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a b s t r a c t

Spillover of hazardous materials from transport pipelines can lead to catastrophic events with serious and
dangerous environmental impact, potential fire events and human fatalities. The problem is more serious
for large pipelines when the construction material is under environmental corrosion conditions, as in the
petroleum and gas industries. In this way, predictive models can provide a suitable framework for risk
evaluation, maintenance policies and substitution procedure design that should be oriented to reduce
increased hazards. This work proposes a Bayesian probabilistic approach to identify and predict the type
of failure (leakage or rupture) for steel pipelines under realistic corroding conditions. In the first step of the
modeling process, the mechanical performance of the pipe is considered for establishing conditions under
orrosion
odeling

ayesian statistics

which either leakage or rupture failure can occur. In the second step, experimental burst tests are used to
introduce a mean probabilistic boundary defining a region where the type of failure is uncertain. In the
boundary vicinity, the failure discrimination is carried out with a probabilistic model where the events are
considered as random variables. In turn, the model parameters are estimated with available experimental
data and contrasted with a real catastrophic event, showing good discrimination capacity. The results

polic
are discussed in terms of
oil and gas industry.

. Introduction

The crude oil and gas industry produces massive amounts of
azardous chemicals products that are transported to transfor-
ation and consumption centers by intricate pipeline networks.
ominally, the material used for pipeline construction is designed

o operate under severe stress conditions. For instance, the strength
apacity of the pipeline materials is about 150% higher than the
pecified minimum yield stress (SMYS). The pipelines used to trans-
ort liquid material are subjected to pressures of the order of
0% of the SMYS, while those used for gas products are operated
nder 70% of SMYS. This means that the mechanical performance
f the pipelines should be located within the elastic range. While

ipelines are designed and constructed to maintain their integrity,
iverse factors (e.g., corrosion) make difficult to avoid the occur-
ence of leakage in a pipeline system during its lifetime. In fact,
he strength capacity of the construction material suffers a contin-
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ies oriented to inspection and maintenance of large-size pipelines in the

© 2010 Elsevier B.V. All rights reserved.

uous deterioration induced by unavoidable corrosion phenomena
present along thousands of kilometers of changing environments.
Consequently, pipelines can achieve limiting stress conditions and
failures, including leakage and even rupturing with severe spillover,
could occur in the neighborhood of populated area [1]. In this way,
the design of optimal inspection, maintenance and substitution
policies should consider the complex effects of corrosion in the
operation of pipelines transporting hazardous material.

A visual inspection of corrosion damage in pipelines can show
the reduction of material on the surface. That is, the damaged region
by corrosion effects suffers the reduction of pipe wall thickness
and, hence, the decrement of the strength capacity expressed in
term of the pressure stresses. Given the potential disastrous effects
of a pipeline rupture for the crude oil industry and threaten for the
population in a neighborhood of a pipe; it is of prime importance to
dispose of simple and effective procedures to evaluate risk failure.
In the recent decades, some effort has devoted to the understanding
and modeling of the mechanisms leading to pipeline failure [2,3].

Several studies have been oriented to quantify the operation limits
of pipelines under realistic conditions [4–21]. Research efforts have
been oriented to numerical and mathematical modeling by means
of finite-element techniques, as well as to the design of experimen-
tal burst tests for understanding the pipeline performance under

http://www.sciencedirect.com/science/journal/03043894
http://www.elsevier.com/locate/jhazmat
mailto:jjar@xanum.uam.mx
dx.doi.org/10.1016/j.jhazmat.2010.03.049
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egradation process. Actual numerical modeling and experimental
echniques have been refined so that accurate prediction of the fail-
re pressure for corroded pipelines is possible [14,20,22]. Despite
hese research efforts, a problem that still lacks response is the type
f failure (either leakage of rupture) that can appear in a damaged
ipeline zone. Results focusing on this issue classify the failure into
wo main types; namely, leakage and rupture [7,8,12,16]. Strictly,
failure occurs when the internal pressure exceeds the material

esistance. In other words, a failure is found when the hoop stress
s larger than the limiting material stress (plastic collapse), provok-
ng the generation and propagation of fractures on the pipe wall
hickness. A failure is of the leakage type if the fractures are not
ropagated in the axial direction. In contrast, a failure is of rup-
ure type if the fractures are extensively propagated along the axial
irection, indicating that the strength to the fracture propagation

s largely exceeded [16]. In a seminal paper, Shannon [7] proposed
semi-empirical criterion, based on two limiting state functions, to
iscriminate between the two failure types. The first function was
sed to separate the no-failure region from the leakage or plastic
ailure. The second function was intended to separate the regions
orresponding to leakage and rupture failures. Experimental and
eld data have shown that the Shannon’s criterion is conserva-
ive in the sense that a significant amount of leakage failures are
dentified as fracture failures.

The identification of the type of failure is a problem of prime
mportance for maintenance and emergence purposes. In general,
ocial, environmental and economical impacts of pipeline failures
re more important for rupture than for leakage. Although it is
lear that avoiding failures is a central task, the design, inspection
nd maintenance norms establish structural safety thresholds. It is
pparent that, given the corroding conditions of real pipelines, the
ccurrence of failures is unavoidable. However, from economical
nd environmental standpoints, is highly desirable to reduce the
ccurrence of failures to that of the leakage type. In this way, the
esign of maintenance and inspection procedures should be based
n an accurate quantification of the occurrence of the type of fail-
re in order to reduce the adverse effects of ruptures with potential
egative effects.

Ideally, the study of pipeline failure should be started with a
omplete understanding of the propagation of fractures in dam-
ged material. However, fracture dynamics display complex and
ighly unpredictable behavior, so its quantitative characterization

or prediction purposes is unrealistic from a practical standpoint.
or instance, the size and depth of damage for corroded pipes are
ardly measured. Fortunately, experimental evidence [7,16] has
hown that the type of failure is strongly correlated to the extent of
he corrosion damage. Motivated by this, the present work pro-
oses a Bayesian probabilistic approach to identify and predict
he type of failure (leakage or rupture) for steel pipelines under
ealistic corroding conditions. In a first step of the modeling pro-
ess, the mechanical performance of the pipeline is considered to
stablish conditions under which either a leakage or rupture failure
ccur very high probabilities. In a second step, experimental burst
ests are used to introduce a mean probabilistic boundary defin-
ng a region where the type of failure is uncertain. In the boundary
icinity, the failure discrimination is carried out with a probabilis-
ic model where the events are considered as random variables.
n turn, the model parameters are estimated with available experi-

ental data and contrasted with a real catastrophic event, showing
ood discrimination capacity.
. Shannon’s modeling approach

As a preliminary step towards the description of the Bayesian
pproach proposed in this paper, the basic concepts introduced by
Fig. 1. Leak-rupture behavior of pipeline defects according to Shannon model.

Shannon in his seminal work [7] on the failure behavior of line pipe
defects, are described in this section. In Shannon’s approach, the
mechanical characteristics defining failure and non-failure condi-
tions as well as the leakage and breakage boundaries are identified
in terms of explicit equations describing the pipe stress conditions.
In this way, for the sake of completeness, a brief review of the
deterministic behavior of pipe defects is described as follows.

The underlying assumption behind Shannon’s work is that a fail-
ure shall occur in a duct if the hoop stress �� is smaller than the
yield stress �Y, multiplied by the damage factor �; that is, a fail-
ure occurs with probability one if �� < ��Y. In contrast, a failure
will surely occur in a pipe with corrosion damage if �� ≥ ��Y. The
damage factor � ≤ 1.15 is defined as follows:

� = 1.15
[

A0 − A

A0 − AM−1

]
(1)

where A0 = l0t0 is the area of the pipe wall associated to the damage
axial length l0 and the original (i.e., without damage) wall thickness
t0. In addition, A is the area of damaged surface in the axial direction
and M is a parameter known as the Folias factor [3], which is a
function of l0, t0 and the interior pipe radius r0; namely,

M =
[

1 + 1.255
(l/2)2

r0t0
− 0.0135

(l/2)2

r2
0 t2

0

]
(2)

On the other hand, leakage and breakage failures shall occur
if �� < 1.15M−1�Y and �� ≥ 1.15M−1�Y, respectively. In this way,
�� − 1.15M−1�Y = 0 defines a failure-type boundary (see Fig. 1).
The region located above the boundary corresponds to ruptures,
while the region below the boundary to leakages. Fig. 1 also shows
the experimental results for both leakage and rupture failures
according to the experimental conditions reported in [8,12] for
pipelines with steel grades from API 5L X42 to API 5L X65, and exter-
nal diameter from 32 to 914 mm, and wall thickness from 6 mm
to 11 mm. From 86 pipelines with corrosion damage, 52 showed
leakage failure while 34 presented rupture problems.

The Shannon’s approach is deterministic in nature, and so it may
lead to incomplete discrimination of the failure type. In fact, for nor-
malized length l/

√
r0t0 in the range (0,2), a significant test fraction

are wrongly classified in the sense that the failure was of leakage
type and the Shannon’s model predicts a rupture failure. In this

way, the applicability of the Shannon’s model is limited to values
of l/

√
r0t0 smaller than 2.0. As a tailored way for fixing this prob-

lem, a factor 0.15 was incorporated, such that the boundary is now
defined by ��/�Y = 1.15M−1�Y + 0.15. This boundary is displayed
in Fig. 1 as a dotted line, showing an improvement in the predic-
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It is noted that this ratio takes values within the unit inter-
val and varies linearly as a function of gmin

d . Fig. 4 shows that the
bounded stress space as given by Eq. (5) is triangular and is speci-
fied in terms of stress values and the damage geometry. It should
30 T. Breton et al. / Journal of Haza

ion performance. Besides its heuristic origin, a drawback of this
pproach is that conservative results can be obtained as the factor
.15 was introduced from the knowledge of an unavoidable lim-

ted number of experimental cases. In fact, a significant fraction
f the experimental tests failed in leakage mode while the model
redicts rupture failure. As shown by Fig. 1, acceptable prediction is
btained for stress conditions in the range ��/�Y < 0.7. As expected,
he monotonous decreasing form of the limiting function obeys to
he fact that the hoop stress for small scales is larger than those
or larger scales. From a descriptive viewpoint, this means that the
arger the damage, the higher the failure likelihood. However, for
ery large damages, the failure can be of the rupture type. On the
ontrary, leakage failure occurs, in general, for small damage.

It can be observed in Fig. 1 the large amount of large pipelines
hat had a leakage failure, for which the hoop stress is about 1.5
imes the yield stress. This can be explained because the depth of
orrosion damage is small, which was not considered by the Shan-
on’s model. In this way, a more complete modeling of pipeline

ailures should also consider the corrosion damage degree (e.g.,
ength and depth). In fact, the type of failure is linked to the amount
nd geometry of damaged surface. For instance, gas and liquids
ipelines have relatively small wall thickness, so that the labile sur-
ace depends more on the length of the damage rather than on the
epth of the corrosion effect.

According to the theory of fracture mechanics [22], the predic-
ion of fracture propagation in a pressurized pipeline requires the
nowledge of the material toughness and the geometry of the frac-
ure. Unfortunately, given the large amount of events affecting the
volution of materials in realistic conditions, these parameters are
ardly measured or estimated. In actual situations, only a consti-
utive function of the material and an estimation of the damaged
egion size are known. In the following sections, the problem of esti-
ating the failure type in terms of available experimental and/or

eld measurements is addressing by using a probabilistic modeling
ramework.

. The space of the stress-mechanical properties

In this section, we reformulate the Shannon’s approach for the
iscrimination of failure type in terms bounds of stress-mechanical
roperties under corrosion conditions. It is clear that the resistant
ressure pR for a pipe with corrosion damage cannot be larger than
he nominal corresponding resistant pressure. That is, corrosion
efects always lead to a degradation of the material performance.
xperimental evidence [11,12] and numerical simulations with
nite-elements [13,21] have shown that the resistant pressure for
pipe with corrosion damage is always larger than the resistant
ressure for an infinitely large groove with a maximum damage
epth equal to that of the corrosion defect. According with this,
he resistant pressure for a pipe with corrosion damage satisfies
LongGroove ≤ pR ≤ pPlain, where pPlain is the nominal (i.e., without
orrosion effects) resistant pressure and pLongGroove is the resistant
ressure for an infinite longitudinal groove of a given depth. Bony
t al. [21] showed that the fault resistant pressure pR meets the
roportionality pR ∝ tER/r0, where r0 is the interior pipe radius and

ER is the equivalent wall thickness given by

ER = t0 − dmax(1 − gmin
d ) (3)

ere t0 is the physical wall thickness, dmax is the maximum damage
epth and gmin

d = min{gd(x0)} is a correction factor taking values

nto the interval [0,1] and depends of the corrosion damage geom-
try along the longitudinal direction. This factor quantifies the
ontribution of the remnant material to the resistant pressure. The
ailure pressure is associated to the minimum value of the function
d(·) resulting of evaluating this function at each point x0. As illus-
Fig. 2. Irregular geometry of a corrosion damage in discretized points.

trated in Fig. 2, the failure point x0 is located within the coordinates
â = x1 and b̂ = xn defining the damage boundaries. An appropriate
Cartesian system is used for describing the damage geometry where
the damage depth is defined on one of the coordinate’s axis. Fol-
lowing the computations made by Oliveros et al. [18], the function
gd(·) is defined as follows:

gd(x0) = 1 − ˇ

�dmax

∫ b̂

â

sec h(ˇ(x0 − x)) d(x) dx (4)

where sec h(·) is the hyperbolic secant, ˇ = (D(t0 − dmax))−1/2 and
D = 2(r0 + t0). It is noted that dmax = 0 for a damage-free pipe;
hence, the equivalent thickness is equal to the nominal wall thick-
ness and the resistant or failure pressure is obtained as pR = pPlain ∝
t0/r0 [21]. In this way, if the defect is an infinitely large groove of
with depth dmax /= 0, then gmin

d = 0, tER = t0 − dmax and the resis-
tant pressure is obtained as pR = pLongGroove ∝ (t0 − dmax)/r0. Fig. 3
shows the factor gmin

d as a function of the normalized damage length
l/D and depth dmax/t0. It is noted that gmin

d decreases exponentially
with respect to the damage length, meaning that the failure risk
increases exponentially with the advance of the corrosion size.

Fig. 1 shows that a rupture failure is most likely for large damage
lengths. On the other hand, leakage can occur mostly for relatively
small damage lengths. As discussed above, the type of failure is
associated to the damage extent. Accordingly, one can define a
bounded stress space as

pR

pPlain
= 1 − dmax

t0
(1 − gmin

d ) (5)
Fig. 3. Parameter gmin
d

for a defect with parabolic geometry as a function of its
maximum depth and length.
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Fig. 4. Space of normalized stresses and pipeline mechanical properties.

e noted that gmin
d is an index of the damage geometry. If the dam-

ge defect is flat, such that d(x) − dmax = 0, then the defect should
ield an infinitely large groove as l → 2r0. In this case, gmin

d → 0. In
ontrast, as the damage advances in the sense that d(x) − dmax � 0,
he index gmin

d → 1.
Fig. 5 compares the experimental tests from [8,14] with the

rediction made by Eq. (5). Pipelines that showed a rupture type
ailure had pressure relations higher than those ducts that had

leakage type failure. It is observed that the boundary between
eakage and rupture failures is non-lineal as a function of gmin

d .
owever, several experimental tests do not follow this trend, which

ndicates that many other factors affect the type of failure. In gen-
ral, these factors should also depend on the complex nature of
he defect or damage geometry. For instance, establishing a max-
mum depth as in Fig. 2 is not an easy task given that many local

aximums can be expect around a damaged region by corrosion
ffects. To address this problem, the modeling approach based on
echanical-stress properties will be posed within a probabilistic
ramework to account for uncertainties in the different corrosion
arameters.

ig. 5. Leak-rupture data in normalized stress-mechanical properties space. Note
hat the discrimination of these events is not clearly established from a direct visual
nspection of the data.
Materials 179 (2010) 628–634 631

3.1. A probabilistic model for failure-type discrimination

The research work following the deterministic Shannon’s
approach assumed the existence of a well-defined boundary sep-
arating the failure type. In turn, such boundary was given in the
above section as a limiting state function (Eq. (5)) contained into
the triangular region defined by pR/pPlain and gmin

d . As observed in
Fig. 5, the Shannon’s boundary provides accurate discrimination
only for extreme failures. However, many failures that cannot be
discriminated are concentrated in the vicinity of the boundary. This
suggests that these failures are affected by uncertainties that can-
not be described within a mechanical model. It is apparent that
uncertainties are of random nature, which limits the ability of sim-
ple and deterministic stress balance modeling to predict the type
of failure. In the following, we shall introduce a more systematic
approach by considering the random nature of uncertainties.

The variability associated to the pressure in a pipe with corro-
sion damage can be represented by means of the random variable
PR = �RpR, where �R is a random variable with unit mean and vari-
ation coefficient equal to VR = 0.13, and pR is the failure pressure
predicted with the Bony et al.’s [21] deterministic approach. In the
same way, the pressure for a damage-free duct can be represented
as PPlain = �PlainpPlain, where �Plain is a unit variation random vari-
able with variation coefficient equal to VPlain = 0.04, and pPlain is the
deterministic plain pressure. Given that pR and pPlain are random
variables, the ratio � = pR/pPlain is also a random variable that can
be expressed as � = ���0, where �0 = pR/pPlain is the determinis-
tic ratio while �� = �R/�Plain. According with standard probability
theory [23], the random variable �� has unit mean and variation
coefficient V� given by

V2
� = V2

R − V2
Plain

1 + V2
Plain

= 0.0153, VR > VPlain (6)

Fig. 5 shows that the prediction of the failure type for damaged
pipelines with values of v close to the Shannon’s boundary is more
uncertain than for those far from the boundary. It is apparent that
the deterministic boundary separating the failure type has an expo-
nential form, suggesting that one can represent such boundary as a

power-law function of the form (gmin
d )

ˇ′′
, where ˇ′′ is the estimated

value of the random parameter ˇ in Eq. (4). According to this, a
leakage should occur if and only if

W = (gmin
d )

ˇ′′
− ���0 > 0 (7)

and a rupture should occur when W ≤ 0. In this way, the probability
that a pipe has a leak failure is obtained as follows:

PL = P [W > 0] =
∫

W>0

f��
(x) dx = P

[
�� ≤ (gmin

d )
ˇ′′

�0

]
(8)

If one assumes that the random variables �R and �Plain are dis-
tributed as a log–normal function, the ratio �� = �R/�Plain is also
log–normal distributed. According to this, Eq. (8) can be re-written
as

PL = ˚

[
ˇ′′ ln(gmin

d ) − ln �0 + V2
� /2

V�

]
(9)

where ˚ is the accumulated normal PDF with zero mean and unit

variance. Strictly, the leakage and rupture failure types are mutu-
ally exclusive and exhaustive events, meaning that the probability
PR for a rupture failure is given by PR = 1 − PL. Hence, the proba-
bilistic description of the random failure-type process should be
approached with a simple Bernoulli process.
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Fig. 7. Leak-rupture identification in normalized stress-mechanical properties
Fig. 6. Schematic Bernoulli probability model.

.2. Bayesian estimation of ˇ′′

The failure probability given by Eq. (8) depends should be esti-
ated in terms of experimental and field data. Commonly, accurate

eld data is hardly available, so that an optimal estimation strat-
gy that exploits the data structure should be used. In this work,
e propose a Bayesian approach for estimating parameters from
limited number of available data depending on mechanical and

tress properties.
According to Eq. (9), it is sufficient to know the stress rela-

ionship � = v0 and the damage region geometry characterized by
min
d to quantify the failure probabilities. In turn, these probabilities
epend of the parameter ˇ′′, which should be estimated from real,
xperimental and field, data as those shown in Fig. 5. A procedure
or estimating the parameter ˇ′′ can be described as follows. It is
onsidered that the parameter ˇ is a random variable. From the
ayes Theorem, the a posteriori probability distribution function
PDF) f ′′(·) can be obtained from the empirical information obtained
rom n experimental test in the following way:

′′(ˇ
∣∣x̃ ) = k0

⎧⎨
⎩

n∏
j=1

pQj
Rj

p1−Qj
Lj

⎫⎬
⎭ f ′(ˇ) (10)

here f ′(·) is the a priori PDF, which provides initial information
f the most likely values that a random variable. The simplest
pproach is to consider that the PDF is uniform in the unit interval
nd, in this work, the subinterval [0.4,0.8] is assumed. The prod-
ct of probabilities in Eq. (10) is known as the likelihood function,
hich describes the joint probability for each individual failure

ype. The aim of the joint probability is to update the probabilities
f the parameter ˇ as new experimental data is incorporated. The
unctions pLj

= PL(gmin
dj

, �0j
) and pRj

= 1 − pLj
(see Fig. 6) describe

espectively the probabilities of leakage and rupture of the jth
xperimental test with parameters gmin

di
and �0i

, j = 1, ..., n. In Eq.

10) the index Qj takes the value one if the jth experimental test
ailed by rupture. In the contrary case if the failure was leakage the
ndex Qj takes the value zero. The value of the parameter k0 is such
hat the area of the a posteriori PDF is equal to one. The statistical

oments of the a posteriori PDF for the parameter ˇ are obtained
s follows:

′′j =
∫ ∞

0

zjf ′′(z
∣∣x̃ ) dz j = 0, 1, 2, . . . (11)
It can be shown that k−1
0 = ˇ′′0, while the variance is given by

′′2 − (ˇ′′)2. It should be noted that the value ˇ′′ of the random
ariable ˇ corresponds to the expected value obtained from the
ayesian estimation.
space. Although most leak and rupture failure cases are discriminated by the
Shannon model, several cases are not, suggesting the incorporation of additional
discrimination variables.

4. Discussion

From the experimental tests shown in Fig. 5, Monte Carlo sim-
ulations provided the estimated value ˇ′′ = 0.56 with standard
deviation equal to 0.02. The standard deviation-to-expected value
is about 3.7%, indicating that 0.56 is a good estimate of the real
value of ˇ′′. This also suggests that the parameter ˇ′′ can be also
used within a deterministic framework to discriminate between
leakage and rupture failures. Fig. 7 shows the boundary (gmin

d )
ˇ′′

as a continuous line. The results of the experimental tests associ-
ated to the two failure types are mixed in a vicinity of the mean

boundary given that for values W = (gmin
d )

ˇ′′
− ���0 = 0, the rup-

ture and leakage probabilities are equal. That is, the identification
variability of a failure type is maximum around the boundary. For
values W � 0 the probability for a duct to show a rupture failure
increases significantly. In contrast, for values W � 0 the probabil-
ity of a failure of the leakage type increases at the expenses of a
reduction of a rupture type failure. This is schematically illustrated
in Fig. 7 by means of arrows indicating these directionalities. This is
in agreement with experimental results showing that distinguish-
ing type of failure is hardest as the parameters approach the mixing
boundary.

Two cases were considered to test the ability of the Bayesian
modeling framework to discriminate between the two failure
types. In the first case, the model was calibrated against the field and
experimental results reported by Leis and Forte [16] for steel pipe
API 5L X52, with diameter 762 mm, and wall thickness 9.525 mm.
These tests correspond to corrosion conditions leading to different
damage depths. It should be remarked that these experimental test
were not used for estimation of the parameter ˇ, so it can be used
to evaluate the predictive capability of the Bayesian probabilistic
modeling framework. Fig. 8 shows the results, showing that the
model leads to a good discrimination of the failure type. Only one
of 12 tests was not discriminated, suggesting that the uncertainty
associated to this test was excessively large. At least for this case,
the method showed prediction effectiveness of the order of 93%.

A practical challenging case was also considered. The incident
corresponds to the report NTSB/PAR-03/01 by the USA National

Transport Safety Board. Briefly, at 5:26 a.m., mountain daylight
time, on Saturday, August 19, 2000, a 30-inch-diameter natural
gas transmission pipeline operated by El Paso Natural Gas Com-
pany ruptured adjacent to the Pecos River near Carlsbad, New
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ig. 8. Leak-rupture identification of Leis-Forte data in normalized stress-
echanical properties space. Open and filled square symbols correspond to leak and

upture, respectively. Except one boundary case, the model is able to discriminate
etween leak and rupture failures.

exico. The released gas ignited and burned for 55 min. Twelve
ersons who were camping under a concrete-decked steel bridge
hat supported the pipeline across the river were killed and their
hree vehicles destroyed. Two nearby steel suspension bridges
or gas pipelines crossing the river were extensively damaged.
ccording to El Paso Natural Gas Company, property and other
amages or losses totaled $998,296. The National Transportation
afety Board determines that the probable cause of the August 19,
000, natural gas pipeline rupture and subsequent fire near Carls-
ad, New Mexico, was a significant reduction in pipe wall thickness
ue to severe internal corrosion. Following the mentioned report,
e considered the following parameters: diameter = 762 mm, wall

hickness = 8.51 mm, operating pressure = 5.77 MPa, loss wall thick-
ess = 72% of wall thickness, length of damage = 6527.8 mm and
rade = API 5L X52. Standard duct analysis indicated the values

= 12.20 MPa, and gmin = 0.0, � = 0.473. The latter value
Plain d 0
ndicates that the duct is operated at about 47% of its limiting resis-
ance. Fig. 9 shows the rupture probability as a function of the
orrosion damage depth for axial lengths corresponding to 25, 50,
5 and 100% of the nominal diameter. According to the publicly

ig. 9. Probability of rupture as a function of the depth of damage for different values
f the length of damage. The event corresponds to the National Transportation Safety
oard report NTSB/PAR-03/01.
Fig. 10. Probability of rupture as a function of the depth of damage for different val-
ues of the operating pressure. The event corresponds to the National Transportation
Safety Board report NTSB/PAR-03/01.

available report, it is known that the damage length is equal to
6527 mm, corresponding to 8.5 times the nominal duct diameter.
In this way, the damage length can be considered as infinitely larger
than the duct diameter. As shown in Fig. 9, the probability of fail-
ure for this event is equal to 1.0. Interestingly, the rupture failure
could be occurred even for damage lengths of the order of 50% of the
reported one. Our results suggest that, to reduce the risk of failure,
the duct should be subjected to major maintenance several months
before the rupture occurred; namely, when the length of damage
was about 3000 mm. As an additional test, it was considered that
the length of damage was of the order of the duct diameter. Fig. 10
shows the probability of failure as a function of the damage depth
for different values of the operation pressure. It should be noted that
the operation pressure was 5.77 MPa, corresponding to a pumping
point. It can be observed that the pressure at which the duct failed
was smaller than the operation pressure. This indicates that fur-
ther variables (e.g., pump damage) might have a detrimental effect
in the operation of the natural gas transportation system.

Finally, as it stands, the modeling framework described in this
work can be used for monitoring the risk of failure in pipelines. Sev-
eral studies have shown that a systematic evaluation of pipelines
in the oil industry can lead to a significant reduction of economical
and environmental impacts [2,3,24]. On the other hand, it has been
shown that failure events are not independent at all, but show some
temporal correlations [25], indicating that once a pipeline is failing,
the probability of further failures can be increasing. The application
of the model for inspection data requires only few parameters of
the geometry of the damaged pipe, which can be used to take deci-
sion on the extent of the maintenance policy for reducing potential
catastrophic events with severe leakage of hazardous material, such
as gas, gasoline, diesel and crude oil. To this end, the design of non-
invasive methods for prompt detection of corroded pipelines, like
the use of torsional guided lines [26], becomes of prime importance
for an effective application of prediction failure methods as the one
presented in this work.

5. Conclusions
This work proposed a hybrid framework, both determinis-
tic and probabilistic, to identify the type of failure in damaged
pipelines that transport hazardous material. The aim of the mod-
eling approach was to design a reliable and simple procedure
to estimate whether a pipeline failure can be of leakage or rup-
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mation of potential impacts and natural resource damages of oil, J. Hazard.
Mater. 107 (2004) 11–25.
34 T. Breton et al. / Journal of Haza

ure type according to the pipe dimensions and the extent of the
amaged surface on the duct. Experimental tests reported in the

iterature were used to calibrate the model and further experimen-
al tests were used to evaluate the prediction capabilities. As an
mprovement with respect to the traditional deterministic Shan-
on’s approach based on stress balance with effectiveness of the
rder of 60%, the present modeling procedure increased the predic-
ion effectiveness to about 93%. Hence, the model proposed model
pproach can be used in practice for design, inspection, mainte-
ance and substitution policies oriented to reduce the occurrence
f events with catastrophic social, environmental and economical
ffects.

ist of symbols
area of damaged surface in the axial direction

0 area of the pipe wall
max maximum damage depth

′′ (·) posteriori probability distribution (Eq. (10))
d (·) correction function (Eq. (4))

0 damage axial length
Folias factor

L probability that a pipe has a leak failure
R probability that a pipe has a rupture failure
Plain nominal (i.e., without corrosion effects) resistant pressure
LongGroove resistant pressure for an infinite longitudinal groove of

a given depth
R rupture pressure
0 interior pipe radius
0 original (i.e., without damage) wall thickness
ER equivalent wall thickness (Eq. (3))

reek
random parameter in Eq. (7)
damage factor

R random variable with unit mean

� hoop stress
Y yield stress

eferences
[1] W.K. Muhlbauer, Pipeline Risk Management Manual, third edition, Gulf Pub-
lishing, 2003.

[2] S. Bonvicini, P. Leonelli, G. Spadoni, Risk analysis of hazardous materials trans-
portation: evaluating uncertainty by means of fuzzy logic, J. Hazard. Mater. 62
(1998) 59–74.

[

[

Materials 179 (2010) 628–634

[3] Y.-D. Jo, B.J. Ahn, A method of quantitative risk assessment for transmission
pipeline carrying natural gas, J. Hazard. Mater. 123 (2005) 1–12.

[4] K. Hashiguchi, Elastoplasticity Theory, Springer-Verlag, New York, 2009.
[5] M.A. Al-Anezi, S. Rao, G.R. Lobley, Pipeline failure by transit fatigue, J. Failure

Anal. Prevent. 9 (2009) 35–38.
[6] Sh.-X. Li, Sh.-R. Yu, H.-L. Zeng, J.-H. Li, R. Liang, Predicting corrosion remaining

life of underground pipelines with a mechanically-based probabilistic model,
J. Petrol. Sci. Eng. 65 (2009) 162–166.

[7] R.E.W. Shannon, The failure behaviour of line pipe defects, Int. J. Press. Vess.
Piping. 2 (1974) 243–255.

[8] J.F. Kiefner, Corroded pipe: strength and repair methods, in: 5th Symposium on
Line Pipe Research, Houston, Texas, 1979.

[9] M. Dziubinski, M. Fratczak, A.S. Markowski, Aspects of risk analysis associ-
ated with major failures of fuel pipelines, J. Loss Prev. Process Ind. 19 (2006)
399–408.

10] ASME B31G, Manual for determining the remaining strength of corroded
pipelines, ASME B31G-1991, New York.

11] D.H.B. Mok, R.J. Pick, A.G. Glover, R. Hoff, Bursting of line pipe with long external
corrosion, Int. J. Press. Vess. Piping 46 (1991) 195–216.

12] P.H. Vieth, J.F. Kiefner, Database of corroded pipe tests, Pipeline Research Coun-
cil International, Inc., No. L51689, 1993.

13] B. Fu, M.G. Kirkwood, Predicting failure pressure of internally corroded line
pipe using the finite element method, OMAE V (1995) 175–184.

14] D.R. Stephens, B.N. Leis, M.D. Kurre, D.L. Rudland, Development of an alternative
failure criterion for residual strength of corrosion defects in moderate to high
toughness pipe, Pipeline Research Council International, Inc., No. L51794, 1999.

15] D.S. Cronin, R.J. Pick, Prediction of the failure pressure for complex corrosion
defects, Int. J. Press. Vess. Piping 79 (2002) 279–287.

16] B.N. Leis, T.P. Forte, Managing the integrity of early pipelines-crack growth
analysis and revalidation intervals. Report prepared to U. S: Department of
Transportation Research and Special Projects Agency, Contract DTRS56-03-T-
0003, Battelle Memorial Institute, 2005.

17] X.K. Zhu, B.N. Leis, Average shear stress yield criterion and its application
to plastic collapse analysis of pipelines, Int. J. Press. Vess. Piping 83 (2006)
663–671.

18] J. Oliveros, J.L. Alamilla, E. Astudillo, O. Flores, Prediction of failure pressures in
pipelines with corrosion defects, J. Press. Vess. Technol. 130 (2008) 021703.

19] M. Suresh Kumara, M. Sujataa, M.A. Venkataswamya, S.K. Bhaumik, Failure
analysis of a stainless steel pipeline, Eng. Failure Anal. 15 (2008) 497–504.

20] Sh.-X. Li, H.-L. Zeng, Sh.-R. Yua, X. Zhai, Sh.-P. Chen, R. Liang, L. Yu, A method
of probabilistic analysis for steel pipeline with correlated corrosion defects,
Corros. Sci. 51 (2009) 3050–3056.

21] M. Bony, J.L. Alamilla, R. Vai, E. Flores, Failure pressure in corroded pipelines
based on equivalent solutions for undamaged pipe, J. Press. Vess. Tech., in press
(2010).

22] T. Boukharouba, M. Elboujdaini, G. Pluvinage, Damage and Fracture Mechanics,
Springer-Verlag, New York, 2009.

23] J.R. Benjamin, C.A. Cornell, Probability, Statistics, and Decision for Civil Engi-
neers, McGraw-Hill, 1970.

24] D.F. McCay, J.J. Rowe, N. Whittier, S. Sankaranarayanan, D. Schmidt Etkin, Esti-
25] E. Sosa, J. Alvarez-Ramirez, Time-correlations in the dynamics of hazardous
material pipelines incidents, J. Hazard. Mater. 165 (2009) 1204–1209.

26] H. Kwun, S.Y. Kim, H. Matsumoto, S. Vinogradov, Detection of axial cracks in
tube and pipe using torsional guided waves, AIP Conf. Proc. 975 (2008) 193–199.


	Identification of failure type in corroded pipelines: A Bayesian probabilistic approach
	Introduction
	Shannon's modeling approach
	The space of the stress-mechanical properties
	A probabilistic model for failure-type discrimination
	Bayesian estimation of β″

	Discussion
	Conclusions
	References


