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Many parameters influencing corrosion degradation are time variant and the corrosion
process is thus subject to temporal variability, the real characteristics of which are
commonly neglected in reliability assessment. After a short overview on the quantitative
modeling of corrosion loss, a comparison is made between different temporal models of
corrosion degradation and the consequences of applying an inappropriate model are
investigated. The effect of temporal variability is then investigated in detail and illus-
trated in an example considering CO2 corrosion in pipelines. It is demonstrated how the
time-variant corrosion process can be consistently represented by time-invariant random
variables, using equivalent values of the corrosion rate. Finally, the influence of temporal
variability on reliability updating following inspections is investigated and it is shown
how this effect can be accounted for in inspection planning. �DOI: 10.1115/1.2355517�
ntroduction
Degradation due to corrosion is an issue of high importance not

east for pipelines, pressure vessels, and components of process
ystems in general. The reliable operation of such systems is a key
actor for the safety of personnel operating on offshore facilities
nd has a major influence on the economical benefit. Moreover,
ailures of pipelines have been the cause of significant environ-
ental damages. This fact has been recognized by the engineering

rofession and during the last decade significant efforts have been
irected toward the formulation of engineering models for the
rediction of corrosion degradation, both in deterministic and
robabilistic terms.

Most of the models suggested so far take basis in the assump-
ion that the rate of corrosion is a constant which may be assessed
y a time average of degradation measurements over a sufficiently
ong time interval. Furthermore, most published work assumes
hat the condition assessment of pipelines and pressure vessels can
e based on models which represent the conditions at only one
iven location. It is obvious that these approaches disregard the
spects of both temporal and spatial variations of the corrosion
rocesses. Whereas such a basis for the probabilistic modeling of
orrosion degradation might be useful in certain cases �e.g., for
he purpose of design of pipelines and pressure vessels�, it is of
imited value when dealing with results of in-service inspections
nd measurements and, consequently, when applying the models
o inspection and maintenance planning. In this context it is cru-
ial to capture both the spatial as well as the temporal variability
f the corrosion degradation process in order to be able to quan-
ify the benefit of inspection coverage as well as inspection fre-
uency.

In the present paper emphasis is placed on the probabilistic
odeling of the temporal variability of corrosion processes and its

ffects on the reliability before and after inspections. After a short
verview on the quantitative modeling of corrosion loss, a com-
arison is made between different temporal models of corrosion
egradation and the consequences of applying an inappropriate
odel are investigated. The effect of temporal variability of the

arameters influencing the corrosion progress is investigated in

Contributed by the Ocean Offshore and Arctic Engineering Division of ASME for
ublication in the JOURNAL OF OFFSHORE MECHANICS AND ARCTIC ENGINEERING. Manu-
cript received July 21, 2005; final manuscript received May 26, 2006. Assoc. Editor:
ernt Leira. Paper presented at The 24rd International Conference on Offshore Me-

hanics and Arctic Engineering �OMAE2005�, June 12–17, 2005, Halkidiki, Greece.

ournal of Offshore Mechanics and Arctic Engineering
Copyright © 20

ded 06 Nov 2007 to 129.132.208.29. Redistribution subject to ASM
detail and illustrated in an example considering CO2 corrosion in
pipelines. It is then proposed to model the time-variant corrosion
process by means of equivalent values of the corrosion rate. On
this basis it is demonstrated how the influence of the temporal
variability on reliability updating following inspections can be
accounted for in a highly practical but fully consistent manner.

Quantitative Corrosion Modeling for Engineering Purposes.
Quantitative corrosion models are models that predict the extent
of corrosion loss �at a specific location and time� as a function of
the influencing parameters of the environment and the material.
Although great effort is spent on understanding, predicting, and
controlling corrosion on steel structures, only relatively few re-
search projects dealing with the development of quantitative cor-
rosion models are reported. However, in practice such models are
constantly applied for both the design of structures and the plan-
ning of inspection and maintenance activities. Unfortunately, the
applied models are often highly simplistic and do not �explicitly�
address the related uncertainties, due to the limited understanding
of the underlying processes, the limited availability of relevant
statistical data, and failure to consider the temporal and spatial
variability in the corrosion behavior. The current paper focuses on
the last aspect; it will be demonstrated how the temporal variabil-
ity can be modeled and its effect on the optimal design and in-
spection maintenance will be investigated.

The complex corrosion process is first addressed by considering
the geometrical characteristics of the corrosion defects. If, simpli-
fying, the geometrical characteristics of the corrosion loss at a
given point in time t are described by either uniform �general�
corrosion or by localized corrosion, then most corrosion degrada-
tion problems encountered in the real world are a combination of
these two forms. Consequently the total corrosion depth at any
location x and time t can be described by the sum of the two types,
Eq. �1�.

dC�x,t� = dUC�t� + dLC�x,t� �1�

dC�x , t� is the total depth of the corrosion at the location x at time
t, dLC�x , t� is the depth of the localized corrosion defect �depend-
ing on x�, and dUC�t� is the depth of the uniform corrosion.

As illustrated by Eq.�1�, a complete quantitative corrosion
model includes the modeling of both the temporal �t� and the
spatial �x� characteristics of the corrosion loss. Hereafter the spa-
tial variability is not explicitly addressed and focus is put on the

temporal characteristics of the corrosion process.
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Temporal Modeling. In practical applications, corrosion is,
ith few exceptions, quantitatively modeled by a constant corro-

ion rate. In the scientific literature, often a power law is proposed
or the description of corrosion loss as a function of time, Eq. �2�.
s shown in Turnbull �1�, at least for pitting corrosion this law
as some theoretical foundations when the corrosion process is
inetically controlled. The same holds for diffusion-controlled
orrosion, Melchers �2�.

dC�T� = A � TB �2�

In Eq. �2�, T is the time period in service, A and B are param-
ters of the model. When a coating is present, often an additional
nitiation time is included in the model, see, e.g., Paik et al. �3� or
uedes Soares and Garbatov �4�.
For many types of corrosion problems the degradation pro-

esses are governed by several driving mechanisms. Such a be-
avior is explicitly modeled in Melchers �5�, for marine immersed
teel specimens. For other environments, such a phenomenologi-
al modeling may be more difficult to achieve, because the influ-
ncing parameters are less homogenous.

In Fig. 1 these different types of temporal corrosion models are
llustrated in such a way that all predict the same corrosion loss at
particular point in time.
When phenomenological modeling �also referred to as process,

hysical, or mechanistic modeling� of the corrosion process is
onsidered, the underlying mechanisms must be understood in
rder to determine the limiting factors of the process and these
ust then be modeled. This is discussed in several publications,

ncluding Melchers �2,6�, Cole �7�, and Roberge et al. �8�. The
ngineering corrosion models termed as phenomenological in the
iterature are actually semiempirical models, because their param-
ters do not represent any physical quantities. Instead they must
e fitted to measured corrosion degradation. Fully physical mod-
ls would need, e.g., knowledge on the concentration of O2 in the
nvironment and the diffusion coefficient in the corrosion product.
learly, these input parameters are not generally available and

ully physical models do not provide a satisfactory solution at
resent, see also Cole �7�. On the other hand, it is stated in
elchers �6� that “purely empirical models have little value,” be-

ause extrapolation of the models outside the range of data to
hich they were calibrated is not possible. It is therefore argued

hat quantitative corrosion models for prediction and inspection/
aintenance planning purposes must be based on consideration of

he governing mechanisms and their driving or limiting factors.
his is especially true when considering inspection updating, as
emonstrated later.

Uncertainties in Corrosion Modeling. The quantitative corro-
ion models applied by the profession are generally developed for
esign purposes and represent a sort of “worst-case model” with-
ut clear definition of the underlying uncertainties or the assumed
eference size in the case of localized phenomena. Apart from the
odels in Melchers �5� and Sydberger et al. �9�, the authors are

ot aware of any published quantification of the uncertainties in-
olved in the corrosion predictions for real operational situations.

Fig. 1 Common quantitative temporal corrosion models
ecause such models are crucial for the development of a risk
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based approach to corrosion control, the reluctance of corrosion
engineers to quantify the uncertainties related to their models con-
stitutes a significant drawback in corrosion modeling.

In addition to the uncertainties related to the corrosion models,
in many instances there are additional large uncertainties regard-
ing the environmental and operational conditions determining the
input parameters to the models. The total uncertainty in quantita-
tive corrosion predictions is thus generally very large, which mo-
tivates the application of in-service inspections for corrosion con-
trol and for model updating. However, the latter requires that the
initial uncertainties are quantified and that the applied quantitative
corrosion model is able to accurately represent the phenomena.
This issue is considered in more detail in the following.

Application of Temporal Corrosion Models in Inspection
Updating. Inspections in many instances represent a highly effi-
cient means of corrosion control and risk reduction measure.
Quantitative corrosion models may form the basis for determining
the optimal inspection efforts �i.e., what to inspect, when to in-
spect, and how to inspect�. Such inspection planning procedures
are based on the application of Bayes’ rule to update the uncertain
corrosion model using inspection results, see, e.g., Hellevik et al.
�10� or Straub �11�.

Whereas a conservative “worst-case model” may be appropriate
for design purposes, such models can lead to nonconservative
predictions when combined together with inspection results. Con-
sider the following simple case: For a component, corrosion is
modeled by a constant but uncertain corrosion rate r �correspond-
ing to model A in Fig. 1�. The actual corrosion mechanism in-
cludes an initiation period tI �model B in Fig. 1�, yet the engineer
considers neglecting this effect in his model as conservative. The
two models are illustrated in Fig. 2 together with an assumed
inspection result. In the following, it will be demonstrated that the
omission of the initiation time in model A in combination with the
inspection result may lead to an underestimation of the actual
corrosion loss in the future and thus to an overestimation of the
reliability

Assuming that the component fails when the corrosion loss ex-
ceeds the critical depth dcr, the limit state function for component
failure is written as

g = dcr − dC�t� �3�

dC�t� is the corrosion loss at time t and corresponds to the general
formulation in Eq. �1� when the spatial variability is neglected.
Here, dC�t� is

dC�t� = �0, t � tI

r�t − t1� t � tI
� �4�

The reliability index �, respectively, the probability of failure pF,
is evaluated from the limit state function using structural reliabil-
ity analysis �SRA�. The discontinuity at tI in the first order partial
derivative of dC�t� with respect to time may lead to numerical

Fig. 2 Comparing two corrosion models. The shaded areas
represent the 95% confidence interval.
problems; in that case a differentiable function may be fitted to
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q. �4�, see Friis-Hansen �12�.
The inspection result, i.e., the corrosion measurement dm, is

aken into account by updating the probabilistic model using
ayes’ rule, see, e.g., Madsen et al. �13�. The limit state function

or the measurement event represents an equality event and is
efined as

gm = dm − dC�t� �5�
he reliability is now evaluated for the two models with and with-
ut considering the inspection/measurement outcome by means of
ORM �first order reliability methods� using the parameter values

n Table 1. The results are shown in Fig. 3.
The results in Fig. 3 demonstrate that although model A is a

worst-case model” as long as no inspection is performed, this is
ot the case when accounting for the inspection result. After
0 years, the reliability index � is close to zero with model B
pF=0.5�, whereas � is equal to 2 with model A �pF=0.01�.

In many applications it may be unclear which is the appropriate
odel; this additional uncertainty must be explicitly addressed in

he probabilistic modeling. Thereby the probability density func-
ion �PDF� of the corrosion loss is predicted as the weighted av-
rage of the pdf’s of corrosion loss predicted by the two �or more�
odels. The applied weights correspond to the degree of belief in

he models. A similar approach is proposed and described in some
etails for crack growth modeling in Zhang and Mahadevan �14�.
n Faber and Maes �15� it is demonstrated how such system un-
ertainties can be taken into account not at the damage level but at
he level of decision making.

emporal Variability
In the modeling of uncertainty within the context of engineer-

ng decision making, it is of utmost importance to formulate
robabilistic models which are consistent with the available infor-
ation and the characteristics of the decision making problem. It

s, e.g., possible to develop a probabilistic model for the corrosion
oss which would be appropriate for design optimization purposes
ut which would be inadequate for inspection and maintenance

Table 1 Parame

Parameter

Corrosion rate r
Initiation time tI

Model A
Model B

Critical depth dcr

Insp. Time tinsp

Corrosion measurement dm

Note: �: Mean value; �: standard deviation; D: deterministic

ig. 3 Reliability index obtained with the two corrosion mod-

ls, with and without inspection
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planning purposes. In the latter context, the issue is to establish a
model that is consistent with regard to the time dependency of the
knowledge about future degradation. As explained in Faber �16�,
the time dependency structure of the probabilistic models can be
understood as being governed by the epistemic uncertainty which
by inspections may be updated and affect the probabilistic model
of degradation at times after the inspection.

Consider the simple deterioration model in Eq. �4�: So far it has
been assumed that all parameters are constant with time, i.e., they
have one realization over the lifetime. In reality, many of the
influencing parameters vary with time; parameters like the corro-
sion rate r in Eq. �4� are thus stochastic processes. However, such
temporal variability is not explicitly modeled in corrosion predic-
tions for engineering applications. This is not necessarily simpli-
fying or wrong, as it is often sufficient to account for the temporal
variability through the use of equivalent values. Such is the case
for the stress ranges �S in fatigue modeling: Because the fatigue
damage is cumulative and proportional to �Sm, with m being a
parameter of the fatigue model, the stochastic process describing
�S can be replaced by the expected value of �Sm when the num-
ber of stress cycles is large, see, e.g., Madsen et al. �13�; this is the
standard procedure for fatigue design and inspection planning. A
similar approach will be proposed in the following for corrosion
modeling. This requires that the conditions for such a simplifica-
tion are investigated, yet a rigorous mathematical treatment is not
intended here; instead focus will be put on the practical aspects of
the approach. The procedure will be illustrated in an example
considering CO2 corrosion in pipelines; the applied model is pre-
sented in the next section, followed by a discussion of the tempo-
ral variability for this example and a proposal for the definition of
equivalent values.

The DeWaards-Milliams Model for CO2 Corrosion in
Pipelines. It is noted that this corrosion model was originally
developed for design purposes. Its application in reliability analy-
sis, as presented in the following, has illustrative character, and
the model must be reviewed before a real application can be
advocated.

The DeWaards-Milliams model is the most common model for
carbonic acid corrosion �CO2 corrosion� in pipelines. It was origi-
nally published in DeWaard and Milliams �17� with modifications
in DeWaard et al. �18,19�. A simplified version of this model is
applied here, in accordance with CRIS �20�. It predicts a constant
corrosion rate based on the main influencing parameters: operat-
ing temperature To and pressure Po, as well as the partial pressure
of CO2, PCO2

. Other influencing parameters, such as the flow rate
or the pH are not explicitly accounted for. The corrosion rate rCO2
is

rCO2
= 10�5.8−1710/To+0.67�log10 fCO2

� �6�

where the temperature To is expressed in Kelvin and the CO2
fugacity fCO2

is calculated from

fCO2
= PCO2

� 10Po�0.0031−1.4/To� �7�

The partial pressure of CO2 is a function of the operating pressure

of the example

im. � � Distribution

m/yr 1 0.3 W
r 0 — D
r 5 2 LN
m 20 — D

r 8 — D
m 6 1 N

: Weibull distr.; LN: lognormal distr.; N: normal distr.
ters

D

m
y
y
m
y
m

and the fraction of CO2 in the gas phase nCO2
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PCO2
= nCO2

Po �8�

he calculation of the corrosion depth dC�t� at time t includes a
odel uncertainty, which is, following Sydberger et al. �9� de-

cribed by a multiplicative factor XM

dC�t� = XMrCO2
t �9�

he parameter values used in the example are provided in Table 2.
O2 corrosion is typically of localized nature. The spatial charac-

eristics of the deterioration are thus of importance, however,
hese are not accounted for in the original references and the

odel only predicts the maximum defect in a pipe element �whose
ize is not stated in the references�. For the sake of the example it
s here assumed that the reference size corresponds to the size
ssumed for inspection, i.e., pipe elements with length 2–3 m and
iameters 110–220 mm. This reference size is of importance
hen the spatial variability of the corrosion process is addressed.
Simplifying it is assumed that failure can be represented by the

ritical corrosion depth dcr, which is a function of other param-
ters, including the wall thickness. Note that if the burst failure
ode is decisive, then dcr becomes a function of the time-variant

arameter Po, see Stewart et al. �21� or Ahammed and Melchers
22�.

Temporal Variability in the CO2 Corrosion Model. Most
uantitative corrosion models are fitted to observed data. Tempo-

Table 2 Parameters of the CO2 corrosion model

arameter Dim. � � Distribution

ritical depth dcr
mm 30 1.5 Normal

emperature To
K Defined in

Table 3
ressure Po

bar Defined in
Table 3

raction of CO2 in gas phase nCO2
— 0.01 — Deterministic

odel unc. XM
— 0.4 0.32 Weibull

Fig. 4 One realization of the two rand

rosion rate
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ral variability which is inherent to the corrosion process, e.g., due
to changes in the chemical and physical characteristics of the ma-
terial with depth, is part of the observation. Because this variabil-
ity is not explicitly modeled, it will increase the scatter in the
observations and is accounted for by the statistical model uncer-
tainty of the corrosion process. Temporal variability due to the
inherent characteristic of the corrosion process is therefore mod-
eled by means of time-invariant random variables. On the other
hand, the influencing environmental parameters, which in experi-
ments are generally held constant, often vary significantly with
time in operational conditions. This temporal variability should
therefore be addressed in the models. This is considered in the
following exemplarily for the CO2 corrosion model.

The operating temperature To and pressure Po are modeled by
two Poisson square-wave processes, see Madsen et al. �13�. These
processes consist of different intervals, whose starting points are
generated by a Poisson process with intensity �. In each interval i
the value of the variable of interest, X�t�, is defined by Yi, where
the Yi are independent, identically distributed random variables.
The expected value of X�t� for such a process is

E�X�t�� = E�Y� �10�

and its covariance function is

Cov�X�t1�,X�t2�� = Var�Y�exp�− ��t2 − t1�� �11�

An additional assumption is made, namely, that the underlying
Poisson processes are identical and fully correlated for To and Po.
This is reasonable considering that the temperature and pressure
will both change simultaneously at times when the operating con-
ditions are modified. With this additional assumption, the corro-
sion rate rCO2

�t� also follows a Poisson square-wave process with
the same intensity �; its amplitude Yr is a function of all other
random variables. Furthermore, a correlation coefficient of 0.8 is
assumed between YTo

and YPo
at any point in time. Figure 4 shows

possible realizations of To and Po, whose characteristics are sum-
marized in Table 3.

The uncertainties in the mean values of To and Po represent

processes and the consequent cor-
om
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odel uncertainty. These mean values have only one realization
uring the service life. The individual Yi in the processes are thus
nly conditionally independent, given �To

or �Po
; the same is

alid for rCO2
. Equation �11� does therefore not apply for the

rocesses considered here; instead the covariance function is de-
ived as

Cov�X�t1�,X�t2��

= E��X�t1� − E��Y��2�X�t1� = X�t2�� · e−���t2−t1��

+ E��X�t1� − E��Y���X�t2� − E��Y���X�t1� � X�t2��

��1 − e−���t2−t1���

= Var�Y�e−���t2−t1�� + Var��Y��1 − e−���t2−t1��� �12�

here Var�Y� corresponds to the variance of the point-in-time
istribution of X�t� and Var��Y� is the variance of the mean value
f Y. For the corrosion rate process, these are in the following
etermined numerically.

The dashed line in the lower diagram of Fig. 4 is the realization
f the equivalent corrosion rate. This equivalent corrosion rate is
efined as the constant corrosion rate that would lead to the same
orrosion loss as the actual, time-variant corrosion rate. It can be
alculated as:

re�t� =
dO�t�

t
=

1

t�0

t

rCO2
�t�dt �13�

quation �13� states that the equivalent corrosion rate re�t� is ob-
ained by integration of the corrosion rate process. Its moments
re thus given by Eqs. �14� and �15�, see, e.g., Parzen �23�

E�re�t�� =
1

t�0

t

E�rCO2
�t��dt = E�Yr� �14�

Table 3 Characteristics of To and Po

arameter Dim. � � Distribution

ntensity � �To and Po� yr−1 4 — Deterministic
mplitude YTo

K �T0
15 Normal

ean temperature �T0
K 303 3 Normal

mplitude YPo
bar �P0

15 Normal
ean pressure �P0

bar 100 10 Normal
orrelation factor 
YT0

,YP0

— 0.8 — Deterministic.

Fig. 6 The standard deviation of the

tion of �t
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Var�re�t�� =
1

t2�
0

t�
0

t

Cov�rCO2
�t1�,rCO2

�t2��dt1dt2 �15�

The realizations of rCO2
�t� are only conditionally independent

�conditional on the realization of the time-invariant random vari-
ables�. rCO2

�t� therefore corresponds to a modified Poisson square-
wave process and its covariance function is given by Eq. �12�. The
evaluation of Eq. �15� thus requires that Var�Yr� and Var��Yr

� are
evaluated numerically. However, the distribution of re�t� is readily
obtained using Monte Carlo simulation �MCS�. Figure 5 shows
the stochastic model of re�t=5 yr�. It is observed that the simu-
lated re fits closely to a log normal distribution for any t. For t
=5 yr the moments of the log normal distribution are obtained by
a maximum likelihood estimator �LME� as

�re
= 1.15 mm/yr

�re
�t = 5yr� = 0.18 mm/yr

The mean value of re is not dependent on the time, Eq. �14�, and
is equal to E�Yr�. The standard deviation of re, however, is depen-
dent on the considered time t, as seen from Eq. �15� �actually on
�t, the expected number of realizations of the time-variant random
variables To and Po.� The results as obtained by means of MCS
are presented in Fig. 6. From Eq. �12� it is observed that Var�Y�
corresponds to �re

2 ��t=0� and Var��Yr
� to �re

2 ��t=	�. From the
simulation results we can thus obtain

Fig. 5 The distribution of re„t=5 year…

uivalent corrosion rate �re
as a func-
eq
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Var�Yr� 	 0.2632 mm2 yr−2

Var��Yr
� 	 �re

2 ��t = 1000� 	 0.1672 mm2 yr−2

he Variance of re can now be derived analytically from Eqs. �12�
nd �15� as

Var�re�t�� =
1

t2�
0

t�
0

t

�Var�Yr�e−��t2−t1� + Var��Yr
�

��1 − e−��t2−t1���dt1dt2

= Var��Yr
� + 2�Var�Yr� − Var��Yr

��

�
 1

�t
+

�e−�t − 1�
��t�2 � �16�

he results obtained with Eq. �16� correspond to the results shown
n Fig. 6. Note that:

lim
�t→	

Var�re�t�� = Var��Yr
� �17�

hich is in accordance with the central limit theorem.
The parameter values of Var�Yr� and Var��Yr

� can be precal-
ulated and stored for different combinations of the stochastic
ariables. The equivalent corrosion rate re�t� is then obtained for
ll specific cases directly from the database and Eq. �16�, all reli-
bility evaluations can then be performed using time-invariant re-
iability analysis. However, the largest benefit of using an equiva-
ent value is in inspection planning, yet this requires that the effect
f the temporal variability on the updated reliability is investi-
ated.

The Effect of Temporal Variability on the Updated Corro-
ion Reliability. Whereas it is sufficient to apply equivalent val-
es in the corrosion models for design purposes, this is not nec-
bserved in Fig. 6.
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essarily true when considering reliability updating following
inspections, as in Straub and Faber �25�, due to the fact that the
future degradation may be different from the past degradation, as
observed in Vrouwenvelder �24�. In the inspection planning pro-
cedures documented in the literature it is generally assumed that
all random variables are time invariant. Information obtained at an
inspection is used to update all random variables and those are
then applied for the prediction of future deterioration. However,
for the time-variant components of the model, the inspection can-
not give any information on the future realizations and the useful-
ness of the inspection will thus depend on the ratio between the
time-variant and time-invariant components and the expected
number of realizations �t before and after the inspection. For in-
spection planning it is thus required to quantify this effect. If a
component is put in service at year t=0 and an inspection is
performed at year tinsp, an indicator for the value of the inspection
in regard to the prediction of corrosion loss in the future is the
correlation coefficient between the equivalent corrosion rate at
time tinsp and time t� tinsp: 
�re�tinsp� ,re�t��. Following it is shown
how this indicator can be derived and how it must be interpreted
in the context of inspection planning.

The covariance of the summation of a process over two differ-
ent time intervals is obtained from Eq. �18�, see Parzen �23�

Cov�re�tinsp�,re�t�� =
1

tinspt
Cov��

0

tinsp

rCO2
�t1�dt1,�

0

t

rCO2
�t2�dt2

=
1

tinspt
�

0

tinsp

dt1�
0

t

dt2Cov�rCO2
�t1�,rCO2

�t2��

�18�

By combining Eq. �12� with Eq. �18� we obtain the covariance
function, Eq. �19�
Cov�re�tinsp�,re�t�� =
1

tinspt
�

0

tinsp

dt2�
0

t

dt1�Var�Yr�e−���t2−t1�� + Var��Yr
��1 − e−���t2−t1���� =

1

tinspt
�

0

tinsp

dt2
�
0

t2

dt1�Var�Yr�e−��t2−t1�

+ Var��Yr
��1 − e−��t2−t1��� +�

t2

t

dt1�Var�Yr�e−��t1−t2� + Var��Yr
��1 − e−��t1−t2����

= Var��Yr
� + �Var�Yr� − Var��Yr

��
 2

�t
+

1

�tinspt
�− e−��t−tinsp� + e−�t + e−�tinsp − 1�� �19�
he covariance function is dependent on the expected number of
ealizations of the random process before the inspection �tinsp and
n total �t. The correlation between the equivalent corrosion rate
efore and after the inspection can now be calculated as


�re�tinsp�,re�t�� =
Cov�re�tinsp�,re�t��

�Var�re�tinsp��Var�re�t��
�20�

Figure 7 shows the correlation for different combinations of �t
nd �tinsp. The correlation coefficient of re��tinsp� and re��t� be-
omes 1 for t= tinsp and decreases with increasing t. As seen from
quation �19�, the covariance function becomes equal to Var��Y�
s �t→	; the correlation coefficient has thus a lower limit which
s a function of �tinsp only. A low value of �tinsp signifies that the
nspection is performed after only few realizations of the random
rocesses and the inspection result thus reflects the additional
ariability due to the time-variant random variables, which is also
The calculated correlation coefficients between re��tinsp� and
re��t�, Fig. 7, are very close to one for most cases. E.g., for the
case where �=4 yr−1 and tinsp=5 yr, the equivalent corrosion rate
re at the time of inspection is correlated to re after 25 years with

�re�tinsp� ,re�t=25 yr��=0.98. It is thus reasonable to assume a
time-invariant equivalent corrosion rate for inspection updating in
this case. For situations where the correlation coefficient is rela-
tively low ��0.9�, this can be accounted for by applying different
values of re in the limit state functions for failure and for inspec-
tion �Eqs. �3� and �5��, taking into account the correlation between
the two.

Discussion
It is seen from Fig. 3 that the use of an inappropriate temporal

corrosion model may lead to critical errors in the prediction of the
actual failure probability and thus to inappropriate inspection ef-

forts. It is thus crucial that the temporal model, although not nec-
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ssarily fully accurate, is able to represent the actual corrosion
henomena. Whereas the inaccuracy in the parameters can be ad-
ressed by the stochastic modeling, this is not possible when the
odel itself is inaccurate. Doubts about the actual nature of the

orrosion phenomenon must be accounted for by using a mixed
odel �i.e., a corrosion model consisting of two or more different

orrosion models� with weights representing the degree of confi-
ence in the individual models, see, e.g., Zhang and Mahadevan
14�.

The proposed equivalent corrosion rate together with the pre-
ented algorithms allow for a highly efficient reliability calcula-
ion and updating procedure. A basic limitation of the approach at
resent is that the corrosion process must be independent from the
ailure mechanism, i.e., that the critical corrosion depth dcr and the
orrosion loss dC in Eq. �3� are independent. For pressurized pipe-
ines, the probability of failure given a specific corrosion damage
epends on the operating pressure, which is also a parameter in-
uencing the corrosion process and dcr and dC are thus dependent.
n this case the presented approach must be modified to account
or this dependency. However, it is noted that for most applica-
ions the uncertainty related to the failure mechanism is much
maller than the uncertainty related to the corrosion process and
he assumption of independency between dcr and dC is thus not
ecessarily critical.

onclusions
It is demonstrated that an appropriate representation of the phe-

ig. 7 Correlation of the equivalent corrosion rate in the pe-
iod before the inspection and the total time period t
omenological nature of the corrosion process is crucial when
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reliability updating and inspection planning is considered. If un-
certainty on the choice of appropriate quantitative corrosion
model exists, this must be accounted for in the formulation of the
decision problem in the context of which the corrosion modeling
is applied.

For corrosion processes whose influencing parameters are time
variant, it is proposed to use an equivalent corrosion rate re�t� for
reliability calculations. This concept facilitates the consistent con-
sideration of temporal variability in reliability calculations in a
highly efficient manner. For the special but common case when
the corrosion rate follows a Poisson square wave process, the
derivation of re�t� is presented.

The effect of the temporal variability in corrosion on the reli-
ability updating following inspections is investigated. It is ob-
served that this is of relevance only for cases with very low num-
bers of expected realizations of the corrosion rate process before
the inspection. The calculation of the correlation coefficient of
re�t� before the inspection and for any time t is derived. This
correlation coefficient, together with the concept of the equivalent
corrosion rate re�t�, allows for an efficient inspection updating for
situations where the temporal variability of the corrosion process
is of importance.

The considerations outlined in the present paper can be seen as
being valid also for other types of deterioration mechanisms. E.g.,
for low-cycle fatigue, where only a few load cycles may lead to
failure, the dependency structure must be accounted for explicitly,
as illustrated in the paper.
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