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This investigation was initiated to provide governing equations for crack initiation, crack
growth, and service life prediction of pipeline steels in near-neutral pH (NNpH) environments.
This investigation develops a predictive model considering loading interactions occurring during
oil and gas pipeline operation with underload-type variable pressure fluctuations. This method
has predicted lifetimes comparable to the actual service lives found in the field. This is in sharp
contrast with the predictions made by existing methods that are either conservative or
inconsistent with the field observations. It has been demonstrated that large slash loads (R-ratio
is 0.05), often seen during gas pipeline operation, are a major life-limiting factor and should be
avoided where possible. Oil pipelines have shorter lifetime because of their more frequent
pressure fluctuations and larger amplitude load cycles. The accuracy of prediction can be
improved if pressure data with appropriate sampling intervals are used. The sampling interval
error is much larger in the prediction of oil pipelines than gas pipelines because of their different
compressibility but is minimized if the pressure sampling rate for the data is at or less than one
minute.
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I. INTRODUCTION

THE safety of pipeline transportation is a matter of
paramount importance because of the hazardous nature
of the transported substances. Pipeline failures are
associated with extensive losses both economic and
environmental caused by the release of transported
content, potential human injuries and casualties, huge
repair and excavation costs, clean-up costs, and loss of
pipeline content (gas or oil). Since the integrity of a
pipeline can be threatened by various phenomena, threat
mitigation and verification of fitness for service are
challenges that the pipeline operators must overcome.

Near-neutral pH stress corrosion cracking (SCC)
constitutes a major integrity concern to buried pipeline
steels worldwide. In Reference 1 crack initiation and
early-stage crack growth have been modeled. The life

time spent in Stage I[1] can vary depending on the
corrosion behavior of pipeline steels in near-neutral pH
environments. Pipeline integrity maintenance incorpo-
rates a dual protective mechanism from the soil envi-
ronments using a protective coating and cathodic
protection (CP). Despite these protective measures,
damage of coatings and establishment of corrosion
conditions are not entirely avoidable so that the
occurrence of crack initiation in a large pipeline
becomes almost inevitable.
Stage I crack formation and growth[1] usually lead to

dormant cracks with a depth of about 1.0 mm and since
these cracks are dormant they may not form any
concerns from an integrity management point of view.
However, there are still less than 5 pct of cracks that are
able to grow out of the dormant state.[2] It has been
extensively studied that continuous growth beyond
Stage I is possible if all of the following conditions are
met:

(1) Sufficient mechanical driving forces, which would
make a crack propagate as governed by the
principle of fracture mechanics although fracture
mechanics considerations, are negligible in Stage I
crack growth, as modeled in Reference 1.

(2) The presence of residual stresses which would act
together with the applied mechanical driving
forces to either extend the period of dormancy if
they are low or compressive, or shorten the
dormancy when they are tensile and high, espe-
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cially at the depth position where dormancy
occurs.

(3) The presence of sufficient levels of diffusible
hydrogen which is a by-product of corrosion
and cathodic protection and can synergistically
interact with the mechanical driving forces to
lower the threshold for Stage II crack growth and
enhance Stage II crack growth rate.

The combined action of the above three factors can
re-activate a dormant crack to grow at a rate that leads
to premature failure of pipeline steels. Predicting crack
growth rate and the remaining lifetime under a com-
bined effect of the above conditions is the focus of this
investigation.

To better appreciate the work presented in this
investigation, the crack growth models currently
adopted in pipeline industry are introduced. Three types
of crack growth models are currently used by the
pipeline industry. A brief description of the most widely
applied crack growth approaches for pipeline steels is
given below, although other models are also available.

A. Uniform Average Growth Rate

It assumes that the occurrence of SCC and SCC
growth observed in the field is the 2nd stage which is
characterized by more-or-less steady growth. Critical
defect size is calculated using a fracture mechanics
model and the time to failure is the difference between
the critical and the current flaw depth divided by that
crack growth rate (CGR).

B. Two Stage SCC and Fatigue Analysis

SCC occurs when crack depth is small and then
becomes primarily fatigue driven once the SCC crack
depth becomes sufficiently large. The depth at which
fatigue governs occurs when the incremental CGR due
to fatigue exceeds the average CGR for SCC. The net
time to failure is the time for SCC to enlarge the flaw to
the point where fatigue takes over, plus the time for
fatigue to enlarge the flaw to failure.

C. Coupled SCC and Fatigue Analysis

Crack growth by SCC caused by time at constant
stress is added to the growth by fatigue caused by stress
cycles[3,4]

da=dN ¼ uCDKn þ 1=fð Þda=dt; ½1�

where /CDKn represents ‘‘Paris law’’ fatigue in an inert
environment with an enhanced factor, /, to consider
corrosion fatigue (CF), da/dt represents the average CGR
over a loading cycle, and f is the loading frequency.

The biggest discrepancy between the existing crack
growth models and the actual mechanisms of crack
initiation and growth arises largely from the following
dilemmas:

(1) Pipelines are operated under variable stresses. All
existing models were established using data

obtained either under a constant stress for SCC
or constant amplitude cyclic loading for fatigue or
corrosion fatigue.[5]

(2) All existing models fail to consider various
scenarios of load interactions (refer to the defini-
tion in the next section) which are essential to the
nature of corrosion cracking of pipeline steels. All
previous crack growth models generally yield a
prediction that is significantly different from the
real crack growth rate and the predicted life is
very different from the actual pipeline service
life.[6]

This investigation introduces crack growth predictive
approaches built based on the latest understanding of
SCC and corrosion fatigue crack growth mechanisms
under actual pressure fluctuations found during pipeline
operation. In particular, the prediction computation was
made for environmentally assisted cracking of pipeline
steels exposed to near-neutral pH environments for
which the mechanisms of crack growth under variable
amplitude pressure fluctuations have been determined.

II. CHARACTERISTICS OF PIPELINE
PRESSURE FLUCTUATIONS DURING FIELD

OPERATION

To develop appropriate models for crack growth rate
and service life prediction, the detailed conditions of
mechanical loading during pipeline operation must be
well characterized. In this investigation, a total of 18
pressure spectra (14 gas pipelines and four oil pipelines)
from operation Canadian pipelines were analyzed to
determine the nature of the pressure fluctuations.[7]

Figure 1 shows a representative situation of one type
of pressure fluctuation that has been observed. It
consists of pressure fluctuations with large cyclic ampli-
tudes and those with relatively lower amplitudes (i.e.,
higher R-ratios, minimum pressure/maximum pressure,
often called minor cycles or ripple loads).[8]

Depending on the location of pipeline sections with
respect to the compressor station (for gas pipelines or the
pump station for oil pipelines), the pressure fluctuations
could be further characterized into three types based on
the relative pressure levels of the large loading events and
theminor cycles, examples ofwhich are shown inFigure 2
for both oil pipelines and gas pipelines.[7–9]

A. Type I: Underload Pressure Fluctuations

As shown in Figure 2, Type I pressure fluctuations are
often found within 30 km downstream of a compressor
station and these locations comprise more than 70 pct of
in-service and hydro-test failures attributed to stress
cracking.[10] The maximum pressure of the Type I
fluctuations is often controlled to be at or close to the
design limit, allowing fluctuations only to a level lower
than the design limit. The spectrum consists of the
so-called underload cycles which are large cycles with
low R-ratios (min pressure/max pressure) and minor/
ripple load cycles with very high R-ratios. Underload
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cycles in oil pipelines often have lower R-ratios, higher
number of occurrences, and a faster rate of pressure
changes (Figure 2(a)) than the underload cycles in gas
pipelines (Figure 2(b)). Ripple load cycles are a main
feature of gas pipelines.

B. Type II: Mean Load Pressure Fluctuations

Type II pressure fluctuation is typically observed
further away from the compressor or pump station. In
Type II, the mean pressure is lower than that in Type I,
and pressure spikes with a pressure level above the mean
pressure but below the design limit are frequently seen.
The mean pressure is still not low enough to eliminate
the underload fluctuations typically seen in Type I.

C. Type III: Overload Pressure Fluctuations

Type III fluctuations referred to as overload cycles
typically exist at or close to a suction site where pressure

spikes above the mean pressure, while the occurrence of
underload cycles is minimized.
Because of the relatively high maximum pressure and

large amplitude of pressure fluctuations, Type I pressure
fluctuations are the harshest in terms of crack growth,
and therefore are selected for crack growth modeling in
this investigation. Typical characteristics of pressure
fluctuations of gas and oil pipelines are compared in
Table I. Oil pipelines are featured with very frequent
underload cycles as compared with the gas pipelines.
The rate of pressure fluctuations is slightly different in
the loading portion and the unloading portion of
underload cycles. However, the range of loading/un-
loading frequency is very different between oil pipelines
and gas pipelines. Both the unloading and loading
frequencies in oil pipelines vary over a wide range from
10�6 to 10�1 Hz,[8] while they are very low and over a
narrow range in gas pipelines. The number of minor
cycles between two adjacent underload cycles is gener-
ally higher in gas pipelines than in oil pipelines.

III. MECHANISMS OF STAGE II CRACK
GROWTH

Because of the reduced rate of dissolution at the crack
tip and the negligible contribution of dissolution to
crack growth after dormancy, alternative crack growth
mechanisms must be in operation to obtain significant
crack growth. The stress factor or mechanical driving
forces naturally become predominant in Stage II crack
growth and crack growth would preferentially start at
locations with higher tensile residual stresses and higher
diffusible hydrogen content in the material surrounding

Fig. 1—The schematic illustration of an underload spectrum.

Fig. 2—Three types of pressure fluctuations[7–9] (with permission from ASCE). (a) Oil pipelines; (b) Gas pipelines.
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the crack tip for a given pipeline section. The relative
contribution to crack growth by mechanically driven
processes and by dissolution during Stage II crack
growth is compared and modeled in Reference 1.
Although dissolution at the crack tip makes minor
contribution to crack advance, it could blunt the crack
tip because of the dissolution simultaneously occurring
at the crack tip and on the crack wall near the crack tip,
and thus it is considered to be beneficial.

Although it is often referred to as NNpH SCC, crack
propagation has never been observed under a static
loading condition in laboratory testing in this environ-
ment even at a high stress intensity factor, except during
crack initiation where crack formation and early-stage
growth are associated with the mechanisms of corrosion
as discussed in Reference 1 and as other investigations
have reported previously.[11–21] Even an active crack
often ceases to grow when loading is switched to a static
hold.[2] In contrast, crack growth is found to grow under
cyclic loading above the critical fatigue threshold.[22,23]

Figure 3 shows a typical example of a non-propagation
scenario under static hold at two levels of maximum
stress intensity factors.[2] In contrast, crack growth is
observed when cyclic loading is resumed, although
immediate crack growth did not occur in some environ-
ment when the applied mechanical driving force was
low.

The results, like those shown in Figure 3, have
revealed one of the most important prerequisites for
the occurrence of stress cracking in pipeline steels
exposed to near-neutral pH environments: the presence
of cyclic loading. It has been further determined that the
crack growth rate under constant amplitude loading can
be described by the following equation[23]:

da

dN
¼ A � DKaKb

max

fc

� �n

þh; ½2�

where A, n, a (=0.67), b (=0.33) and c (=0.033) are all
constants, a + b = 1, and h is the contribution of stress
corrosion cracking considered in Reference 1. The
magnitude of crack growth by dissolution in Stage II
was found to be about one order of magnitude lower
than the first term in Stage II crack growth. The overall
power of the frequency, f, was found to be approxi-
mately 0.1 (n 9 c), which is a factor representing the
influence of the corrosion environment on the crack
growth rate. The formulation of the combined factor
makes it possible to model the crack growth with all the
contributing factors included such as crack dimension,
pressure fluctuations, materials, and environments.

Although Eq. [2] has incorporated all possible environ-
mental and mechanical factors affecting crack growth, it
was established on the basis of crack growth data under
constant amplitude fatigue loading with loading fre-
quencies at and larger than 10�3 Hz.
One dilemma may arise when the c value in Eq. [2] is

further considered. Although c is related to the influence
of the corrosion environment, it is not clear how the
corrosion environments may influence the value of c,
particularly considering the fact that corrosion makes a
minor contribution to crack advance in Stage II.
Further investigations have concluded that for a given
pipeline system, the presence of near-neutral pH envi-
ronments and high residual stresses on pipe surface
determines whether a crack colony can be developed,
while the presence of high diffusible hydrogen at special
locations within some crack colonies is thought to
determine whether repeated crack growth can occur.[2]

Hydrogen produced by corrosion at the crack tip is
secondary in terms of crack growth, as compared with
the amount of hydrogen generated from the pipeline
surface either resulting from general corrosion or from
cathodic reaction. The latter agrees well with the fact
that the rate of dissolution at the crack tip is minimal in
Stage II growth as indicated previously.
Equation [2] predicts an increased crack growth rate

with decreasing loading frequency. This growth rate
dependence of loading frequency has been extensively
proven through experimental simulations[22] and in
Figure 4 as an example occurs up to a loading frequency
of 10�3 Hz or higher. Further tests under a loading rate
lower than 10�3 Hz demonstrate the breakdown of
Eq. [2]. As shown in Figure 4, the crack growth rate is
found to decrease with decreasing f when f is lower than
10�3 Hz.[22]

The transition of crack growth behavior at
f = 10�3 Hz has been recently found to be related to
the saturation of hydrogen ahead of the crack tip at the
peak stress of the loading cycle.[24] A theoretical model
has been developed to understand this crack growth
behavior transition based on hydrogen effects at the
crack tip during the cyclic load condition.[24] It is
assumed that the crack growth reaches a maximum rate
when the hydrogen concentration at the crack tip
reaches a certain value and the hydrogen equilibrium
concentration in the plastic zone depends on the applied
stresses. Therefore, the critical frequency separating the
different growth behavior depends on the hydrogen
diffusion into/out of the plastic zone in response to the
variation of stresses. The model suggests that this
critical frequency depends on loading condition,

Table I. Characteristics of Type I Pressure Fluctuations in Gas and Oil Pipelines[8]

Items Oil Pipelines Gas Pipelines

Underload cycles
Typical number of underload cycles/year 537 8
Range of unloading frequency (Hz) 6.89 9 10�6 to 1.0 9 10�1 1.30 9 10�6 to 9.16 9 10�5

Range of loading frequency (Hz) 5.11 9 10�6 to 1.0 9 10�2 1.34 9 10�6 to 5.26 9 10�6

Minor cycles
Number of minor cycles between two adjacent underloads 0 to 26 0 to 37
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temperature, mechanical properties of the steel, and
hydrogen diffusivity at the crack tip. It is estimated that
the critical frequency is on the order of 10�3 Hz at room
temperature, which is in very good agreement with the
experimental results shown in Figure 4. The above
theoretic analysis has further rationalized Eq. [3], which
can be revised to Reference 24:

da

dN

� �
tot

¼ A
DK2Kmax

f0:1

� �N

; f � fcritical; ½3�

where A ¼ 4
ffiffiffiffiffiffiffiffi
2:476

p
1þmð ÞX

3p kBT
ffiffiffiffi
2p

p
ln 1

coð Þ

� �2n
, and N ¼ 0:6n;where kB is

the Boltzmann constant, T is the temperature, m is the
Poisson’s ratio, c0 is the atomic ratio of H/Fe away from
crack tip, and X is the partial volume of hydrogen atom,
and N ¼ 0:6n. Equation [3] has provided a clear physical
meaning to constant A, which is related to the rate of
hydrogen diffusion, temperature, and hydrogen concen-
tration in the material.
Pipelines are operated under variable amplitude

pressure fluctuations. The problem of predicting fatigue
crack growth becomes very complex when the applied
load spectrum has variable amplitudes. This is com-
monly referred to as variable amplitude or spectrum
loading. It produces the so-called memory effects or
load-history interaction effects which are further eluci-
dated below for their occurrences in pipeline steels.

(1) Scenario 1 A previous cyclic loading with an
R-ratio different from the current cyclic loading
may condition the crack tip mechanically to either
increase or decrease the crack growth rate of the
current cycle and/or the future cycles, which is the
so-called load-history-dependent load interac-
tions.[25,26] The main physical models proposed
to explain the load-interaction effects on fatigue
crack growth include crack tip blunting,[27–29]

cyclic plasticity-induced residual stress around the
crack tip,[30] crack tip plasticity, and plasticity-in-
duced crack closure.[31–33]

(2) Scenario 2 The rate of pressure fluctuations may
yield different time-dependent contributions to

Fig. 3—Crack length increment as a function of test time in two different soil solutions[2] (with permission from Elsevier).

Fig. 4—The effect of loading frequency on crack growth rate under
both constant amplitude loading and variable amplitude loading
with underloads and minor cycles[22] (with permission from Elsevier).
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crack growth rate which may include the rate of
corrosion, the rate of hydrogen segregation by
diffusion to the crack tip,[2] and the degree of
crack tip blunting caused by room-temperature
creep,[2,34–36] and hydrogen-enhanced local plas-
ticity (HELP).[37,38]

(3) Scenarios (1) and (2) These scenarios can also
mutually interact; for example, crack tip blunting
caused by the situations described in Scenario 2
may lead to different stress states at the crack tip
and therefore yield different load-history-depen-
dent load interactions reflected in Scenario 1.[39]

The above load-interaction effects over a wide range of
loading frequency are clearly demonstrated in
Figure 4.[22] The top two curves are crack growth rates
obtained under variable amplitude loads, while the two
lower curves were under constant amplitude loads. The
former is the so-called underload-minor load-type cycles,
the Type I loading scheme shown in Figure 2. The
underload cycles have the same amplitude and frequency
as the constant amplitude loadings for the two lower
curves. The minor cycle in the variable amplitude loading
has a R-ratio (minimum stress/maximum stress) of 0.9,
which is non-propagating if underload cycles are not
present. It is clear from Figure 4 that the variable loading
conditions have caused crack growth at a rate about one
order of magnitude higher. It is also seen from Figure 4
that crack growth in air is insensitive to the loading
frequency, while a strong frequency-dependent crack
growth behavior is observed in NNpH environment,
depending on the rate of loading. The importance of
minor cycles in crack growth exists both in air and in
NNpH ground water (e.g., C2). The enhancement in
crack growth rate by the presence of minor cycles in air is
even larger than that in the NNpH environment. In the
former case, an increase of crack growth rate by a factor as
high as 20 is observed when the underload-type variable
amplitude fatigue loading was applied. It is about a factor
of five in C2 solution. This indicates that the load-inter-
action effects are an intrinsic behavior of ductile materials
and exist in all environmental conditions.

IV. COMPUTING PROGRAM FOR CRACK
GROWTH IN STAGE II

Based on the crack growth mechanisms being iden-
tified, Matlab codes have been written for the prediction
of crack growth rate and service life of pipeline steels
with Type I loading schemes shown in Figure 2.
Figure 5 shows the flow chart of crack growth calcula-
tion, which consists of the following steps:

(1) Read pressure data input. The pressure data
should be the raw pressure data before filtering
except for artificial noises.

(2) Assume an initial crack dimension which could be
zero if Stage I modeling is also included.

(3) Run the dissolution crack growth model and
mechanical crack growth model, respectively.

(4) Update the crack dimension for repeated crack

growth calculation for the next crack-propagating
pressure event.

Steps (1) to (4) continue until the updated crack depth
is 0.4 tw (tw is the wall thickness of pipe). It should be
pointed out that the possibility of failures solely induced
by the failure pressure was not considered here since the
emphasis of this work is the fatigue crack growth model.
The governing crack growth equations for each

loading event and their combined effect on crack growth
are further described in Appendix 1 for the purpose of
simplicity. All the governing equations were constructed
based on actual experimental results obtained in our
laboratory.

V. RESULTS OF CRACK GROWTH AND
SERVICE LIFE PREDICTION

Based on the flow chart, pipeline service life can be
predicted if the pressure data of the pipeline in consid-
eration and other field data are available. Figure 6
shows the results of life prediction of a high-pressure gas
pipeline with the underload-type loading spectrum.
Three predicted service life curves are shown in
Figure 6:

(1) The life curve predicted solely based on the crack
growth caused by dissolution only: In this pre-
diction, the crack growth curve representing the
average condition of growth profile was selected
for the purpose of comparison, although the most
severe failure-attributing conditions should be
considered in integrity management.

(2) The life curve predicted solely based on the crack
growth in Stage II,[1] which yields a life time over
one thousand years because of very benign
mechanical driving forces during the initial stage
of crack growth. It is also seen from the life curve
that crack growth driven by mechanical driving
forces becomes life-limiting only when crack
depth reaches a depth of about 1.0 mm. This
further indicates the importance of initial disso-
lution growth in providing a bridge to the crack
growth in Stage II without which a prolonged
dormant period and longer service life can be
expected.

(3) The life curve predicted by incorporating Stage I
and Stage II crack growth, which yields a
predicted life comparable to those found in the
field. It should be noted that these predictions
have been made without a consideration of the
bulging factor that takes the effect of a curved
pipe surface on the calculation of K at the crack
tip into account, which would yield a shorter
predicted life for deeper cracks. The predicted
lifetime can also be shorter when cracks have
larger 2c/a ratios because of increased K at the
depth tip of a crack.

Figure 7 compares the lifetime curve of a gas pipeline
with an oil pipeline. Both pipelines were operated under
the Type I pressure fluctuation scheme. The oil pipeline
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has a much shorter predicted life because of frequent
underload cycles with large stress amplitudes. The gas
pipeline was operated with much fewer large-amplitude
underload cycles but a higher number of minor load
cycles that can also contribute to crack growth in the
presence of underload cycles.

Rainflow cycle counting has been widely used to
analyze fatigue crack growth in the past.[40,41] The
rainflow counting is a method for counting fatigue
cycles from a time history. It reduces a spectrum of
varying stress into a set of simple stress reversals.
However, this counting method does not consider the
sequence effects of different load cycles, failing to
account for load interaction effects, which can be very
significant for variable amplitude loadings. The results
obtained from rainflow cycle counting analysis were
generally very conservative and even irrational in some
cases. For example, Reference 40 made a prediction of
the lifetime of an oil pipeline both at the suction site and

at the midpoint between the discharge and the suction
sites. The results illustrated that larger crack growth rate
at the suction site than the midpoint, which is not
consistent with the fact that the midpoint was loaded to
much higher pressure levels and had more low R-ratio
fluctuations. It is believed that the discrepancies arise
from the fact that the load-interaction effects could
significantly enhance crack growth but are not consid-
ered in the rainflow cycle counting method.
Figure 8 shows an example of conservative lifetime

estimate by the rainflow counting method, which was
implemented in Matlab code strictly following the
protocol established by ASME.[42] In order to guarantee
the accuracy of the prediction, a small section of
spectrum data were extracted and analyzed by the
following two methods: (1) counting the cycles by the
Matlab code self-developed based on ASME standard
and (2) counting the cycles manually. It has been
validated that the two methods yielded the same
predictions.

Fig. 5—Flow chart of crack growth calculation.

Fig. 6—Comparison of crack growth contributed by dissolution and
mechanics.

Fig. 7—Prediction on oil and gas underload-type spectra.

Fig. 8—Comparison with rainflow counting method.
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As shown in Figure 8, the lifetime of the pipeline
predicted by the rainflow cycle counting method yields a
lifetime about 55.1 pct longer than the current method
assuming end of life occurs when the crack reaches to
40 pct of wall thickness. In this comparison, the same
Stage I growth curve was used. The difference in
predicted life proves the significant effect of the load-in-
teraction effects on crack growth. Furthermore, in
Figure 8, the predictive life of 41 years made by this
current model is more than 55 pct lower than the life
predicted by the rainflow counting method. It proves the
importance of load-interaction effects, and the improved
precision of prediction can be achieved when the
load-interaction effects are considered.

Pipelines are periodically inspected by performing
hydrostatic tests. Each run of hydrostatic testing con-
sists of two underload cycles with R = 0 and severe
fatigue cycles with large stress amplitude. The effect of
overload during hydrostatic hold at high pressure in

terms of crack growth retardation would be reduced
because of the direct underload following the overload.
The prediction of lifetimes shown in Figures 7 and 8

was made based on the crack growth rates under
cathodic protection. It has been experimentally deter-
mined that crack growth rate can be significantly
enhanced in the presence of cathodic protection.[43–45]

This is attributed to the excessive amount of diffusible
hydrogen generated. Figure 9 shows the lifetimes pre-
dicted by inputting different cathodic potential factors
(see Appendix 1). A factor of 1.0 represents the crack
growth rate measured at open circuit potential and a
factor as high as 8.12 was measured for a surface crack
tested under �0.9 V cathodic potential.[45] Unless it is
specified, a factor of 5 was used for all the predictions
made in this investigation for the effect of CP.
Figure 10 shows the effect of large slash loads on the

lifetime predicted for a gas pipeline. A gas pipeline
pressure spectrum free of the slash load was artificially
added with a different number of slash underloads per
year, ranging from 0 to 6 cycles. According to Reference
40, it is typical to observe six slash underloads (R-ratio is
0.05) per year in a gas pipeline spectrum. The pipeline
with six slash underloads per year has a predicted life of
35.5 years, about 42.4 pct lower than the life of the
pipeline without the slash loads.

VI. ON THE ACCURACY OF THE PREDICTION

The current model is able to predict lifetimes that are
comparable to the actual service life of pipeline steels
with NNpHSCC developed during field operation. This
level of accuracy of prediction has not been achieved by
any previous models. The prediction could be made for
an individual crack or for crack colonies with a range of
conditions. In either case, higher accuracy can be
achieved if the input data are specific and relevant.
These input data include the following:Fig. 9—Predicted lifetimes for the enhanced crack growth caused by

cathodic protection.

Fig. 10—Slash load effects on life prediction of a gas spectrum.
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(1) The corrosion constants for the equations gov-
erning crack growth in Stage I,

(2) The type of materials and measured crack growth
rate,

(3) The pipeline specifics, especially the magnitude
and distribution of residual stresses, and

(4) The SCADA data fully capturing crack growth
contributing events of pressure fluctuations.

In the majority of situations, it is hard and not
necessary to make predictions for each crack in a

colony, but rather to make a prediction for the crack
with the largest dimension by inputting data represent-
ing the worst case scenario. This could be similar for
pipelines at locations with similar soil and geological
conditions. After all it is the fastest growing crack that
determines when failure will occur.
The characteristics of pressure fluctuations responsi-

ble for crack growth can be varied and can be captured
very accurately with existing technology. However, the
current SCADA data are not recorded specifically for
the purpose of making life prediction using the method
being developed in this investigation.
The existing technology allows the pressure data to be

recorded either at a fixed sampling rate or at any time
when pressure changes are detected. The latter is
commonly adopted for oil pipelines because of more
frequent pressure fluctuations due to less compressible
nature of liquids. For gas pipeline, the pressure is
commonly recorded hourly.
A large sampling interval may miss some of the events

of pressure fluctuations and may record a reduced
magnitude of pressure fluctuations leading to a conser-
vative estimate of service life. To determine the effect of
different sampling intervals, a Matlab code was devel-
oped to analyze the data of pressure fluctuations
obtained at different sampling intervals ranging from
1 second, 1, 5, 20, 40 minutes, and one hour.
Figure 11 shows the predicted lifetime of the same

pipeline with the pressure data recorded at different time
intervals. For an oil pipeline, as shown in Figure 11, the
predicted lifetimes are not very sensitive to the sampling
internals when they are less than 5 minutes but increase
linearly with increasing sampling intervals beyond
5-minute interval. The difference in predicted lifetime
between the shortest (1 second) and the longest (1 hour)
is close to 60 pct.
Similar behavior has also been found in the prediction

of lifetime for gas pipelines in Figure 11, except that the
difference is much smaller, only about 10 pct between
the shortest sampling rate (1 second) and the longest one
(1 hour), reflecting rather sluggish pressure changes
during gas pipeline operation, as evidenced in Table I.Fig. 11—Effect of sampling intervals on the predicted lifetimes.

Table AI. Definition of Variables Appearing in Appendix 1

Variables Definition

Da net crack growth
i the ith underload-minor cycle block
k total number of underload-minor cycle block
n number of minor cycles
FiðcpÞ crack growth enhancement factor caused by cathodic potential for

the ith underload-minor cycle block
FiðunloadÞ a factor reflecting the effect of asymmetrical loading waveform
Fi
max a correction factor reflecting the effect of Kmax under variable

amplitude fatigue loading
Faf DKul;DKmcð Þn¼300 acceleration factor considering the effect of DKul and DKmc at

n = 300
Fi
afðDKul;DKmc; nÞ acceleration factor related to the effect of DKul, DKmc, and n

Kmaxul maximum stress intensity factor corresponding to a underload cycle
DKul stress intensity factor range corresponding to a underload cycle
DKmc stress intensity factor range corresponding to a minor cycle

METALLURGICAL AND MATERIALS TRANSACTIONS A VOLUME 48A, APRIL 2017—1649



VII. CONCLUSIONS

A predictive model considering load interactions
occurring during oil and gas pipeline operation with
underload-type variable pressure fluctuations was devel-
oped. The current model has been built based on the
latest understanding of stress cracking mechanisms
established from extensive experimental results obtained
from testing under realistic conditions typical of field
operation. The predictions can be made using actual
pressure data recorded during pipeline operation.

(1) The current method has provided predicted life-
times very comparable to the actual service lives
found in the field. This forms a sharp contrast
with the predictions made by existing methods
that are either conservative or inconsistent with
the field observations.

(2) It has been demonstrated that large slash loads,
often seen during gas pipeline operation, are a
major life-limiting factor and should be avoided
as much as possible. Oil pipelines have shorter
lifetime because of their more frequent pressure
fluctuations and larger cyclic amplitudes.

(3) The accuracy of prediction can be improved if
pressure data with appropriate sampling intervals
are used. The error is much larger in the prediction
of oil pipelines than the gas pipelines, but is
minimal if the sampling rate is at or less than one
minute. It should be pointed out that the life
prediction in this workwasmade based on themost
frequently recorded pressure data received from
pipeline operators. The details of pressure sam-
pling methodology can be found in Reference 46.
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APPENDIX 1: GOVERNING EQUATIONS USED IN
LIFE PREDICTION

Algorithm

1. The 1st step of raw data analysis is to define the
stress intensity factor range threshold for minor
cycles. This is set to be 0.59 MPa

ffiffiffiffi
m

p
, below which

crack is considered to be non-propagating.[22,47]

2. The 2nd step is to determine the underload cycles,
which is defined as those cycles with a stress
intensity factor range threshold larger than or equal
to 3.3 MPa

ffiffiffiffi
m

p
:[22,47]

3. The 3rd step is to divide a spectrum into cycle
blocks, each of which is composed of one underload
cycle and all the minor cycles before the next
underload cycle.

4. Use the code to further characterize a spectrum to
obtain the following parameters:

a. Loading and unloading frequency of each
underload cycle.

b. Kmax and DK of the loading cycle in an
underload cycle.

c. Kmax and DK of each minor cycle within a block.
d. The number of minor cycles within a block.

5. Computation of crack growth acceleration factor
induced by different variables:

(1) fis lower than 10�3 Hz[22]:

Da ¼
Xk
i¼1

FiðcpÞ � FiðunloadÞ � Fi
max

� Fi
afðDKul;DKmc; nÞf¼10�3 � A � K0:33

maxul � DK0:67
ul

ð10�3Þ0:033

" #m( )
i

( )
:

½A:1�

Fig. A1—Dependence of crack growth rate on Kmax: (a) Measured and predicted crack growth rates[47]; (b) Crack growth acceleration caused by
variable amplitude fatigue loading and the determination of Fmax.
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(2) f is larger than 10�3 Hz[22]:

Da ¼
Xk
i¼1

FiðcpÞ � FiðunloadÞ � Fi
max

� Fi
afðDKul;DKmc; nÞf¼10�3 � A � K0:33

maxul � DK0:67
ul

ðfÞ0:033

" #m( )
i

( )
:

½A:2�

All the variables and constants are defined in
Table AI and all the functions are obtained curve-fitting
the experimental results obtained.

Model Parameters in Equations [A.1] and [A.2]

(1) Combined factor model[23]:

Da ¼ A � K0:33
maxul � DK0:67

ul

ðfÞ0:033

" #m

; A ¼ 6:8� 10�8; m ¼ 2:73:

½A:3�

(2) Factors induced by variable amplitude load-
ings[47]:

(a) If loading frequency f is lower than or equal
to 10�3 Hz
F ðcpÞ is a factor reflecting the increased
crack growth by cathodic protection as
discussed in the text. It is assumed to be 5.0
for all the predictions made in the investi-
gation unless it is specified otherwise. F ðcpÞ
was experimentally determined to vary
from 1 for the open circuit potential to
8.12 for surface cracks tested under �0.9 V
cathodic potential.
F(unload) is a factor reflecting the effect of
asymmetrical loading waveform with the
following values experimentally deter-
mined.[48]

FðunloadÞ ¼
1:4; if unloading rate is higher than loading rate

1; if unloading rate is lower than loading rate

(
:

½A:4�

Fmax is a correction factor to reflect the effect of Kmax

under variable amplitude fatigue loading. It was applied
for tests with Kmax higher or lower than 33MPa

ffiffiffiffi
m

p
. As

shown in Figure A1(a)), the measured crack growth rate
under variable amplitude fatigue loading is much higher
than the predicted crack growth rate using Eq. [A.3],[23]

which has not considered the effect of loading interac-
tions.[47] Based on the results shown in Figure A1(b)),
an acceleration factor, which is the ratio of the crack

growth rate under variable amplitude fatigue loading
over the crack growth predicted using Eq. [A.3], can be
determined (black square symbol). From this, Fmax is
defined as the ratio of the acceleration factor over the
acceleration factor obtained from tests under
Kmax = 33MPa

ffiffiffiffi
m

p
(red circular symbol). The value of

Fmax obtained was curve-fitted to yield the expression
below.

Fmax ¼
0:02667 �Kmaxulþ0:12; if Kmaxul<33MPa

ffiffiffiffi
m

p

1; if Kmaxul � 33MPa
ffiffiffiffi
m

p
(

:

½A:5�

From Eq. [A.5], it is obvious that the correction factor is
minimal and is needed only for tests with Kmax is less
than 33 MPa

ffiffiffiffi
m

p
.

Fi
af DKul;DKmc; nð Þ, an acceleration factor related to the

effect of DKul, DKmc, and n for the ith of underload-mi-
nor cycle block, can be calculated as

Faf DKul;DKmc; nð Þf¼10�3

¼
Faf DKul;DKmcð Þn¼300� 0:05553 � n0:6335 þ 0:9258

� �
Faf DKul ¼ 16;DKmc ¼ 3:3ð Þn¼300

½A:6�

Faf DKul;DKmcð Þn¼300¼ 0:286�

� 1þ 0:8591 � 0:716 � DKmc þ 0:6136ð Þ1:41
	 


� 1þ 0:1608 � 29:82 � DKð�0:8645Þ
ul

	 
1:693
� �

:

½A:7�

(b) If loading frequency f is higher than
10�3 Hz
F(cp), Fmax, and Fi

afðDKul;DKmc; nÞ are
calculated in the same way as in (a).
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