equa-
tions describing the many aspects of chemical interactions and species
movement are finally made discrete in readily computable forms.

During the computer simulation, the equations for the chemical
reactions occurring at each node are solved separately, on the assump-
tion that the characteristic times of these reactions are much shorter
than those of the mass transport or other corrosion processes. At the
end of each time step, the resulting aqueous solution composition at
each node is solved to equilibrium by a call to an equilibrium solver
that searches for minima in Gibbs energy. The model was tested by

270 Chapter Four

�����
�����
�����

yyyyy
yyyyy
yyyyy∆x

j = m j = 4 j = 3

Nodal interface

j = 1

L

g

x

j = 2

node

Figure 4.1 Schematic of crevice model geometry.

0765162_Ch04_Roberge  9/1/99 4:43  Page 270



comparing its output with the results of several experiments with
three systems:

■ Crevice corrosion of UNS 30400 stainless steel in a pH neutral chlo-
ride solution

■ Crevice corrosion of iron in various electrolyte solutions
■ Crevice corrosion of iron in sulfuric acid

Comparison of modeled and experimental data for these three sys-
tems gave agreement ranging from approximate to very good.

A fractal model of corroding surfaces. Surface modifications occurring dur-
ing the degradation of a metallic material can greatly influence the
subsequent behavior of the material. These modifications can also
affect the electrochemical response of the material when it is submit-
ted to a voltage or current perturbation during electrochemical testing,
for example. Models based on fractal and chaos mathematics have
been developed to describe complex shapes and structures and explain
many phenomena encountered in science and engineering.5 These
models have been applied to different fields of materials engineering,
including corrosion studies. Fractal models have, for example, been
used to explain the frequency dependence of a surface response to
probing by electrochemical impedance spectroscopy (EIS)6 and, more
recently, to explain some of the features observed in the electrochemical
noise generated by corroding surfaces.7

In an experiment designed to reveal surface features, a sample of
rolled aluminum 2024 sheet (dimensions 100 � 40 � 4 mm) was placed
in a 250-mL beaker in such a way that it was immersed in aerated 3%
NaCl solution to a level about 30 mm from the top of the specimen.8

The effect of aeration created a “splash zone” over the portion of the
surface that was not immersed. During the course of exposure, a por-
tion of the immersed region in the center of the upward-facing surface
became covered with gas bubbles and suffered a higher level of attack
than the rest of the immersed surface. After 24 h, the plate was
removed from the solution. Figure 4.2 shows the specimen and the
areas where the surface profiles were measured in diagrammatic form.

Surface profile measurements were made by means of a Rank Taylor
Hobson Form Talysurf with a 0.2-�m diamond-tip probe in all the var-
ious planes and directions in these planes, i.e., LT, TL, LS, SL, ST, and
TS. The instrument created a line scan of a real surface by pulling the
probe across a predefined part of the surface at a fixed scan rate of 1
mm/s. All traces were of length 8 mm, generating 32,000 points with a
sampling rate of 0.25 �m per point, except for the SL and ST direc-
tions, which, because of the plate thickness, were limited to 2-mm
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traces or 8000 points. The manufacturer’s software for the Talysurf
instrument was capable of generating more than 20 surface profile
parameters. In this study, two parameters, Ra and Rt, were retained.
Ra, the roughness average, described the average deviation from a
mean line, whereas Rt described the distance from the deepest pit to
the highest peak of the profile, an index which was taken as an engi-
neering “worst-case” parameter for pitting severity.

The corrosion found on the plate varied considerably from area to
area. The region of the plate beneath the gas bubbles was found to be
particularly corroded, with a very high concentration of pits. Across the
remainder of the immersed upward-facing surface, pitting was scat-
tered. The splash zone of the surface above the electrolyte was also badly
pitted. On the sides, the pits had a geometry and orientation which con-
formed to the expected grain structure of the rolled material. In all cas-
es, changes noted in traditional Talysurf parameters were consistent
with expectations. The severity of the corrosion was indicated by an
increase in Ra and Rt, and the profiles obtained gave good general indi-
cations of the degree of pitting and the size of pits. There was an approx-
imately tenfold increase in Ra and Rt between the freshly polished
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surface (reference data in Table 4.1) and the heavily corroded profiles
such as a, b, e, and g on Fig. 4.2.

All profiles measured and analyzed with the Talysurf equipment were
also analyzed with the rescaled range (R/S) analysis technique. The R/S
technique, which can provide a direct evaluation of the fractal dimension
of a signal, was derived from one of the most useful mathematical mod-
els for analyzing time-series data, proposed a few years ago by
Mandelbrot and van Ness.9 A detailed description of the R/S technique
[in which R or R(t,s) stands for the sequential range of the data-point
increments for a given lag s and time t, and S or S(t,s) stands for the
square root of the sample sequential variance] can be found in Fan et
al.10 Hurst11 and, later, Mandelbrot and Wallis12 have proposed that the
ratio R(t,s)/S(t,s), also called the rescaled range, was itself a random func-
tion with a scaling property described by relation (4.1), in which the scal-
ing behavior of a signal is characterized by the Hurst exponent (H), also
called the scaling parameter, which can vary over the range 0 � H � 1.

∝ sH
(4.1)

It has additionally been shown13 that the local fractal dimension D
of a signal is related to H through Eq. (4.2), which makes it possible to
characterize the fractal dimension of a given time series by calculating
the slope of an R/S plot.

D � 2 � H 0 � H � 1 (4.2)

Examining the data in Table 4.1, it is apparent that the ground,
uncorroded surfaces exhibited behavior close to that of a brownian pro-
file, for which the fractal dimension D equals 1.5. The corroded areas
with the biggest reduction in D were those with the most pitting, i.e.,
traces a, b, and e, all of which occurred in the spray zone above the
water. The reduction in fractal dimension at the fine-texture resolution

R (t,s) 
�
S (t,s)
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TABLE 4.1 Calculated Surface Parameters for Regions Identified on
Fig. 4.2

Plane Zone Ra, �m Rt, �m D

Reference* 0.14 2.95 1.45
Long transverse (LT) a 1.12 17.6 1.27

b 1.36 20.0 1.27
c 0.48 8.82 1.36
d 0.71 12.8 1.42

Short longitudinal (SL) e 1.59 15.7 1.23
f 0.84 14.9 1.30

Short transverse (ST) g 1.01 17.6 1.35

*Average reference trace measured before corrosion exposure.
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of the Talysurf, from about 1.5 to about 1.2, would indicate a “smooth-
ing,” which might be explained by a greater loss of mass from the peaks
than from the valleys of the profiles.

The correlation coefficients between the fractal dimension and the
surface parameters presented in Table 4.1 were calculated to be 0.89
for Ra and 0.76 for Rt. This would indicate that the fractal dimension
is slightly better related to a short-range descriptor or an average
quantity such as Ra than to a longer-range descriptor or a worst-case
distance quantity such as Rt. R/S analysis can provide a direct method
for determining the fractal dimension of surface profiles measured
with commercial equipment. Such analysis was helpful in shedding a
new light on the real nature of the microscopic transformations occur-
ring during the corrosion of aluminum.

Statistical models. Frequently, the mechanism underlying a process is
not understood sufficiently well or is simply too complicated to allow 
an exact model to be formulated from theory. In such circumstances, an
empirical model may be useful. The degree of complexity that should be
incorporated in an empirical model can seldom be assessed in the first
phase of designing the model. The most popular approach is to start by
considering the simplest model with a limited set of variables, then
increase the complexity of the model as evidence is collected.

Statistical assessment of time to failure is a basic topic in reliabili-
ty engineering for which many mathematical tools have been devel-
oped. Evans, who also pioneered the mixed-potential theory to explain
basic corrosion kinetics (see Chap. 1, Aqueous Corrosion), launched
the concept of corrosion probability in relation to localized corrosion.
According to Evans, an exact knowledge of the corrosion rate was less
important than ascertaining the statistical risk of its initiation.14

Pitting is, of course, only one of the many forms of localized corrosion,
and the same argument can be extended to any form of corrosion in
which the mechanisms controlling the initiation phase differ from
those controlling the propagation phase. The following examples
illustrate the applications of empirical modeling in two areas of high
criticality.

Pitting corrosion in oil and gas operations. Engineers concerned with soil cor-
rosion of underground steel piping are aware that the maximum pit
depth found on a buried structure is somehow related to the percentage
of the structure inspected. Finding the deepest actual pit requires a
detailed inspection of the whole structure, and as the percentage of the
structure inspected decreases, so does the probability of finding the
deepest actual pit. A number of statistical transformations to quantify
the distributions in pitting variables have been proposed. Gumbel is
given the credit for the original development of extreme value statistics
(EVS) for the characterization of pit depth distribution.15

274 Chapter Four

0765162_Ch04_Roberge  9/1/99 4:43  Page 274



The EVS procedure is to measure maximum pit depths on several
replicate specimens that have pitted, then arrange the pit depth val-
ues in order of increasing rank. The Gumbel distribution, expressed
in Eq. (4.3), where � and 	 are the location and scale parameters,
respectively, can then be used to characterize the data set and esti-
mate the extreme pit depth that possibly can affect the system from
which the data were initially produced.

F (x) � exp ��exp �� �� (4.3)

In reality, there are three types of extreme value distributions:16

■ Type 1. exp[�exp (�x)], or the Gumbel distribution
■ Type 2. exp(�x�k), the Cauchy distribution
■ Type 3. exp[�(
 � x)k], the Weibull distribution

where x is a random variable and k and 
 are constants.
To determine which of these three distributions best fits a specific

data set, a goodness-of-fit test is required. The chi-square test or the
Kolmogorov-Simirnov test has often been used for this purpose. A sim-
pler graphical procedure using a generalized extreme value distribu-
tion with a shape factor dependent on the type of distribution is also
possible. There are two expressions for the generalized extreme value
distribution, Eq. (4.4) when kx � (	 � uk) and k0,

F(x) � exp ��1 � k
1/k

� (4.4)

and Eq. (4.5) when x � u and k � 0,

F(x) � exp ��exp � � (4.5)

EVS were put to work on real systems in the oil and gas industries
on several occasions for two main reasons. The first reason was the
critical nature of many operations associated with the transport of gas
and other petroleum products, and the second was the predictability of
localized corrosion of steel, the main material used by the oil and gas
industry.

Meany has, for example, reported four detailed cases in which
extreme value distribution proved to be an adequate representation of
corrosion problems:17

For underground piping
■ In a cathodic protection feasibility study
■ For the evaluation of a gas distribution system

x � u
�

	

x � u
�

	

x � �
�
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For power plant condenser tubing
■ During the assessment of stainless steel tube leaks
■ During the assessment of Cu-Ni tube pitting performance

In another study, data from water injection pipeline systems and
from the published literature were used to simulate the sample func-
tions of pit growth on metal surfaces.18 This study, by Sheikh et al.,
concluded that

■ Maximum pit depths were adequately characterized by extreme val-
ue distribution.

■ Corrosion rates for water injection systems could be modeled by a
gaussian distribution.

■ An exponential pipeline leak growth model was appropriate for all
operation regimes.

A more recent publication reported the development of a risk model to
identify the probability that unacceptable downhole corrosion could
occur as a gas reservoir was depleted.19 Integration of reservoir simula-
tion data, tubing hydraulics calculations for the downhole wellbore envi-
ronments, and corrosion pit distribution provided the framework for the
risk model. Multiparameter regression showed that the ratio of the vol-
ume of liquid water to the volume of liquid hydrocarbon on the tubing
walls had a significant influence on corrosion behavior in that field.
Using EVS fits for field workover corrosion logging and also laboratory
data, a series of extreme value equations with the best fits (r2 � 0.95)
was assembled and plotted collectively. It was shown that EVS provided
a good representation of the distribution of corrosion pit depths.

A validity analysis of the risk model with a 95 percent corrosion
probability indicated at least an 80 percent confidence level for the
prediction. Life expectancy calculations using the corrosion risk mod-
el provided the basis for the development of an optimized corrosion
management strategy to minimize the impact of corrosion on gas deliv-
erability as the reservoir was depleted.

Failure of nuclear waste containers. The regulations pertaining to the geo-
logic disposal of high-level nuclear waste in the United States and
Canada require that the radionuclides remain substantially contained
within the waste package for 300 to 1000 years after permanent clo-
sure of the repository. The current concept of a waste package involves
the insertion of spent fuel bundles inside a container, which is then
placed in a deep borehole, either vertically or horizontally, with a small
air gap between the container and the borehole. For vitrified wastes, a
pour canister inside the outer container acts as an additional barrier.
Currently, no other barrier is being planned, making the successful
performance of the container material crucial to fulfilling the contain-
ment requirements over long periods of time.
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Provided that no failures occur as a result of mechanical effects, the
main factor limiting the survival of these containers is expected to be
corrosion caused by the groundwater to which they would be exposed.
Two general classes of container materials have been studied interna-
tionally: corrosion-allowance and corrosion-resistant materials.
Corrosion-allowance materials have a measurable general corrosion
rate but are not susceptible to localized corrosion. By contrast, corrosion-
resistant materials are expected to have very low general corrosion
rates because of the presence of a protective surface oxide film. However,
they may be susceptible to localized corrosion damage.

A model developed to predict the failure of Grade 2 titanium was
recently published in the open literature.20 Two major corrosion modes
were included in the model: failure by crevice corrosion and failure by
hydrogen-induced cracking (HIC). It was assumed that a small num-
ber of containers were defective and would fail within 50 years of
emplacement. The model was probabilistic in nature, and each model-
ing parameter was assigned a range of values, resulting in a distribu-
tion of corrosion rates and failure times. The crevice corrosion rate was
assumed to be dependent only on the properties of the material and
the temperature of the vault. Crevice corrosion was also assumed to
initiate rapidly on all containers and subsequently propagate without
repassivation. Failure by HIC was assumed to be inevitable once a
container temperature fell below 30°C. However, the concentration of
atomic hydrogen needed to render a container susceptible to HIC
would be achieved only very slowly, and the risk might even be negli-
gible if that container had never been subject to crevice corrosion.

Figure 4.3 illustrates the thin-shell packed-particulate design cho-
sen as a reference container for this study. The mathematical proce-
dure to combine various probability functions and arrive at a
probability of failure of a hot container as a result of crevice corrosion
at a certain temperature is illustrated in Fig. 4.4. The failure rate due
to HIC was arbitrarily assumed to have a triangular distribution in
order to simplify the calculations, given that HIC is predicted to be
only a marginal failure mode under the burial conditions considered.

On the basis of these assumptions and the calculations described in
the full paper, it was predicted that 96.7 percent of all containers
would fail by crevice corrosion and the remainder by HIC. However,
only 0.137 percent of the total number of containers were predicted to
fail before 1000 years (0.1 percent by crevice corrosion and 0.037 per-
cent by HIC), with the earliest failure after 300 years.

4.2.2 The top-down approach

The transformation of laboratory results into usable real-life functions for
service applications is almost impossible. In the best cases, laboratory
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tests can provide a relative scale of merit in support of the selection of
materials to be exposed to specific conditions and environments. From an
engineering management standpoint, mapping of the parameters defin-
ing an operational envelope can reduce the need for exhaustive mecha-
nistic models, since any potential problem should be avoidable by
controlling the conditions of its occurrence.

Some of the issues involved in deciding on a cost-effective method
for combating corrosion are generic to sound management of engi-
neering systems. Others are specifically related to the impact of cor-
rosion damage on system integrity and operating costs. In process
operations, where corrosion risks can be extremely high, costs are
often categorized by equipment type and managed as an asset loss
risk (Fig. 4.5).21 The quantification or ranking of risk, defined as the
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product of the probability and consequences of specific events, should
dictate the preferential order in which inspection and maintenance
are performed. By referring to Fig. 4.5, the operations department of
a process plant should adjust the maintenance schedule, considering
the decreasing attention given to piping, reactors, tanks, and process
towers. Similar logic applies to all industries. The following examples
will illustrate how these considerations are manifested in practice
and how corrosion information is integrated into efficient manage-
ment systems.

A fault tree for the risk assessment of gas pipeline. Fault tree analysis
(FTA) is the process of reviewing and analytically examining a system
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or equipment in such a way as to emphasize the lower-level fault
occurrences which directly or indirectly contribute to a major fault or
undesired event. The value of performing FTA is that by developing
the lower-level failure mechanisms necessary to produce higher-level
occurrences, a total overview of the system is achieved. Once complet-
ed, the fault tree allows an engineer to fully evaluate a system’s safety
or reliability by altering the various lower-level attributes of the tree.
Through this type of modeling, a number of variables may be visual-
ized in a cost-effective manner.

A fault tree is a diagrammatic representation of the relationship
between component-level failures and a system-level undesired event.
A fault tree depicts how component-level failures propagate through
the system to cause a system-level failure. The component-level fail-
ures are called the terminal events, primary events, or basic events of
the fault tree. The system-level undesired event is called the top event
of the fault tree. Figure 4.6 presents, in graphical form, the tree and
gate symbols most commonly used in the construction of fault trees.22

A brief description of these symbols is given in the following list:

■ Fault event (rectangle). A system-level fault or undesired event.
■ Conditional event (ellipse). A specific condition or restriction

applied to a logic gate (mostly used with an inhibit gate).
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■ Basic event (circle). The lowest event examined which has the
capability of causing a fault to occur.

■ Undeveloped event (diamond). A failure which is at the lowest level
of examination in the fault tree, but which can be further expanded.

■ Transfer (triangle). The transfer function is used to signify a con-
nection between two or more sections of the fault tree.

■ AND gate. The output occurs only if all inputs exist. (Probabilities
of the inputs are multiplied, decreasing the resulting probability.)

■ OR gate. The output is true only if one or more of the input events
occur. (Probabilities of the inputs are added, increasing the resulting
probability.)

■ Inhibit gate (hexagon). One input is a lower fault event and the
other input is a conditional qualifier or accelerator [direct effect as a
decreasing (�1) or increasing factor (�1)].

The FTA methodology was adopted by Nova Corp., a major natur-
al gas transport and processing company in Canada, for the risk
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assessment of its 18,000-km gas pipeline network.23 FTA is normally
performed for the review and analytical examination of systems or
equipment to emphasize the lower-level fault occurrences, and the
results of the FTA calculations are regularly validated with inspec-
tion results. These results are also used to schedule maintenance
operations, conduct surveys, and plan research and development
efforts.

Figures 4.7 and 4.8 illustrate respectively the SCC branch and the
uniform corrosion branch of the Nova Corp. pipeline outage FTA sys-
tem. Each element of the branches in Figs. 4.7 and 4.8, which are part
of a larger tree that estimates the overall probability of pipeline fail-
ure, contains numeric probability information related to technical and
historical data for each segment of the 18,000-km pipeline.

The Maintenance Steering Group (MSG) system. The aircraft industry and
its controlling agencies have developed another top-down approach to
represent potential failures of aircraft components. The Maintenance
Steering Group (MSG) system has evolved from many years of corporate
knowledge. The first generation of formal air carrier maintenance pro-
grams was based on the belief that each part on an aircraft required
periodic overhaul. As experience was gained, it became apparent that
some components did not require as much attention as others, and new
methods of maintenance control were developed. Condition monitoring
was thus introduced into the decision logic of the initial Maintenance
Steering Group document (MSG-1) and applied to Boeing 747 aircraft.

The MSG system has now evolved considerably. The experience
gained with MSG-1 was used to update the decision logic and create
a more universal document that is applicable to other aircraft and
powerplants.24 When applied to a particular aircraft type, the MSG-2
logic would produce a list of maintenance significant items (MSIs), to
each of which one or more process categories would be applied, such
as “hard time,” “on-condition,” and/or “reliability control.”

The most recent update to the system was initiated in 1980. The
resultant MSG-3 system has the same basic philosophy as MSG-1 and
MSG-2, but prescribes a different approach to the assignment of main-
tenance requirements. Instead of the process categories typical of MSG-
1 and MSG-2, the MSG-3 logic identifies maintenance requirements.
The processes, tasks, and intervals arrived at with MSG can be used by
operators as the basis for their initial maintenance program. In 1991,
industry and regulatory authorities began working together to provide
additional enhancements to MSG-3. As a result of these efforts,
Revision 2 was submitted to the Federal Aviation Administration (FAA)
in September 1993 and accepted a few weeks later. Major enhance-
ments include
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Figure 4.7 Fault tree for natural gas pipeline outage caused by SCC.
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Figure 4.8 Fault tree for natural gas pipeline outage caused by general corrosion.
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■ Expansion of the systems/powerplant definition of inspection
■ Guidelines for the development of a corrosion prevention and control

program (CPCP)
■ Increased awareness of the requirements of aging aircraft
■ Extensive revision of the structure logic

The MSG-3 structure analysis begins with the development of a
complete breakdown of the aircraft systems, down to the component
level. All structural items are then classified as either structure sig-
nificant items (SSIs) or other structure. An item is classified as an SSI
on the basis of consideration of the consequences of failure and the
likelihood of failure, along with material, protection, and probable
exposure to corrosive environments. All SSIs are then listed and cate-
gorized as damage-tolerant or safe life items to which life limits are
assigned.25 For all SSIs, accidental damage, environmental deteriora-
tion, corrosion prevention and control, and fatigue damage evaluations
are performed following the logic diagram illustrated in Fig. 4.9.

Once the MSG-3 structure analysis is completed, each element of the
structural analysis diagram (Fig. 4.9) can be expanded right to the indi-
vidual components and associated inspection and maintenance tasks.
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Figure 4.9 Overall MSG-3, Revision 2, structural analysis logic diagram.
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The procedure for MSG-3 environmental deterioration analysis (EDA),
for example, involves the evaluation of the structure in terms of proba-
ble exposure to adverse environments. The evaluation of deterioration
is based on a series of steps supported by reference materials contain-
ing baseline data expressing the susceptibility of structural materials
to various types of environmental damage. While the end product of the
MSG-3 is very component-specific, its information contains much of
what is required to create a more generic system based on materials
instead of part numbers. The logic of the EDA, illustrated in Fig. 4.10,
requires the input of a multitude of parameters, given in the following
list, guided by the use of a template, shown in Fig. 4.11.

■ Item location/accessibility/visibility
■ Item material/temper/manufacturing specification
■ Material of adjacent items
■ Finish protection
■ Accidental damage impact
■ Area/zone
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Figure 4.10 Environmental deterioration analysis logic diagram.
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Modern aircraft are built from a great variety of materials with
state-of-the art protective coatings and exemplary design and mainte-
nance constraints. Table 4.2 contains a list of materials that are com-
monly used in the construction of aircraft with some of the associated
problems and solutions. Once data are entered in the MSG system, the
predefined relations in the logic permit detailed information to be
obtained on the following:

■ Likelihood of exposure to corrosive products
■ Random/systematic corrosion characteristics
■ Required inspection level
■ Inspection threshold/repeat cycle intervals
■ Corrosion-inhibiting compound application requirements

The corrosion ratings supporting the calculations identified in the
EDA sheet (Fig. 4.11) have been adapted from various sources of infor-
mation. As can be seen in this figure, the impact of SCC on the opera-
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TABLE 4.2 Materials Used for the Construction of Modern Aircraft with
Associated Problems and Solutions

Alloy Problems Solutions

Aluminum
Wrought 2000 and Galvanic corrosion Cladding
7000 series sheets, Pitting Anodizing
extrusions, forgings Intergranular corrosion Conversion coatings

Exfoliation Ion vapor deposited (IVD) Al
Stress corrosion Paint

cracking (SCC)
Cast, i.e., Usually corrosion resistant
Al-Si-(Mg-Cu)

Low-alloy steels
4000 and 8000 series, Uniform corrosion Cadmium plating
300M fasteners, Pitting Phosphating
forgings SCC Ion vapor deposited (IVD) Al

Hydrogen embrittlement Paint

Stainless steels
300 series austenitic Intergranular corrosion

Pitting
400 series martensitic Pitting
and precipitation SCC
hardening (PH) series Hydrogen embrittlement

Magnesium alloys Uniform corrosion Anodizing
Pitting Conversion coating
SCC Painting
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tion of aircraft is given special consideration by separating it from the
other types of corrosion, which are otherwise considered equally
important. The information itself is stored in six tables relating spe-
cific materials used in aircraft to the other factors affecting environ-
mental deterioration:25

EDA Table 1. Materials and temper vs. SCC and intergranular,
pitting, and uniform corrosion

EDA Table 2. Combinations of materials vs. galvanic corrosion

EDA Table 3. Circumstantial conditions vs. fretting, filiform,
microbiological, and crevice corrosion

EDA Table 4. Finish protection vs. added resistance to corrosion

EDA Table 5. Probable exposure to corrosive environments

EDA Table 6. Rules to classify corrosion problems as systematic,
when they develop gradually with time, or random, when they result
from accidental causes

But while the information in these tables appears to reflect the over-
all knowledge of materials degradation correctly, there is no provision
for validating the sources or integrating more detailed mechanisms,
even if the information were available. The whole system is built on
implicit expertise without the possibility of critically verifying some of
its calculated predictions against maintenance observations. Only
some vague information concerning the probable exposure to corrosive
environments can be found in EDA Table 5, for example, thus opening
a finite door to subjectivity in the overall task assessment.

A corrosion index for pipeline risk evaluation. A risk assessment tech-
nique is described in much detail in the second edition of a popular
book on pipeline risk management.26 The technique proposed in that
book is based on subjective risk assessment, a method that is particu-
larly well adapted to situations in which knowledge is perceived to be
incomplete and judgment is often based on opinion, experience, intu-
ition, and other nonquantifiable resources. A detailed schema relating
an extensive description of all the elements involved in creating risk
compensates for the fuzziness associated with the manipulation of
nonquantifiable data. Figure 4.12 illustrates the basic pipeline risk
assessment model or tool proposed in that book.

The technique used for quantifying risk factors is described as a hybrid
of several methods, allowing the user to combine scores obtained from sta-
tistical failure data with operator experience. The subjective scoring sys-
tem permits examination of the pipeline risk picture in two general parts.
The first part is a detailed itemization and relative weighting of all rea-
sonably foreseeable events that may lead to the failure of a pipeline, and
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the second part is an analysis of the potential consequences of each fail-
ure. The itemization is further broken down into four indexes, illustrated
in Fig. 4.12, corresponding to typical categories of pipeline failures. By
considering each item in each index, an expert evaluator arrives at a
numerical value for that index. The four index values are then summed
to obtain the total index value. In the second part, a detailed analysis is
made of the potential consequences of a pipeline failure, taking into con-
sideration product characteristics, pipeline operating conditions, and the
line location. Building the risk assessment tool requires four steps:

1. Sectioning. Dividing a system into smaller sections. The size of
each section should reflect practical considerations of operation,
maintenance, and cost of data gathering vs. the benefit of increased
accuracy.

2. Customizing. Deciding on a list of risk contributors and risk
reducers and their relative importance.
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Figure 4.12 Basic pipeline risk assessment model.
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3. Data gathering. Building the database by completing an expert
evaluation of each section of the system.

4. Maintenance. Identifying when and how risk factors can change
and updating these factors accordingly.

The potential for pipeline failure caused either directly or indirectly
by corrosion is probably the most common hazard associated with steel
pipelines. The corrosion index was organized in three categories to
reflect three types of environment to which pipelines are exposed, i.e.,
atmospheric corrosion, soil corrosion, and internal corrosion. Table 4.3
contains the elements contributing to each type of environment and
the suggested weighting factors.

The basic risk assessment model can be expanded to incorporate
additional features that may be of concern in specific situations, as
illustrated in Fig. 4.13. Since these features do not necessarily apply
to all pipelines, this permits the use of distinct modules that can be
activated by an operator to modify the risk analysis.

4.2.3 Toward a universal model of materials
failure

One of the principal goals of scientific discovery is the development of a
theory, i.e., a coherent body of knowledge that can be used to provide
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TABLE 4.3 Corrosion Risk Subjective Assessment

Problem Weight

Atmospheric corrosion
1. Facilities 0–5 pts
2. Atmospheric type 0–10 pts
3. Coating/inspection 0–5 pts

0–20 pts
Internal corrosion
1. Product corrosivity 0–10 pts
2. Internal protection 0–10 pts

0–20 pts
Soil corrosion
1. Cathodic protection 0–8 pts
2. Coating condition 0–10 pts
3. Soil corrosivity 0–4 pts
4. Age of system 0–3 pts
5. Other metals 0–4 pts
6. AC induced currents 0–4 pts
7. SCC and HIC 0–5 pts
8. Test leads 0–6 pts
9. Close internal surveys 0–8 pts

10. Inspection tool 0–8 pts
0–60 pts

Total 0–100 pts
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explanations and predictions for a specific domain of knowledge. Theory
development is a complex process involving three principal activities:
theory formation, theory revision, and paradigm shift. A theory is first
developed from a collection of known observations. It then goes through
a series of revisions aimed at reducing the shortcomings of the initial
model. The initial theory can thus evolve into one that can provide
sophisticated predictions. But a theory can also become much more com-
plex and difficult to use. In such cases, the problems can be partly elim-
inated by a paradigm shift, i.e., a revolutionary change that involves a
conceptual reorganization of the theory.27 The Venn diagrams of Fig.
4.14 illustrate the three stages of a theory revision.28 In the first stage
of theory revision, (a), an anomaly is noted, a new observation that is
not explained by the current model. In a subsequent stage, (b), the old
theory is reduced to its most basic or fundamental expression before it
finally serves as the basis of a new theory formulation, (c).

A sound corrosion failure model should thus be based on core prin-
ciples with extensions into real-world applications through adaptive
revision mechanisms. A universal representation describing the inter-
actions among defects, faults, and failures of a system is shown in Fig.
4.15. The arrows in this figure imply that quantifiable relations, char-
acteristic of a specific system, exist between a defect, a fault, and a
failure. The nature of various corrosion defects is introduced in Chap.
5, Corrosion Failures, in the section on forms of corrosion. Also in
Chap. 5, the factors causing these defects have been related to the fun-
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damental work published by Staehle in his review on the progress in
science and engineering of SCC problems.29 The following sections
describe how the framework proposed by Staehle was reengineered
into a robust and flexible model for different engineering applications.

An object-oriented template. Object orientation (OO) belongs to a series
of paradigms that have been generalized far beyond the goal of their
initial development. The OO paradigm was created in the 1960s to
represent knowledge in artificial intelligence (AI) and expert systems
(ES) research30 and is a fundamentally different way of approaching
the organization and processing of information. OO programming tools
were specifically designed to fit reality as perceived by humans, yet
the OO tools of today cover a much broader realm of technologies than
just software programming, and the OO methodology has now been
applied to almost every information technology–related activity.31

OO in a programming language, system design, or software system
is characterized by two key features, (1) abstraction or encapsulation
and (2) extensibility.32 The same features are typical of most memory-
based human thoughts. The notion of encapsulation has proved to be
a natural paradigm for various applications and environments, such
as graphical user interface systems. The extensibility concept refers to
the ability to extend an existing system without introducing changes
to its fundamental structure. This was an exciting approach to soft-
ware engineers, who, until the development of OO tools, seemed to
require a clean sheet of paper with every new project.

The framework described in Staehle’s work was generalized in a struc-
ture analogous to the OO paradigm, which was found to be a flexible
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Figure 4.14 Theory revision using abduction for hypothesis formation.

0765162_Ch04_Roberge  9/1/99 4:43  Page 293



method of representing such a complex engineering situation. Figure
4.16 illustrates the OO version of the main factors controlling the proba-
bility of corrosion problems. In this figure, the focus is on the material
factor; the other five factors identified by Staehle are related to the mate-
rial factor and the overall probability of a corrosion failure by concentric
rings representing their influence on the overall probability of failure.

According to the basic materials degradation model, the principal fea-
tures underlying the environment factor consist of a long list of ele-
ments describing the chemical makeup of the environment and the
aggravating contributors that can be part of operating conditions, as
schematically illustrated in the OO representation of Fig. 4.17. A test-
ing program that investigates only the nominal condition without con-
sideration of effects such as flow, pH cells, deposits, and other galvanic
effects is useless for lifetime prediction. An exact and complete environ-
mental definition must include a description of the microenvironment
actually in contact with a metallic surface. However, the circumstances
producing this microenvironment are also important. Processes such as
wetting and drying, buildup of deposits, and changes in flow patterns
greatly influence the chemistry of a surface.
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Figure 4.15 Interrelation among defects, failures, and faults.
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Once the elements controlling a situation have been explicitly orga-
nized, minimal effort is required to translate the information into anoth-
er probability representation. This point of view is illustrated in the fault
tree of Fig. 4.18, where the nominal and circumstantial (nonnominal)
environments are separated into two parallel branches. The OR gates in
this fault tree would allow evaluation of the top event probability, i.e., the
probability that the environment PEn will influence a situation, provided
that the functions of the two branches PNo and PCi are known.

In Fig. 4.18, the nominal definition of the environment is divided
into three components; these are also related to the top event by an OR
gate, which indicates that a situation is affected equally by these three
components, i.e., major nominal, accidental nominal, and minor nomi-
nal. From a probability point of view, the effect of this branch would be
quantified by evaluating the probability that a specific nominal com-
position PNo would lead to a corrosion failure as a function of the influ-
ence of the major PMajor, minor PMinor, and accidental PAccidental

components of the environment [Eq. (4.6)].

PNo � PMajor � PAccidental � PMinor (4.6)

Figure 4.18 also expresses how the probability of the circumstan-
tial factor is influenced by three gradients expressing temperature
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Figure 4.16 An object-oriented representation of the material factor controlling the prob-
ability of a corrosion failure.
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differences �T, chemical differences �Chem, and movement v.
Because these subfactors are also linked by an OR gate, their impact
would be described by Eq. (4.7).

PCi � P
�T � P

�Chem � Pv (4.7)

Aluminum failure predictor. Human experts sort evidence by experience.
Based on their assessment of a given piece of information, experts will
form an initial hypothesis and determine what additional information or
tests are required to prove or disprove this initial hypothesis. Further
information normally raises more questions, and experts may go through
several iterations before feeling confident that the causes and mecha-
nisms of a failure have really been determined with an acceptable degree
of confidence. The high-strength aluminum alloy Failure Predictor mim-
ics human analysis from the general to the specific.
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During the last decades, massive efforts and studies of all kinds have
paralleled the development of aluminum alloys. These efforts have result-
ed in the production of an impressive number of reviews and standards
that can serve as a starting point for the construction of a knowledge-
based system (KBS). The main elements affecting the SCC situation of
aluminum alloys are given in Table 4.4 as a function of the six factors pro-
posed in Staehle’s framework. Besides the obvious complexity of environ-
mental cracking (EC) problems visible in Table 4.4, there are some
important limitations on depending on published data in the development
of a KBS for predicting EC problems. The first is that it is almost impos-
sible to separate the individual parameters of the metallurgy of a system,
since they tend to be interdependent.

Another serious limitation with most published mechanistic models of
the environmental cracking behavior of aluminum alloys is that almost
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all of them refer to either laboratory cast and processed alloys or com-
mercial alloys that were subsequently subjected to laboratory-based
heat treatments.33 It is therefore very important to be very selective
when choosing data to support lifetime predictions. The construction of
Failure Predictor was based on the elicitation of a total of 12 critical fac-
tors and subfactors controlling the probability of EC failures in high-
strength aluminum alloys.

In order to actuate the OO framework, each element was linked to
the structure and thus to all other parameters in a semiquantitative
way. Some accepted methods exist that deal with such a situation and
allow different sources of knowledge to be combined with a quantifi-
able degree of confidence. There are basically three ways, in order of
increasing complexity, to represent uncertain information in knowl-
edge engineering: subjective probabilities, certainty factors (CF), and
fuzzy logic.34 The CF approach gives a good approximation of the mea-
sure of belief without being too complex to manage during the knowl-
edge elicitation. The two main principles for applying CF to a
particular knowledge engineering situation are as follows: (1) The CF
must be a quantity that describes the credibility of a given conclusion,
and (2) the rules must be structured in such a way that any particular
rule will add to either the belief or disbelief in a given conclusion. In
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TABLE 4.4 Specific Considerations for the Life Prediction of Aluminum
Components as a Function of the Six Factors Controlling the Framework of SCC
Information.

Framework factor/observations

Environment
■ Measured crack velocities can differ by over nine orders of magnitude for a single

alloy as a result of a change in the environment.
■ Aluminum will not corrode without the presence of water.
■ Environments as low as 0.8% relative humidity will promote SCC.
■ Environments the most favorable to crack growth are those containing Cl�, I�, 

and Br�.

Geometry
■ The geometry factor can promote the localization of even mildly corrosive

environments.
■ There is a sharp drop in the time to failure when the pH of the bulk solution falls

below 11.
■ Crack tips can have a pH of approximately 3.5.

Service temperature
■ Temperature excursions in the thermal aging range affect the strength of alloys and

their susceptibility to SCC depending on their position relative to the peak aged
condition and their sensitivity to aging.

■ For 7XXX series alloys, the beneficial effects that can result from overaging are
strongly influenced by the presence of copper.

Time
■ No model can predict the occurrence of SCC with satisfaction.
■ A semiempirical model was developed for 7079 aluminum alloys to predict crack

growth from double cantilever beam test results, but no attempt was made to
validate the model with actual service data.

Stress
■ Two concepts are necessary to describe the stress factor: (1) the stress definition with

all its components and (2) the origin of the stresses, which can be external or
internal, such as the wedge action of corrosion products.

■ The time to failure vs. applied stress diagrams are often used for empirical
determination of the design life expectancy and stress level where SCC crack growth
initiates (KISCC).

Material
■ The dominant theme for defining the reactivity of materials is the internal

composition of the grain and the grain boundary (GB).
■ The composition of the GB can be dominated either by the formation and

concentration of precipitates or by the adsorption and concentration of species
collected from the environment.

■ EC fracture is intergranular (IG) unless loading conditions are severe.
■ The influence of quench rate upon IG cracking for 2XXX series alloys is relatively

well understood.
■ For 7XXX series alloys, it is generally believed that the influence of quench rate

upon SCC is dependent upon an alloy’s copper content.
■ The risk of SCC prevents exploitation of the maximum strength of aluminum

because SCC intensity increases with precipitation hardening, reaching a maximum
before peak strength.
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Eq. (4.8), which summarizes this second principle, MB is a measure of
belief in the occurrence of event P given the occurrence of event E, and
MD is a measure of disbelief. And the measure of belief that results
from considering two sources of evidence, rule 1 (R1) and rule 2 (R2),
can be calculated by using Eq. (4.9) when these sources have MBs � 0
or using Eq. (4.10) for MDs � 0. The data and CF values would have
to reflect the knowledge of a given component in a given situation and
at a particular time.

CF(P,E) � MB(P,E) � MD(P,E) (4.8)

CF(P,E) � MB(R1) � MB(R2) [1 � MB (R1) ] (4.9)

CF(P,E) � MD(R1) � MD(R2) [1 � MD (R1) ] (4.10)

While some certainty factor values were derived from interviewing
experts, others were adapted from the literature. In the first case,
three experts were consulted and asked to assign a value between
�100 and �100 to each subfactor based on its contribution to alu-
minum SCC, and their answers were averaged for the computation of
certainty factors. Table 4.5 details the average values obtained from
the three experts for the surface condition subfactor of Fig. 4.19.

An example of the second case, i.e., using a literature source to assign
CF values, is the way the bulk composition and crystal structure sub-
factors of Fig. 4.16 were given probability values. These values were
obtained by translating a system for rating the resistance to SCC of
various aluminum alloys and their tempers into a linear scale (Table
4.6). This system had been developed by a joint task group of ASTM
and the Aluminum Association to assist in alloy and temper selection.35

The information contained in ASTM G 64-85, Standard Classification
of the Resistance to Stress-Corrosion Cracking of High-Strength
Aluminum Alloys, was collected from at least 10 random lots which
were tested in accordance with the practice recommended in ASTM G
44, Practice for Evaluating Stress Corrosion Cracking Resistance of
Metals and Alloys by Alternate Immersion in 3.5% Sodium Chloride
Solutions. The highest rating was assigned for results that showed 90
percent conformance at the 95 percent confidence level when tested at
the following stresses:
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TABLE 4.5 Average CF Values Gathered from Three Experts on the Impact of Surface
Conditions on the Probability of an SCC Failure with High-Strength Aluminum Alloys

Surface condition Paint with primer Without primer Cladding Anodized None

Good �0.30 �0.10 �0.50 �0.50 0
Poor �0.10 0 �0.30 �0.30 0.10

Very poor 0.10 0.10 0.10 0.10 0.15
Localized defects 0.10 0.10 0.10 0.10 0.20
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A. Equal to or greater than 75 percent of the specified minimum
yield strength.

B. Equal to or greater than 50 percent of the specified minimum
yield strength.

C. Equal to or greater than 25 percent of the specified minimum
yield strength or 100 MPa, whichever is higher.

D. Fails to meet the criterion for rating C.

Once the subfactors had been assigned acceptable values, the per-
formance of Failure Predictor was verified with a series of test cases,
and the results obtained with the KBS were compared to diagnoses
given by human experts. Failure Predictor passed, without difficulty,
the Turing test, which states that a KBS is acceptable when its user
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TABLE 4.6 Some CF Values Adapted from ASTM G 64-85 for the Alloy and Temper
Subfactors Contributing to an SCC Failure of Aluminum Alloys

Alloy Temper Direction of rolling* Plate† Rod/bar Extrusion Forging

7005 T63 L x x 0 0
LT x x 0 0
ST x x 0.6 0.6

7039 T63/T64 L 0 x 0 x
LT 0 x 0 x
ST 0.6 x 0.6 x

7049 T73 L 0 x 0 0
LT 0 x 0 0
ST 0 x 0.2 0

7075 T6 L 0 0 0 0
LT 0.2 0.2 0.2 0.2
ST 0.4 0.2 0.4 0.4

7075 T73 L 0 0 0 0
LT 0 0 0 0
ST 0 0 0 0

7075 T76 L 0 x 0 x
LT 0 x 0 x
ST 0.4 x 0.4 x

7079 T6 L 0 x 0 0
LT 0.2 x 0.2 0.2
ST 0.6 x 0.6 0.6

7175 T736 L x x x 0
LT x x x 0
ST x x x 0.2

7475 T6 L 0 x x x
LT 0.2 x x x
ST 0.6 x x x

7475 T73 L 0 x x x
LT 0 x x x
ST 0 x x x

*L � longitudinal, LT � long transverse, ST � short transverse.
†x means that product not commercially offered.
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cannot differentiate between diagnoses produced by the software and
those produced by credible human experts.36

Nondestructive testing. Failure analysis and nondestructive evaluation
(NDE) are two complementary aspects of materials engineering. The
probability of detection of a defect is another multidimensional parame-
ter that could be appropriately represented in an object-oriented archi-
tecture (Fig. 4.20). The integration of NDE into a maintenance program
to extend the life of complex structures has to be based on the probabil-
ity of defect detection by various NDE methods compared with damage
tolerance allowances. The probability of detection itself depends on a
multitude of parameters pertaining to each technique, to operator famil-
iarity with the technique, and to all other factors describing the materi-
als, flaw sizes and shapes, etc. The knowledge base required to decide
which technique to use, when, and by whom can be quite extensive if it
is completely based on classical probability mathematics, since this the-
ory assumes that all possible events are known and that each is as like-
ly to occur as any other.

The object-oriented representation of the probability of detection
of a corrosion defect in Fig. 4.20 illustrates the flexibility of such a

302 Chapter Four

Pit
Penetration

SCC
Crack

Metal
Thinning

Defect size
and Position

Embrittlement
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Detection

Visual Inspection

Eddy current

Radiography

Acoustic emission

Liquid penetrant

Ultrasonic

Figure 4.20 An object-oriented representation of the probability of detection of a corro-
sion defect.
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representation. In a global system, the defect size module would
only be one version of the overall corrosion factor module, and the
attributes specific to defect size and position would be actuated
when necessary. With the help of such a tool, the overall probability
of detection can be computed by loading a database of CFs corre-
sponding to each system investigated. As in the previous example,
the values of the CFs can be determined by the elicitation of believ-
able expertise or, alternatively, by going to the fundamental mecha-
nisms describing the failure modes, which could be computed using
more traditional procedural routines.

Table 4.7 contains an example of CF values adapted from textbook
information37 describing the sensitivity of NDE techniques to SCC
defects as a function of material composition. These CF values do not
take into account defect size, position, and morphology. However, such
values can be used as initial default values during the activation of the
OO module. Subsequent information can then be used to improve and
refine the pertinence of the CF values to the specific context and exper-
tise. The following example illustrates how the rule propagation would
be made with even a limited information base such as that contained
in Table 4.7. In this example, an operator would ask the system if there
would be any advantage in combining two techniques for the inspection
of a component made of austenitic stainless steel. According to the data
in Table 4.7, one would always obtain an increased confidence if two
techniques with positive CFs were used. Table 4.8 illustrates some of
the combinations envisaged in this example and the estimated gain in
probability of detection from using two techniques instead of the better
of the two techniques considered.

4.3 Applications of Artificial Intelligence

The modern world has produced an unprecedented quantity of techni-
cal information that merits being preserved and managed. From a
societal point of view, knowledge and information are synonymous
with energy if one considers the effort required to produce either. This
is illustrated in Fig. 4.21, where knowledge is shown at the top of the
value scale representing all aspects of materials processes, from
extraction to maintenance. In an age of conservation and recycling, it
is important to recognize the fact that the most valuable commodities
are information as a vehicle and knowledge as the essence. It is surely
sensible to preserve and recycle these most valuable commodities.

The rapid development of accessible computing power in the 1980s
has led to the use of computers and direct or indirect applications of
machine intelligence in every sphere of engineering. As a modern sci-
ence philosopher said, “The emergence of machine intelligence during
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TABLE 4.7 Sensitivity of NDE Techniques to SCC Defects in Various Materials

Technique/ UT* Penetrant Radiography Eddy  Acoustic
material ShW LoW SuW V F � ray X ray current emission Visual

SS
Austenitic 20 20 40 60 80 40 60 80 40 40
Martensitic 20 20 40 60 80 40 60 0 40 20
Ferritic 20 20 40 60 80 40 60 0 40 20

Ni alloys 20 20 40 60 80 40 60 80 40 20
Cu alloys 20 20 40 60 80 40 60 80 40 20
Al alloys 20 20 40 60 80 20 60 80 40 20
Ti alloys 20 20 40 60 80 20 60 80 40 20
Steels 40 20 40 60 80 20 60 0 40 40

*ShW = ultrasonic shear, LoW = longitudinal waves, SuW = surface waves.
†V = visible penetrants, F = fluorescent penetrants.
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the second half of the twentieth century is the most important devel-
opment in the evolution of this planet since the origin of life two to
three thousand million years ago.”38 However, efficient methodologies
have to be developed in order to make use of so much new power in
support of human intelligence.

The application of artificial intelligence in performing expert func-
tions has opened new communication channels between various strata
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Figure 4.21 Value scale of materials-related activities.

TABLE 4.8 Examples of Sensitivities Achievable by Using a
Combination of Two NDE Techniques

Combination MB(1) MB(2) MB(1) � MB(2)(1 � MB(1)) Gain (%)

LoW and X ray 20 60 0.2 � 0.6 (1 � 0.2) 8
LoW and AE 20 40 0.2 � 0.4 (1 � 0.2) 12
SuW and X ray 40 60 0.4 � 0.6 (1 � 0.4) 16
SuW and P (F) 40 80 0.4 � 0.8 (1 � 0.4) 8
P (F) and X ray 80 60 0.8 � 0.6 (1 � 0.8) 12
P (F) and EC 80 80 0.8 � 0.8 (1 � 0.8) 16
EC and X ray 80 60 0.8 � 0.6 (1 � 0.8) 12
EC and AE 80 40 0.8 � 0.4 (1 � 0.8) 8
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of corrosion knowledge holders. The adequate transfer and reuse of
information covering corrosion problems and solutions involves the
development of information-processing strategies that can become very
complex. A typical corrosion engineering task involves different types of
knowledge and disciplines such as metallurgy, chemistry, cost engi-
neering, safety, and risk analysis. The expected corrosion behavior of
engineering materials is thus only one component of the multifaceted
life-cycle management of systems. The increasing availability of com-
puterized information is also making the software accessibility and
portability increasingly important. While it has become possible to con-
sult either shallow or very deep information systems at the touch of a
few buttons, it remains difficult to move horizontally between these
systems without going through a series of menus and introductory
screens. Some of the artificial intelligence tools that have been recent-
ly developed in support of corrosion control and protection will be
reviewed in the following sections.

4.3.1 Expert systems

During the 1970s, research in expert systems (ESs) was mostly a lab-
oratory curiosity. The research focus then was really on developing
ways of representing and reasoning about knowledge in a computer
rather than on designing actual systems.39 In 1985 only about 50 sys-
tems had been deployed and reported, but the success of some of these
had captured the attention of many organizations and individuals.
One of the main attractions of ESs for scientists and engineers was the
possibility of transferring some level of expertise to a less skilled work-
force, as illustrated in Fig. 4.22. The corrosion community reacted with
interest to the advent of these new information-processing technolo-
gies by establishing programs to foster and encourage the introduction
of ESs in the workplace. While some of these programs were relatively
modest, others were quite ambitious and important both in scope and
in funding.

The main argument in support of these efforts was that many of the
common failures caused by corrosion could have been avoided simply
by implementing proper measures based on existing information. The
evident gap that exists between corrosion science and the real world,
where a heavy toll is continuously paid to corrosion, was probably the
single main argument for proposing the ES route as a viable alterna-
tive for information processing of corrosion data. But there are several
problems associated with knowledge engineering methodologies that
can contribute to what has been called “the knowledge transformation
bottleneck.”40 The availability of cost-effective tools and knowledge
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elicitation techniques is only part of the picture. The eventual inte-
gration of an ES prototype in a user community requires the tacit
approval of all parties involved during the various phases of ES devel-
opment. It also requires the fundamental acceptance of the expertise
being computerized.

The advantages and limitations of using ES technology were ana-
lyzed in great detail in one of the first reported efforts on combating
corrosion with ESs.41 The Stress Corrosion Cracking ES (SCCES) had
been created to calculate the risk of various factors involved in SCC,
such as crack initiation, when evidence was supplied by the user. The
main goal of this effort was to support the decision process of “general”
materials engineers. The system would be initially called on to play
the role of a consultant, but it was anticipated that SCCES had the
potential to become
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Figure 4.22 Representation of the transfer-of-expertise process possible with an expert
system.
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■ An intelligent checklist
■ A trainer
■ An expert sharpener
■ A communication medium
■ A demonstration vehicle

The author of this review has written a more recent paper on a
methodology for assessing the general benefits of ESs in the workplace.42

In this paper, a simple three-level model of benefits is proposed: feature
benefits, task benefits, and role benefits. This model is said to illustrate
how technological features like expert knowledge and explanation facili-
ties can contribute to the eventual success or failure of a system.

ESs in corrosion. On the European continent, work on ESs for Corrosion
Technology (ESCORT), conceived in 1984, served to seed the establish-
ment of a link to the European Strategic Programme on Information
Technology (ESPRIT) and the creation of a series of specialized mod-
ules.43 While ESCORT was to deal with the integration of corrosion-relat-
ed issues such as troubleshooting and selection of preventive measures
(materials, coatings, or inhibitors), each module was to be specialized.
PRIME, which stood for Process Industries Materials Expert, was the
first of these modules. PRIME specifically dealt with the selection of
materials typically encountered in the chemical process industries (CPI).
PRIME could consider complex chemical processes equipment in contact
with a wide range of environments. The materials descriptors were com-
plete with generic information and specialized corrosion behavior.

In the United Kingdom, the experience gained at Harwell in collecting
and structuring corrosion knowledge for a computer-based ES served as
the foundation for the development of two systems: ACHILLES and
MENTOR.44 ACHILLES dealt broadly with localized corrosion and pro-
vided general advice on the problems likely to be encountered in process
plants and other similar environments. On the other hand, MENTOR
was said to be a faithful adviser of marine engineers. The experience
gained during these projects was summarized as follows:

■ The front-end interface to the user has to be friendly.
■ Transparency of the system is essential.
■ A good knowledge base should contain a mixture of heuristics and

factual information.

ACHILLES later became the cornerstone of the ACHILLES Club
Project, which was given a mandate to develop a series of ES modules
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that would incorporate a substantial digest of expertise in particular
areas of corrosion and corrosion control. The first two modules dealt
with cathodic protection and microbial corrosion. The intention was to
integrate a number of these modules into a global structure that could
access individual modules during the course of a user consultation.
This pioneering work also led to the creation of SPICES, an inference
engine based on PROLOG, which was said to be particularly adapted
to the multidisciplinary nature of corrosion phenomena.45

During the same period, the National Association of Corrosion
Engineers (NACE) and the National Bureau of Standards [NBS, now
called the National Institute of Standards and Technology (NTIS)] were
establishing a collaborative program to collect, analyze, evaluate, and
disseminate corrosion data.46 In April 1986, the Materials Technology
Institute (MTI) of the Chemical Process Industries decided to sponsor
the development of an ES for material selection. During the following
year, MTI initiated a project within the NACE-NIST Corrosion Data
Program to develop a series of knowledge-based ESs concerning mate-
rials for handling hazardous chemicals. These systems became com-
mercially available and are known as the ChemCor series.

Since the mid 1980s, a multitude of other projects have attempted to
transfer corrosion expertise into ESs. The NACE conference proceedings,
for example, regularly contain papers that illustrate the continuous
interest in the application of knowledge engineering to corrosion.
Unfortunately, many systems reported in the literature have never been
commercialized. This has resulted in a lack of impartial and practical
information concerning the performance and accuracy of these systems.
It is indeed very difficult to believe everything that is said in a paper,
even when the information is apparently there. To remedy this situation,
the European Federation of Corrosion (EFC) and MTI have performed
two surveys, between 1988 and l990, requesting recognized developers of
ESs in corrosion-related areas to provide very specific information con-
cerning the availability, scope, and performance of their systems.47

The EFC survey. In the EFC survey, developers of ESs were asked to
elaborate on the following salient features of their systems:

■ Shell used
■ Area of application
■ Language (user language? programming language?)
■ Hardware (platform and peripherals)
■ Development expenditure
■ Field evaluation status
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Table 4.9 summarizes the results of the 1989 EFC survey, which
covered 30 systems developed in 6 countries. A summary of the sur-
vey itself indicated that the development effort reported on 22 sys-
tems averaged 4.1 person-years (PY), with a median of 2 PY; two of
the systems reported efforts exceeding 10 PY. The expenditures for
development reported for 11 systems averaged $490,000/year, with a
median of $127,000/year. Only 4 systems were available at the time of
the survey, but some were expected to be put on the market later. A
total of 17 different software shells were used by the developers, with
each developer tending to stay with a specific shell once a project had
started.

The MTI survey. In the MTI survey, developers of ESs were asked to
provide, in a well-defined grid, answers to some slightly more specific
questions than those in the EFC survey, such as.

■ Availability outside own organization (price, terms)
■ Primary objective of the system
■ Description of development team
■ Application: diagnostics, prescriptive, monitor/control, design/plan-

ning, training
■ Development effort and expenditure
■ Hardware (development, delivery)
■ Audience (targeted users)

The MTI survey, summarized in Table 4.10, encompassed descrip-
tions of 36 systems developed in 9 countries, with only 9 systems over-
lapping those in the EFC survey. Most systems reported were focused
on prescription, diagnosis, and training for corrosion prevention. Only
a few systems dealt with the monitoring and planning aspects of cor-
rosion prevention and control. The median development time, for the
26 systems for which values were given, was 1 to 3 PY, with two sys-
tems again exceeding 10 PY. The average budget for the 16 systems for
which this information was given was $126,000/year, with a median of
$100,000/year.

The survey also revealed that a total of 18 different software shells
were used by the developers, with each developer again tending to stay
with a specific shell once a project had started. Most systems were devel-
oped and distributed on personal computers (PCs), which is very differ-
ent from the practice reported during the early days of ES development.
Seven systems were available for purchase at the time of the MTI sur-
vey, but the survey failed to request information on the validation of the
products themselves.
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Survey of the literature before 1992. A survey of the open literature also
revealed the existence of many ESs dealing with various aspects of cor-
rosion prevention and control.48 The following list indicates the major
areas for which some systems have been reported in support of corro-
sion prevention and control:

■ Cathodic protection
■ Cooling waters
■ Diagnostics
■ Inhibitors
■ Materials selection
■ Petroleum industries
■ Reinforced concrete
■ Risk analysis

A compilation of the ESs reported in the EFC and MTI surveys was
compared to the literature survey published in 1992.49 Table 4.11 lists
a few of these systems—approximately half of the total number sur-
veyed by EFC and MTI—which overlapped with the literature survey.
A rapid examination of the 49 literature references not related to any
of the systems cited in the surveys of developers indicated that many
of the articles in the literature were published after these surveys had
been initiated (1988). In fact, the average date of publication of the ref-
erences not related to the systems described in the surveys of develop-
ers was 1988.8 (� � 1.5 year).

Survey of the literature between 1992 and 1995. The period following the
first literature survey has seen an extremely rapid evolution of avail-
able information-processing tools and a constant progress in the intro-
duction of personal computers in the workplace. Only a few years ago,
the tremendous amount of energy required to produce and maintain
software systems was responsible for a good part of the high price of
development of ESs. It was thus deemed interesting to redo the liter-
ature search for applications of ESs or knowledge-based systems to
prevent and protect against corrosion. The titles of papers gathered in
a search of the recent literature abstracted in the Compendex*Plus
system are presented in Table 4.12. The breakdown of the 37 papers
identified during that search is as follows:

■ 1992: 9 papers
■ 1993: 5 papers
■ 1994: 13 papers
■ 1995: 10 papers
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312 TABLE 4.9 Results of the EFC Survey on Expert Systems in Corrosion

Name Country Shell Rules Applications P* B† Evaluation A‡

ACHILLES UK SPICES Diagnosis, prediction, 3 660
prevention

ALUSELECT Sweden ORACLE FOCUS 200 Selection of aluminum alloys 2.5 127.5
AURORA Finland LEVEL5 830 Prediction, failure analysis, 3.3 312 � Feedback Buy

materials selection
AURORA-STACOR Finland LEVEL5 126 Prediction (stainless steels) 1.5 120
AUSCOR UK SAVOIR Prediction (austenitic 

stainless steels) 6 825
BANDMAT Italy DB CLIPPER Materials selection, 

maintenance, monitoring ENI Consult
BENTEN UK ADVISOR 200 Selection inhibitor 2
CAMS4 UK Knowledge-based system (?)
COMETA Italy Database (?) By experts
COREX France GENESTA II 80 Prevention (low-alloy steel, In use (EDF)

atmospheric)
CORRBAS Sweden FOCUS 20 Diagnosis 0.5 22.5
CORREAU France SPECIAL 150 Copper tubing 1 Buy
CORSER France SPECIAL 5000 Materials selection, diagnosis, 

prevention 3
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313

CRAI Belgium KEE Training, materials selection 1.25 100
DB-CTW 20 Water treatment 4
DOCES Italy PC� 120 Boilers
ERICE Italy PC� 200 Monitoring, diagnosis 

(power plant) 2
EXPRESS UK XI� 1000 Pipeline, risk 2 115.5
GRADIENT Belgium KEE CAD (heat exchangers) 2 1 company
H2 DATA France Database (?) Loan
MATEDS Sweden FOCUS 300 Selection of aluminum alloys 2 90 Buy
PETROCRUDE Belgium KEE Prediction (refinery) 2 Demo only
PRIME Belgium KEE Materials selection 25 2500 3 companies
PROP Italy 700 Monitoring, diagnosis, 

pollution (thermal power plant) 12 Used (87)
RIACE Italy IBM ISE 500 Materials selection (seawater, 

exchangers) 3
SECOND Belgium KAPPA Control (cooling tower) 7 50 Used 3 plants
SMI Sweden Materials selection
STM/H2OMON Italy ART 200 Operator support power plant 4
VASMIT Finland DBASE Fatigue 0.8
VULCAIN-BDM France (Minitel) Database (?) Loan

*Development effort in person-years.
†Development budget ($000 U.S.).
‡Availability.
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TABLE 4.10 Results of the MTI Survey on Expert Systems in Corrosion

Name Country Shell Applications

ACHILLES UK SPICES Prevention
ACORD Japan OPS83 Prediction (seawater)
ADVICE USA Prediction 

(high temperature)
AURORA-STACOR Finland LEVEL5 Prediction (SSs)
AUSCOR UK SAVOIR Prediction (austenitic SSs)
BENTEN UK ADVISOR Selection inhibitor
BLEACH USA EXXYS Materials selection 

(beach plant)
BLEACHER Finland KEE Materials selection 

(beach plant)
BWR Japan OPS5 Prediction (IGSCC)
CHEM*COR USA KES Materials selection 

(hazardous chemicals)
CL2 USA LEVEL5 Materials selection 

(Cl2 service)
CORRCON Israel OPS5 Design diagnosis
CORREAU France NOVYS Copper tubing
CORRES Japan SOHGEN Prediction
CORSER France Materials selection, 

diagnosis, prevention
CRAI Belgium KEE Training, materials selection
DESAD USA PC� Prevention (desalter unit)
DIASCC Japan OPS83 Risk of SCC (SSs)
ECHOS Japan ESHELL Prediction, maintenance, 

shutdowns
FERPRED USA PC� Ferrite in welds
GENERAL UK Materials selection, 

prediction
JUNIPER UK Authoring tools
KISS Germany NEXPERT Materials selection (CPI)
MATGEO New Zealand KES Materials selection 

(geothermal plants)
OILSTO Japan Prediction, inspection
PBCORR UK CAMS4 Corrosion of lead
PC6493 UK CAMS4 Defect assessment 

(PC6493)
PETRO-COR1 New Zealand KES Materials selection 

(sucker rod pumps)
POURBAIX Belgium
PRIME Belgium KEE Materials selection
REFMAIN Japan On-line prediction (refinery)
SECOND Belgium KAPPA Control (cooling tower)
SSCP-PH1 USA PC� Materials selection (H2S)
WELDPLAN Japan OPS83 Advise (weld parameter)
WELDSEL USA PC� Advise (weld rod)
WELDSYM USA PC� Advise (symbol)

*Diagnose (Di), prescribe (Ps), predict (Pd), monitor (M), train (Tr).
†Expert (E), Professional (P), Novice (N).
‡Development effort in person-years.
§Development budget ($000 U.S.).
¶Availability.
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Name

ACHILLES
ACORD
ADVICE

AURORA-STACOR
AUSCOR
BENTEN
BLEACH

BLEACHER

BWR
CHEM*COR

CL2

CORRCON
CORREAU
CORRES
CORSER

CRAI
DESAD
DIASCC
ECHOS

FERPRED
GENERAL

JUNIPER
KISS
MATGEO

OILSTO
PBCORR
PC6493

PETRO-COR1

POURBAIX
PRIME
REFMAIN
SECOND
SSCP-PH1
WELDPLAN
WELDSEL
WELDSYM

D Ps Pd M Pl Tr E P N P‡ B§ A¶

* * * * * * * * 10 200
* * 1 140

* * 3 27
* * * * * * 5 94

* * * * 10 100
* * * 3

* * * 1 100

* * * * * 5
*

* * * 3 177 Buy

* * * * 0.5
* * * * * 0.5
* * * * * 3 20 Buy

* * * * * * 50 236
* 1 75

* * * * * 0.5
* * * 0.5 Buy

* * * Buy

* * * * * * * 1
* * *

* * * * * * * * 3 355

* * * * 0.5 58

* * * * * 3 Buy

* * * 3 99

* * * * * 3 75 Buy
* * * *
* * * * 150

* * * 50
* * * 1

* * Buy
* * Buy

TABLE 4.10 Results of the MTI Survey on Expert Systems in Corrosion (Continued)

Roles* Target†
Name Di Ps Pd M Pl Tr E P N P‡ B§ A
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The list of papers in Table 4.12 is far from a complete inventory of
those published during that period. It does not include, for example,
any of the papers published in NACE International Proceedings or any
thesis work or industrial reports. But, as it stands, this survey can
provide a relatively good indication of the recent trends in the efforts
to develop ESs or KBSs to combat corrosion problems. As can be
observed in Table 4.12, the progress in software technologies has
opened new avenues for developers of intelligent systems in corrosion.
While most of the tools developed up to the early 1990s were primari-
ly constructed using rules and database management principles, the
later systems include object orientation and other paradigms such as
artificial neural networks and case-based reasoning.

While visions of systems that would answer all questions and solve
all corrosion-related problems have faded away, the broad acceptance
of the computer in the workplace has facilitated the introduction of
new concepts and methods to manage corrosion information. Very
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TABLE 4.11 Cross Compilation of the ESs Identified in the
Literature Survey with the EFC and MTI Surveys of
Developers

Name Country EFC MTI

ACHILLES UK * *
ADVICE USA *
AURORA Finland *
AURORA-STACOR Finland * *
AUSCOR UK * *
BENTEN UK * *
CAMS4 UK *
CHEM*COR USA *
COMETA Italy *
COREX France *
CORREAU France * *
CRAI Belgium * *
DOCES Italy *
ERICE Italy *
EXPRESS UK *
GRADIENT Belgium *
JUNIPER UK *
MATGEO New Zealand *
PETRO-COR1 New Zealand *
PETROCRUDE Belgium *
PRIME Belgium * *
PROP Italy *
RIACE Italy *
SECOND Belgium * *
SSCP-PH1 USA *
STM/H2OMON Italy *
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TABLE 4.12 Titles of References Related to KBSs and ESs Dealing with Corrosion
Published between 1992 and 1995

1995
■ Knowledge-Based Shell for Selecting a Nondestructive Evaluation Technique
■ Knowledge-Based Concrete Bridge Inspection System
■ Generalized Half-Split Search for Model-Based Diagnosis
■ Development of Expert System for Fractography of Environmentally 

Assisted Cracking
■ Lifetime Prediction in Engineering Systems: The Influence of People
■ Discovering Expert System Rules in Data Sets
■ Modeling Contact Erosion Using Object-Oriented Technology
■ Object-Oriented Representation of Environmental Cracking
■ Systems Approach to Completing Hostile Environment Reservoirs
■ Storage and Retrieval of Corrosion Data of Desalination Plant Owners

1994
■ Bridging the Gap between the World of Knowledge and the World that Knows
■ ESs for Material Selection and Analysis for the Oil Industry: An Application-

Oriented Perspective
■ ANN Predictions of Degradation of Nonmetallic Lining Materials from Laboratory

Tests
■ Reliability Based Inspection Scheduling for Fixed Offshore Structures
■ Automated Corrective Action Selection Assistant
■ Fracture Mechanics Limit States for Reassessment and Maintenance of Fixed

Offshore Structures
■ Corrosion Consultant Expert System
■ Computer Knowledge-Based System for Surface Coating and Material Selection
■ Databases and Expert Systems for High Temperature Corrosion and Coatings
■ CORIS: A Knowledge Based System for Pitting Corrosion
■ CORIS: An Expert System for the Selection of Materials Used in Sulfuric Acid
■ Expert System to Choose Coatings for Flue Gas Desulphurisation Plant
■ ACHILLES Expert System on Corrosion and Protection: Consultations on Aspects 

of SCC

1993
■ Ways to Improve Computerizing of Cathodic Protective Systems for Pipelines
■ Investigation of Corrosion Prevention Method for Determination of Steel Structure

Condition
■ Corrosion Control in Electric Power Plants
■ Reliability-Based Expert Systems for Optimal Maintenance of Concrete Bridges
■ SEM: Un Sistema Esperto per la Scelta dei Materiali nella Progettazione

1992
■ Reliability Assessment of Wet H2S Refinery and Pipeline Equipment: A KBSs

Approach
■ Exacor: An ES for Evaluating Corrosion Risks and Selecting Precoated Steel Sheets

for Auto Bodies
■ Expert Systems in Corrosion Engineering
■ Expert Electronic System for Ranking Developments in Sphere of Corrosion

Protection
■ Research Needs Related to Forensic Engineering of Constructed Facilities
■ Expert Computer System for Evaluating Scientific-Research Studies on the

Development of Methods of Anticorrosion Protection
■ DEX: An Expert System for the Design of Durable Concrete
■ Automated System for Selection of a Constructional Material
■ Informational Component in Systems of Corrosion Diagnostics for Engineering

Equipment
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focused ESs have been integrated into large systems as controllers or
decision support systems to prevent corrosion damage. Other very
focused ESs are also being built and tested to simplify the require-
ments for multidisciplinary expertise associated with corrosion engi-
neering practices. A few of these computerized methodologies have
reached mainstream applications and are readily available. It is
expected that the continuous evolution of information-processing tech-
nologies will greatly facilitate the development of increasingly sophis-
ticated computer tools and their introduction in the corrosion
prevention workplace.

4.3.2 Neural networks

An artificial neural network (ANN) is a network of many very simple
processors, or neurons (Fig. 4.23), each having a small amount of local
memory. The interaction of the neurons in the network is roughly based
on the principles of neural science. The neurons are connected by uni-
directional channels that carry numeric data based on the weights of
connections. The neurons operate only on their local data and on the
inputs they receive via the connections. Most neural networks have
some sort of training rule. The training algorithm adjusts the weights
on the basis of the patterns presented. In other words, neural networks
“learn” from examples. ANNs excel particularly at problems where pat-
tern recognition is important and precise computational answers are
not required. When ANNs’ inputs and/or outputs contain evolved para-
meters, their computational precision and extrapolation ability signifi-
cantly increase, and they can even outperform more traditional
modeling techniques. Only a few applications of ANN to solving corro-
sion problems have been reported so far. Some of these systems are
briefly described here:

■ Predicting the SCC risk of stainless steels. The risk of encountering a
stress corrosion cracking situation was functionalized in terms of the
main environment variables.50 Case histories reflecting the influence
of temperature, chloride concentration, and oxygen concentration were
analyzed by means of a back-propagation network. Three neural net-
works were developed. One was created to reveal the temperature and
chloride concentration dependency (Fig. 4.24), and another to expose
the combined effect of oxygen and chloride content in the environment.
The third ANN was trained to explore the combined effect of all three
parameters. During this project, ANNs were found to outperform tra-
ditional mathematical regression techniques, in which the functions
have to be specified before performing the analysis.
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Figure 4.23 Schematic of a single processor or neuron in an artificial neural network.
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Figure 4.24 Neural network architecture for the prediction of SCC risk of austenitic
stainless steels in industrial processes.
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■ Corrosion prediction from polarization scans. An ANN was put to the
task of recognizing certain relationships in potentiodynamic polariza-
tion scans in order to predict the occurrence of general or localized cor-
rosion, such as pitting and crevice corrosion.51 The initial data inputs
were derived by carefully examining a number of polarization scans for
a number of systems and recording those features that were used for
the predictions. Table 4.13 lists the initial inputs used and how the fea-
tures were digitized for computer input. The variables shown were cho-
sen because they were thought to be the most significant in relation to
the predictions (Table 4.13). The final ANN proved to be able to make
appropriate predictions using scans outside the initial training set.
This ANN was embedded in an ES to facilitate the input of data and
the interpretation of the numerical output of the ANN.

■ Modeling CO2 corrosion. A CO2 corrosion “worst-case” model based
on an ANN approach was developed and validated against a large
experimental database.52 An experimental database was used to train
and test the ANN. It consisted initially of six elemental descriptors
(temperature, partial CO2 pressure, ferrous and bicarbonate ion con-
centrations, pH, and flow velocity) and one output, i.e., the corrosion
rate. The system demonstrated superior interpolation performance
compared to two other well-known semiempirical models. The ANN
model also demonstrated extrapolation capabilities comparable to
those of a purely mechanistic electrochemical CO2 corrosion model.

■ Predicting the degradation of nonmetallic lining materials. An ANN
was trained to recognize the relationship between results of a sequen-
tial immersion test for nonmetallic materials and the behavior of the
same materials in field applications.53 In this project, 89 cases were
used for the supervised training of the network. Another 17 cases were
held back for testing of the trained network. An effort was made to
ensure that both sets had experimental data taken from the same test
but using different samples. Appropriate choice of features enabled the
ANN to mimic the expert with reasonable accuracy. The successful
development of this ANN was another indication that ANNs could seri-
ously aid in projecting laboratory results into field predictions.

■ Validation and extrapolation of electrochemical impedance data.
The ANN developed in this project had three independent input
vectors: frequency, pH, and applied potential.54 The ANN was
designed to learn from the invisible or hidden information at high
and low frequencies and to predict in a lower frequency range than
that used for training. Eight sets of impedance data acquired on
nickel electrodes in phosphate solutions were used for this project.
Five sets were used for training the ANN, and three for its testing.
The ANN proved to be a powerful technique for generating diag-
nostics in these conditions.
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4.3.3 Case-based reasoning

Much of human reasoning is case-based rather than rule-based. When
people solve problems, they frequently are reminded of previous prob-
lems they have faced. For many years, both law and business schools
have used cases as the foundation of knowledge in their respective dis-
ciplines. Within AI, when one talks of learning, it usually means the
learning of generalizations, either through inductive methods or
through explanation-based methods. Case-based reasoning (CBR) is
unique in that it makes the learning little more than a by-product of
reasoning.55 CBR has met with tangible success in such diverse human
decision-making applications as banking, autoclave loading, tactical
decision making, and foreign trade negotiations. The CBR approach is
particularly valuable in cases containing ill-structured problems,
uncertainty, ambiguity, and missing data. Dynamic environments can
also be tackled, as can situations in which there are shifting, ill-
defined, and competing objectives. Cases in which there are action
feedback loops, involvement of many people, and multiple and poten-
tially changing organizational goals and norms can also be tackled.

A critical issue for the successful development of such systems is
the creation of a solid indexing system, since the success of a diag-
nosis depends heavily on the selection of the best stored case. Any
misdirection can lead a query down a path of secondary symptoms
and factors. It is therefore very important to establish an indexing
system that will effectively indicate or contraindicate the applicability
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TABLE 4.13 Data Inputs and Outputs for Predicting Corrosion
Out of Polarization Scans with an Artificial Neural Network

Input parameter Value of feature

Prepassivation potential Eprot � Ecorr
Pitting potential Epit � Ecorr
Hysteresis �1 � positive

0 � none
�1 � negative

Current density at scan reversal �A�cm�2

Anodic nose �1 � yes
0 � no

Passive current density �A�cm�2

Potential at anodic-cathodic transition EA to C � Ecorr

Output parameter Value of feature

Crevice corrosion predicted �1 � yes
0 � no

Pitting predicted �1 � yes
0 � no

Should general corrosion be considered? �1 � yes
0 � no
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of a stored case. Three issues are particularly important in deciding
on the indices:56

■ Indices must be truly relevant.
■ Indices must be generalized; otherwise, only an exact match will be

the criterion for case applicability.
■ But indices shall not be overgeneralized.

Failure analysts and corrosion engineers also reason by analogy
when faced with new situations or problems. Two CBR systems have
been recently developed in support of corrosion engineering decisions.
Both systems derived their reasoning from a combination of two
industrial alloy performance databases. The general architecture of
these two CBR systems is presented in Fig. 4.25. The first, M-BASE,
facilitates the process of determining materials that have a given set
of desired properties and/or specifications. The second, C-BASE, helps
the materials engineer in the difficult task of selecting materials for
corrosion resistance in complex chemical environments.

4.4 Computer-Based Training or Learning

Potential advantages of the computer-based learning approach over a
conventional course offering include access to a larger target popula-
tion and optimization of the shrinking expert instructor pool.
However, experience has shown that, despite advances in software
applications, an enormous investment in professional time for plan-
ning and developing course material is required. Course modules
have been created initially in paper-based format, to place the scien-
tific/technical course content on a sound footing. Selected case studies
and assignments have subsequently been designed in electronic for-
mat to develop skills in applying the knowledge and understanding
gained from the paper-based course notes.

The advantages and disadvantages of computer-based learning (CBL)
and more conventional education techniques have been described as 
follows:57,58

Advantages
■ Access to a large student and professional “market”
■ Potential for achieving higher student cognition
■ Student interaction with course material
■ Direct linkages to Internet resources
■ Higher student attention levels through stimulating multimedia

presentations
■ Rapid updating of information and course materials
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■ Tracking user interaction with the course material
■ Efficient retrieval of specific information using electronic text pro-

cessing
■ Optimization of a steadily shrinking expert instructor pool
■ Wider choice of course offerings for students
■ Freedom for students to follow individual pace and learning styles
■ Achievement of special learning objectives through computer simu-

lations (for example, key technical concepts, role playing, decision-
making processes and their consequences)

Disadvantages

■ Lack of face-to-face interaction and engagement
■ Low inspiration factor, especially when working in isolation
■ Lack of teamwork
■ Limited communication skills development
■ Production of CBL material is (extremely) time-consuming and costly
■ Need for special computing and software skills, mainly on the part

of the developers

User External Interface
(input)

Temporary memory

Present
problem

Feature
indexing

Case
retrieval

Case
adaptation

Solution
evaluation

Solutions
(output)

Hardware
characterization

interface

Case
histories

Figure 4.25 Case-based reasoning architecture for the prediction of materials behavior.
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■ Requirement for expensive hardware
■ Nonuniformity of hardware affecting product quality
■ Need for support staff

A venture undertaken by a consortium based at the Corrosion &
Protection Centre, UMIST, Manchester, UK, and incorporating the
universities of Nottingham, Aston, Leeds, and Glasgow has resulted in
CBL course materials, called Ecorr, to support the teaching of corro-
sion principles and corrosion control methods to engineering students.
Ecorr takes a case study approach, with the student learning about
corrosion through specific examples of initially simple corrosion phe-
nomena and then real-world corrosion engineering problems. Version
1.0 includes seven case study modules:

Introductory modules:
■ Introduction to Corrosion
■ Corrosion of Zinc
■ Corrosion Kinetics
■ Potential Measurements

Advanced modules:

■ Pipeline Corrosion
■ Drill Pipe Failures
■ Cathodic Protection

4.5 The Internet and the Web

The Internet has revolutionized both the computer and communica-
tion worlds like nothing before. The invention of the telegraph, tele-
phone, radio, and computer set the stage for this unprecedented
integration of capabilities. The Internet is at once a worldwide broad-
casting capability, a mechanism for information dissemination, and a
medium for collaboration and interaction between individuals and
their computers without regard to geographic location. The Internet
represents one of the most successful examples of the benefits of sus-
tained investment and commitment to research and development of
an information infrastructure. Beginning with the early research in
packet switching, the government, industry, and academia have been
partners in evolving and deploying this exciting new technology.

The first recorded description of the social interactions that could be
enabled through networking was a series of memos written by J. C. R.
Licklider of MIT in August 1962, in which he discussed his “galactic
network” concept.59 He envisioned a globally interconnected network
through which everyone could quickly access data and programs from
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any site. In spirit, the concept was very much like the Internet of
today. The combination of the powerful communication medium with
other advances in computer interfaces and hypertext linkages set the
stage for the creation of a global environment that has revolutionized
modern computing. The timeline of important milestones in the history
of Internet is presented in Fig. 4.26.

The World Wide Web was set up in 1990 by the European Laboratory
for Particle Physics (or CERN) as a way for physicists to track one
another’s progress. The idea was that people working in different places
could learn what others were doing by looking at a hypertextual docu-
ment set up on a computer which could be accessed through the Internet.
This idea grew into the much bigger and large-scale operation that we
now know as the Web. There are currently well over 10,000 Web servers,
the computers which store and handle requests for Web pages, and a
great number of people all over the world access the Web for various rea-
sons every day. The Web is continually being enhanced and developed, as
a result of rapid technological changes and the addressing of various
questions and problems raised by the current state of the Web.

A Web browser is a software application used to locate and display
Web pages. Three of the most popular browsers are Netscape Navigator,
Microsoft Internet Explorer, and Spyglass Mosaic. All of these are graph-
ical browsers, which means that they can display graphics as well as
text. In addition, most modern browsers can present multimedia infor-
mation, including sound and video. A full gamut of tools has also been
developed to navigate the Web and search for specific information. The
speed and functionality of these tools increase at a very fast rate. The
following is only a short list of some of these Web exploratory aids:

■ Metacrawler
■ YAHOO
■ LYCOS
■ Open Text
■ Infoseek
■ Excite
■ Webcrawler
■ Galaxy
■ WWWW—the WORLD WIDE WEB WORM
■ The Whole Internet Catalog
■ World Virtual Tourist (World Map of the Web)
■ WebWorld
■ Sprawl
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