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ABSTRACT

This paper presents a new methodology for a reliability-based time-dependent risk assessment
and remaining service life prediction of pressurized metallic pipelines. This methodology can support
decisions related to continued safe pipe operation and optimal pipe inspection intervals and maintenance
schedules. The numerous uncertainties that impact performance of a corroded pipeline with active
general and pitting corrosion are incorporated in this reliability analysis. The impact of externa corrosion
pits on failure pressureis first investigated using nonlinear finite element analysis based parametric study,
leading to simple formulas for predicting the retained strength of a corroded pipe. The results of finite
element anaysis (FEA) and of simple prediction formulas are validated by comparison with test results.
A genera framework for computing time-dependent reliability of corroded pipes is then presented.
Uncertainties associated with in-situ measurement of flaw size, pipe geometry, material properties,
corrosion model, and operating pressures are included in the reliability analysis. Variables that govern
the impact on time-dependent reliability of corroded pipes are identified through Monte Carlo simulation.
A practical example illustrates the framework and its application in making risk-informed decisions
regarding safe pipe operation and effective maintenance planning.

INTRODUCTION

The objective of this paper is to determine safety and reliability of corroded metalic pipes
operating at nuclear generating stations, i.e., whether certain corroded pipes are fit for service and can
these pipes support the design loads and pressures safely, and if they are safe and reliable now, will they
remain safe and reliable during the remaining service life or before a major maintenance action can be
taken.

The current methods for determining the strength of a corroded pipe is based on deterministic
anaysis using allowable stress methods (ASME 2009; Kiefner and Vieth 1989 and 1990; DNV 2004).
Among the widely accepted methods for assessing the remaining strength of corroded steel pipes are
those contained in ASME Manual B31G (2009) and RSTRENG (Kiefner and Vieth 1990). Netto et al
(2005) proposed a relatively simple formula for predicting the burst pressure of corroded pipes, but this
formula was only based on a study of limited pipe geometry parameters and defect configurations. In
general, these methods cannot properly account for the uncertainties associated with the performance of
existing metal pipes in their unique exposure environments. These uncertainties in pipe and pit
geometries (including measurement and sampling ucnertainties), pipe mechanical properties, exposure
conditions, and time/exposure-dependent corrosion parameters can cause major deviations of pipe
behavior from what might be predicted through such deterministic evaluations. Considering the
uncertainties that may impact the performance of a pipeline susceptible to active corrosion, the evaluation
of pipe safety and remaining service life of corroded pipe as well as decision regarding pipeline
maintenance should be based on structura reliability principles. Recent probabilistic studies on pipeline
safety have been focused either on investigating the differences between various available methods for
assessing pipe reiability (e.g., FOSM, Monte Carlo Simulation, or Taylor series approximations) or on
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making comparison of pipe reliabilities computed using different burst pressure prediction models
(Caleyo, et a, 2002; Hasan, et a , 2011; Anghel, 2009).

This paper presents a practica tool for engineers to evaluate pipe safety based on structural
reliability principles. We first begin by presenting a methodology to determine the strength of corroded
pressure pipes. The impact of corrosion defects of various geometries on the pressure that causes pipe
leakage and rupture is investigated using nonlinear finite element (FE) anadysis, leading to a simple
anaytical expression for estimating the retained pipe strength. Uncertainties in predicting leakage or
rupture are associated with in situ measurement of flaw size (including measurement uncertainty and
sampling error), pipe geometry, pipe material properties, operating pressures, and corroson model
parameters in the exposure environments. These uncertainties are included in a probabilistic analysis of
the reliability of the pipeline over the expected lifetime of interest. Variables that have the most
significant impact on the reliability of a corroded pipe are identified through Monte Carlo-based
sengitivity studies. Finally, a set of simple and practical reliability-based evaluation tools are presented
for pipe safety assessment.

BURST PRESSURE PREDICTION MODEL OF CORRODED PIPES

In this section, a nonlinear finite-element model of a low-carbon metallic pipe with corrosion
defect is developed and validated against test results by Netto (2005). Using the validated FE model
(FEM), a parametric study is performed to determine the retained strength of different pipe designs with
different corrosion defect geometries, and to develop an analytical expression for retained strength of a
corroded pipe with either external or internal corrosion defect.

Finite Element Analysis

The localized corrosion defect geometry was considered with a rectangular projected surface
shape, and has an ellipsoidal profile , as shown in Figure 1. Owing to the symmetric nature of the pipe
cross section and loading conditions, only one-quarter of the actual pipeis modeled, as shown in Figure 2.
Nonlinear finite element model (FEM) of corroded pipe segments is developed in ABAQUS
(Version 6.10). The models include the corroded region, idealized with three-dimensiona eight-node
linear brick elements, with an overall length of the pipe section equal to ten times its outside diameter to
eliminate the effect of the boundary conditions from the stresses in the corroded area. To simulate the
pipe performance over the entire loading range up to rupture, material and geometric nonlinearity are
included in the analysis. The true stress-true strain curve of the AISI 1020 mild steel, for which test
results are available, is constructed from the average of engineering stress-strain relation from test results.
The steel has an elastic modulus of approximately 208,000 MPa (30,200 ksi), 0.2% strain offset yield
stress of about 262 MPa (38 ksi) and atensile strength of 393 MPa (57 ksi).

To validate the finite element models, the burst pressure of a corroded steel pipe tested by Netto
et a. (2005) was analyzed by this modeling method. The test specimen is a steel pipe with an outside
diameter of 42 mm (1.65 in.), awall thickness of 2.7 mm (0.108 in.), and a machined dlipsoidal defect
with 2.1 mm (0.084 in.) in depth, 42 mm (1.65 in.) in length in the longitudind direction, and 13 mm
(0.51in) in width in the circumferential direction. In our FEA, internal pressure was applied gradually up
to the rupture of pipe. Significant plastic deformation and localized necking were observed prior to burst,
which is consistent with experimental observations reported by other researchers. The model predicted a
burst pressure of 24.1 MPa (3,492 psi), defined conservatively as the pressure that produces 20% plastic
strain in the necking area. This burst pressure is about 90% of the burst pressure of 26.8 MPa (3,881 psi)
measured in the test conducted by Netto et a (2005). This difference can be attributed to the definition of
the failure criterion in terms of plastic strain, the assumptions made in the FEM, the idedlization of the
defect shape (Figure 2), and various uncertainties associated with experimental testing. The FEM
approach is conservative and adequate for predicting the burst pressure of corroded pipe.
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Figure 1. Schematic view of corroded pipe with a single corrosion defect

Figure 2. Finite element model of pipe and a single corrosion defect

Parametric Study

Following validation, the finite element model was used in a parametric study to investigate the
effects of pipe diameter, wall thickness, and corrosion defect configurations on the burst pressure of
corroded pipes. The burst pressures were computed using FEM for one hundred pipes with pipe
diameter, D, ranging from 51 to 2,286 mm (2 to 90 in.), pipe wall thickness, t, ranging from 3.42 to 12.7
mm (0.135 to 0.5in.), ratio of defect depth to wall thickness, d/t, ranging from 2.54 to 21.59 mm (0.1 to
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0.85in.), ratio of defect length to pipe diameter, [/D , ranging from 2.54 to 26.42 mm (0.1 to 1.04 in.),
and ratio of defect width to pipe diameter, ¢/D, ranging from 2.29 to 4.57 mm (0.09 to 0.18 in.), as
summarized in Table 1.

Table 1. Pipe and defect geometries used in parametric study

! D t
Pipe ID mm  (in) | mm (in) dit I/D c/D
Pipe 1 610 (24) 34 (0.13) 0.5; 0.85 0.14; 0.28; 0.56 0.14
Pipe 2 610 (24) 6.4 (0.25) 0.5; 0.85 0.26; 0.52; 1.04 0.14
Pipe 3 1,524  (60) 6.4 (0.25) 0.5; 0.85 0.10; 0.21; 0.42 | 0.09; 0.11; 0.14; 0.18
Pipe 4 1524 (60) | 127 (0.50) 0.5; 0.85 0.21; 0.42; 0.83 0.14
0.1;0.2; 0.3
0.4;05; 0.6; | 0.21; 0.42; 0.5;
Pipe 5 2,286  (90) 9.5 (0.38) 0.7; 0.85 0.62 0.14
0.1; 0.2; 0.3;
0.4;05; 0.6; | 0.21; 0.3; 0.42;
Pipe 6 2,286  (90) | 127 (0.50) 0.7; 0.85 0.62 0.16
0.1; 0.2; 0.3;
0.4; 0.5; 0.6; 0.5;1.0; 1.5
Pipe 7 406 (16) | 12.7 (0.50) 0.8 2.0 0.14
Pipe 8 51 (2 39 (0.15) 0.5; 0.85 0.14; 0.28; 0.56 0.14
Pipe 9 102 4 6.0 (0.24) 0.5; 0.85 0.26; 0.52; 1.04 0.14
Pipe 10 152 (6) 7.1 (0.28) 0.5; 0.85 0.10; 0.21; 0.42 0.14
Pipe 11 203 (8 8.2 (0.32) 0.5; 0.85 0.21; 0.42; 0.83 0.14
Pipe 12 254 (20 9.3 (0.37) 0.5; 0.85 0.21; 0.42; 0.62 0.14

The parametric study revealed that d/t has the strongest influence on the burst pressure retention
ratio, defined as the ratio of degraded strength, P,, to the origina uncorroded pipe strength, Py;;
furthermore, the burst pressure decreases as 1/D increases. The ratio of pipe wall thickness to outside
diameter, t/D, was found to have only a dlight impact on the retained burst pressure and the ratio ¢/D had
amost negligible effect.

Burst pressure can be expressed as a function of the defect shape factor (d/t)2(1/D) (Netto, et
a 2005). Performing alinear regression anaysis between the retained burst pressure as determined from
FEA and the defect shape factor for corroded pipes with D < 610 mm (24 in.) and for corroded pipes with
D > 610 mm (24 in.), the following predictive equations are obtained:

( 1.00 0.30
P, 1—0.886 <?> (5> , for D < 610 mm
P_bi = d 1.15 11030 @
1-1.120 <?> (5> , for D = 610 mm

where Pp; = 1.1+ 0,,2t/D as defined in ASME B31G (2009), and o, is the nominal yield stress of the
steel in the pipe. Note that the assumption of the ultimate strength o, = 1.1 - o, embedded in the above

expression of Py; may not be appropriate for other steels or other metals. The results are shown in
Figures 3a and 3b; the coefficient of determination, R2 in these figures is a measure of the degree of
linearity of the fit, with avalue of 1.0 indicating perfect linearity.
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Figure 3. Burst pressure retention of corroded steel pipe, Pb/Phi, versus defect shape factor for
(a) D <24 in. (610 mm) and (b) D > 24 in. (610 mm)

To determine whether Eq. (1) can predict the burst pressure of pipes other than those considered
in this study, forty-eight pipes tested to burst by Batte et a (1997), Cronin and Pick (2000) and Chauhan,
et al (2009) were analyzed. The ratio of the measured burst pressure obtained from experimental test to
the burst pressure predicted by Eg. (1) for the forty-eight pipes has a mean of 1.14 and a standard
deviation of 0.17, while the mean and standard deviation of the ratio of burst pressure obtained from
experimental test to that predicted using ASME B31G (2009) for the same forty-eight pipes are 1.48 and
and 0.48, respectively. While both analytical methods are conservative compared to the experimental
data, EqQ. (1) provides a much better fit with reduced scatter than ASME B31G.

Analysis of pipes with internal defects is performed using FEM. The results show that Eq. 1
provides results with the same accuracy for both internal and external corrosion. (The ratio of burst
pressure of pipe with eternal to interna defect of the same configuration has a mean of 0.995 and a
standard deviation of 2.5% for sixteen pipes with awide range of pipe designs and defect geometries.)

We dso performed analysis using FEM of pipes with multiple defects of different sizes and
relative orientations and developed a procedure for defining an equivalent single defect size that would
produce the same burst pressure as the pipe with multiple defects.

RELIABILITY ANALYSS

Uncertainties in loads, material and geometric properties of the pipe, corrosion defect geometry,
and in situ environment can cause significant deviations of the actual pipe performance from what might
be predicted deterministically. In the face of numerous uncertainties that might impact the performance
of a pipe that is susceptible to active corrosion, probability-based structural reliability principles provide
powerful means for integrating these uncertainties into decision making tools for evaluating pipeline
safety, remaining service, and maintenance plan.

The probability of pipe burst can be expressed as follows:

Pr = P[B - Pp; fr < K] 2)
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where P; = pipe rupture probability; P[ ] = probability of the event in the brackets; Py = burst
pressure of the uncorroded pipe; Ps = the maximum pressure load demand over the remaining service life,
arandom variable, fr = Py/Py is the burst strength retention ratio of the corroded pipe expressed by Eq.
(1), and B = modeling error associated with Eq. (1). The corrosion model, as discussed later in this paper,
is used to determine the growth of the defect depth and length over time.

The satistics of the random variables related to load and resistance are collected from the
literature (Ahammed 1998) and are summarized in Table 2. The statistics of parameter B, the modeling
error, are obtained from Figure 3 and depend on pipe diameter.

Table 2: Random variables and their parameters

Random variable Distribution characteristics
Symbol Description Type bias cov
D Pipe diameter Normal 1.0 0.03
t Pipe wall thickness Normal 1.0 0.05
P, Maximum operating pressure | Normal 0.9 0.10
ay Steel yield stress Lognormal 1.10 0.08
B Modeling error of Eq. (1); Normal 1.10 0.05

The defect geometry parameters, | and d, must be selected from actual defect shapes in the field
that may have a different geometry compared to the elipsoidal shape used in our FEA. The growth of a
corrosion defect depends primarily on the characteristics of the pipeline materia and on the surrounding
corrosion environment. As corrosion of a pipe continues with time, | and d, which are the critical
parameters that influence pipe safety, continue to grow. Defect growth in low-carbon steel is commonly
modeled with a power law function that relates the average maximum defect depth, d, to the exposure
time:

d(t) = k(t —Tp)" (3)

in which k and o are the growth constants and Ty is the time required to initiate corrosion. In most
corrosion studies, k and «, are assumed to be constant, with o ranging from 0.3 to 1.0 (Zapp, 1996).
When soil contains high levels of chloride, a linear corrosion model with o = 1 may be used (ASM,
2006). A valuefor k as high as 0.35 mm (13.74 mils) is reported for soils with added 1% wt. NaCl salt.

In a study recently reported by Caleyo et a (2009), data describing maximum defect depth, local
soil conditions and pipe geometrical parameters were collected over a three-year period from 250
excavated pipeline sites located across southern Mexico. The pipelines studied had been in service for up
to 50 years. The measured soil variables included resistivity, pH, water content, redox potential, bulk
density, and dissolved chloride, bicarbonate, and sulfate ion concentrations. The pipe-to-soil potential,
pipe coating type, and pipeline age were aso included within each dataset. Based on the relative
proportions of sand, silt, and clay, the soil samples were grouped into four classes: clay (C), clay loam
(CL), sandy clay loam (SCL) and a generic class containing all collected samples (All). For each variable
considered, the parameters of the probability distribution fitting the observed data were determined using
the maximum likelihood estimation (MLE) method, and the best probabilistic model was selected based
on the value of the Kolmogorov—-Smirnov (K-S) test statistic for the probability distributions tested.
Corrosion growth coefficients k and @ in Eq (4) both depend on the above-mentioned soil parameters.
MC simulations conducted in the current study using statistics reported in Caleyo et a (2009) produced
the statistics of k and a, as summarized in Table 3.
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Table 3: Dependence of corrosion parameters on soil conditions

Parameter Soil category
Clay Clay loam Sandy clay loam Average type
Mean | 0.0092 0.0136 0.0059 0.0087
k* | STD | 0.0035 0.0059 0.0024 0.0033
Mean | 0.788 0.633 0.631 0.662
a STD 0.112 0.147 0.106 0.118

*Kkisgiveninin./yr*=25.4mn/yr"

The study indicated that k and « can be best described by normal distributions. Subtituting these
statistics to Eq. (4), the mean and the standard deviation of | and d can be obtained, assuming | and d
having the same growth rate. Both their mean and standard deviation increase with time; the standard
deviation increases much faster than the mean, causing the coefficient of variation (COV) to increase with
timeaswell.

Using the distributions and statistical parameters, the probability of pipe rupture and hence the
reliability of the pipeis determined from a Monte Carlo (MC) simulation.

ANALYSISRESULTS

Anayses are performed for 610 mm (24 in.) diameter pipes with different combinations of wall
thickness ranging from 2.5 to 13 mm (0.1 to 0.5 in.) and I/D ratio ranging from 0.1 to 0.8, with a soil
environment corresponds to the average soil type. For each pipe studied, reliabilities are computed for a
50-year service period.

To investigate the combined effect of (d/t) and (I/D), which are the two basic components of the
defect shape factor, the time-dependent reliability indices for al sixteen pipes analyzed are plotted against
the defect shape factor in Figure 4 Thisfigure shows how pipe reliability decreases as defect shape factor
increases, and can be used to set a limit on the defect shape factor based on a minimum acceptable
reliability.

Figure 4. Pipereliability index as a function of calculated defect shape factor. (1 in = 25.4 mm)

The results may be plotted in a different form thus providing a useful tool for inspectors to
evaluate pipe safety without conducting a full probabilistic analysis. For an assumed target reliability
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index of 2.5 for specific material, Figure 5 provides a plot the lengths and depths of defects that can or
cannat be provide the desired reliability of the pipeline.

Figure 5. Safe/Unsafe regions with respect to target reliability index of 2.5 for both yielding and bursting
limit states (D<24 in (610 mm).

When the in-situ measurements of defect geometry parameters (I and d) are avaible for a given
pipe, the statistics of | and d used in estimating pipe failure probability should be derived from field data
rather than from the generic corrosion mode expressed in Eq. (3). In such cases, Eq. (3) becomes

d(t) = d(t,) [t;—TT + 1r 4

where t, is the age of the pipe at the time of measurement and d(t,,) is the random variable representing
the pit depth obtained from field measurement data and including measurement and sampling errors. The
measurement error can be combined with the measurement data, and the sampling error caused by the
limited field sample size can be can be accounted for by modifying the mean and standard deviation of
d(t) for a specified confidence limit. The mean of d(t,,) can be expressed as (Ang and Tang, 1975).

<X >= g+ bgnog (5)

where< ¥ >, = one-sidea percent confidence limit of sample distribution, X, = sample mean, g, =
sample standard deviation, t, ,_; = the value on a student-T distribution with n-1 degree of freedom that
has a probability of exceedance of 1 — a, and n = sample size. Using the same confidence limit, the
variance of d(t,;) may be obtained from the sample variance as follows )Ang and Tang 1975):

<02 >4= 0,2+ ko/Var(5?) (6)

where k, = the value of standard normal variate corresponding to a probability of a, and Var(S) =
variance of standard deviaton of the sample and may be expressed as (n-l)cs2 /Cypn1, Where c,,,; denotes
the value of variate )(fl_l at probability a.

From inspection of part of athirty-year-old low-carbon steel pipeline, with a diameter of 24 in.
and wall thickness of 0.25 in., 30 corrosion pits are identified and mesured. These meansurements have a
mean of 0.083 in. and COV of 0.20. The measurement accuracy has mean value of xx in. and a COV of
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yy. For 95% confidence, the field measurements datistical parameters are modified to account for
sampling error in accordance with Egs. (4), (5) and (6). The results for the mean defect depth and the
failure probability of the pipelie as afunction of the pipe age are predicted ,as shown in Figure 6.
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Figure 6. (a) Predicted mean and standard deviation of pit depth and (b) failure probability of the pipe asa
function of pipe age for a 30 yrs. old corroding pipeline with a maximum pit depth of one-third of pipe
wall thickness.

Leakage is another corrosion-induced limit state that is commonly encountered during service
life of buried metallic pipes. Assume that leakage will initiate if pipe wall thicknessis reduced to 10% of
itsoriginal value due to corrosion; then the limit state probability can be estimated as:

Pr = P[d > 0.9t] @)

where d = defect depth and t = pipe wall thickness. Using the statistics presented in Tables 2 and 3, the
reliability of the pipe against leakage can be computed. As expected, the reliability against pipe leakage
is affected significantly by the defect depth. Clearly, a pipe with athicker wall is aways less vulnerable to
leakage failure.

If defect depth d, is measured at the timeT,, then the remaining service life, ATy, can be
estimated using the corrosion model introduced in Eq (2) asfollows:

1 1

ATy = 0Ty 47~ T) — (1~ T) = () (D) ®)

where d; = defect depth measured at time T; and d = defect depth corresponding to the target reiability
index. The relationship between reliability index and defect depth together with Eq. (6) is then used to
predict the remaining service life against pipe leakage to assist engineers in setting priorities in failure
risk-based asset management.

CONCLUSIONS

A methodology for evaluating fitness-for-service of pressurized metallic pipes is presented in
this paper. The retained strength of a corroded metallic pipe subjected to internal pressure has been
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analyzed using nonlinear finite element analyses, leading to an analytical model for estimating the
retained pipe strength as a function of pipe dimensions and defect geometry. This model is then used for
reliability analysis taking into account the uncertainties associated with pipe material and geometry,
defect geometry (including measurement and sampling errors), and with the corrosion growth predictions
during the future service life of the pipe. A practical reliability-based methodology and simple tools to
evaluate fitness-for-service and remaining service life of pressurized steel pipelines is presented. These
tools can assist pipe owners and engineers in making failure (rupture, yield, or leakage) risk-based
decisions related to continued safe pipe operation and optimal pipe inspection and maintenance plans.

The results presented herein pertain specificaly to low-carbon steel pipes buried in soil.
However, the reliability framework is applicable to pipelines with different mechanica properties and
exposure conditions; however, a new burst pressure model for the specific pipe material or a corrosion
model for a specific environmental exposure and their statistics should be selected for MC analysis to
determine the time-dependent corrosion mechanics of the pipe.
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