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A 3-dimensional finite element model was built to determine the effect of inclination angle of a corrosion
defect on local mechano-electrochemical (M-E) effect in a simulated soil solution. Because of the high
effect of the defect inclination angle on the M-E effect, when the inclination angle is 0° (i.e., the primary
axis of the defect parallel to the longitudinal direction of the pipe), the greatest stress concentration level
at the defect can be observed, which is associated with the lowest corrosion potential, the greatest anodic
current density and the most serious accelerated localized corrosion. When the inclination angle is 90°,
the stress concentration level reduces and the corrosion potential becomes less negative, accompanying
with the decreased anodic/cathodic current densities. Besides, when the ratio (r¢,) of the primary axial
length of the defect to its secondary axial length is 1, the defect inclination does not affect the stress and
the electrochemical corrosion rate at the defect. With the increase of r,, the effect of the defect incli-
nation angle is more apparent.
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1. Introduction

External corrosion of underground oil/gas pipelines are affected
by many factors including soil, moisture content, dissolved oxygen,
stray current, microorganism, etc. (Yajima et al., 2015; Dai et al.,
2018; Xu and Cheng 20123, 2013; Xu et al., 2013; Qian and Cheng,
2017; Liu and Cheng 2017, 2018; Lu et al., 2018). Particularly, the
pipeline corrosion is accelerated by the stressing condition through
a so-called mechano-electrochemical (M-E) effect principle
(Gutman, 1998; Xu and Cheng, 2012b, 2017; Sun and Cheng, 2019;
Zhang et al., 2020). Generally, the localized corrosion rate at the
defect on pipelines would be accelerated by the local stress con-
centration at the defect. At the same time, the ratio of the depth of
the defect to its width is increased by enhanced corrosion reaction,
which further raises the stress concentration level, as investigated
in previous work conducted in the authors’ group and others (Shuai
et al.,, 2017; Sun and Cheng, 2018; Wang et al., 2018; Xu and Cheng
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2013, 2017, Fatoba et al., 2018; Wang and Han, 2013). Therefore, a
self-accelerating process occurring at the corrosion defect owing to
the M-E effect usually causes rapid perforation of the pipeline.
For assessing the risk of pipelines containing corrosion defects,
the defect shape is generally treated as semi-ellipsoid (Rajabipour
and Melchers, 2013; Xie and Tian, 2018; Yi et al., 2012), where
the stress distribution depends on the depth and the axial lengths
of defects (Huang et al., 2014; Noda and Hayashida, 2000). For an
ellipsoidal corrosion defect, its axial dimension is either perpen-
dicular or parallel to the longitudinal direction of the pipeline. Thus,
the stress distribution at the defect is symmetric relative to axes.
However, the actual corrosion defect generated on a pipeline is
never an ideal semi-ellipsoid (Kim and Park, 2017). In reality, the
orientation of the defect can be random inclinations on pipelines.
This can cause the dependence of the local stress distribution of the
defect on the defect's inclination angle (#), thus affecting the local
corrosion reaction under the M-E interaction. To authors' best
knowledge, the uniqueness and innovation of this work is, at the
first time of its kind, to quantitatively define the local stress con-
centration level, corrosion potential (Ecory) and anodic/cathodic
current densities (iy/ic) at defect with various inclinations on
pipelines. The modeling results improve the accuracy of defect
assessment on pipelines, contributing to enhanced pipeline
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integrity management.

A 3D finite element (FE) based model was built to determine the
effect of the defect inclination on the local mechano-
electrochemical interaction in a near-neutral pH solution (i.e.,
NS4 solution) simulating the electrolyte trapped under disbonded
polyethylene coating on buried pipelines (Xu and Cheng 2012a,
2013). It is noted that NS4 solution is not a soil solution. Its solution
chemistry is related to soil chemistry, coating property, cathodic
protection current shielding, etc. The local stress concentration
level, Ecorr, 12 and ic at the defect were modeled and determined to
assess the local M-E effect while the pipe was under internal
pressure. The effect of the defect inclination angle relative to the
longitudinal direction of the pipe was analyzed, and the implication
on the pipeline integrity was discussed.

2. Numerical modeling
2.1. Electrochemical corrosion model

Fig. 1a shows the FE model developed by COMSOL Multiphysics
software for an x100 steel pipe with a semi-ellipsoidal defect
exposed to the near-neutral pH solution with a pH of 6.8 (Xu and
Cheng 2012a, 2013). The wall thickness (B), the outer diameter
(D) and the length (L) of the pipe are 16 mm, 914.4 mm and
2000 mm, respectively, where the length (L) is enough to avoid the
boundary condition effect according to the 4.9 (DB/2)"/? criterion
(Chouchaoui and Pick, 1996), i.e., 419.1 mm from the D and B values
in this work. It is the corrosion defect, rather than the whole pipe
segment, that is exposed to NS4 solution. Corrosion happens
mainly at the defect, but other pipe segments are coated to prevent
from corrosion attack. Thus, a galvanic effect between the defect
and other areas of the pipe does not occur. As a result, galvanic
corrosion is not included.

The depth (b) of the semi-ellipsoidal defect was 8 mm in y-axis
direction, and the half-lengths of the primary axis (i.e., ¢) and the
secondary axis (i.e., a) were 32 mm and 8 mm, respectively. The
axial ratio of the defect length (rc, = c/a), was equal to 4. The angle
6, as labeled in Fig. 1a, was the included angle between c and the z-
axis, which was used to determine the orientation of the corrosion
defect. When ¢ was parallel or perpendicular to the z-axis, # was
0° or 90°, respectively. The # degrees modeled in this work included
0°,15°, 30°, 45°, 60°, 75° and 90°.

According to ASME B31.4 (ASME B31.4 2009), the buried pipe-
lines can be treated as a restrained pipe. The constraint conditions
at both pipe ends were thus set as zero displacement in the lon-
gitudinal direction, but free in the radial direction. Thus, hoop
stress (oy) and longitudinal stress (g) were written as:

o =PD/2B

F,

0, =0 + VOY +7+K
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(1)

(2)

where P is internal pressure, og, M and F, are thermal expansion
stress, bending moment and axial force, respectively, which were
all equal to 0 in this work. » is Poisson's ratio, Z is sectional modulus,
and A is cross-sectional area. The o1 can be calculated as:

L =VOH

3)

A free tetrahedral mesh was used in COMSOL. Fig. 2 shows the
distribution of meshes of a pipe with a defect, where the element
size of the defect is smaller than other parts of the pipe in order to
obtain sufficient accuracy with a reasonable computational time.
Besides, the maximum von Mises stress (opises) at defect (6 is 0° and
internal pressure is 20 MPa) tends to be stable with increased
number of the elements (Fig. 3). Although the change in maximum
amises 1S slight when the element size is smaller than 2 mm, the
element size of 0.5 mm was selected for improved accuracy in

modeling.

Fig. 1b shows the boundary condition for electrochemical
corrosion occurring at the defect under disbonded coating. In
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Fig. 2. Mesh distribution of the pipe segment containing a semi-ellipsoidal corrosion

defect.
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Fig. 1. (a) Schematic diagram of a 3D FE model for a pipe segment containing a semi-ellipsoidal defect exposed to NS4 solution. (b) Schematic diagram of the boundary condition for

electrochemical corrosion occurring at the defect under disbonded coating.
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Fig. 3. Maximum von Mises stress at the corrosion defect (6 is 0° and internal pressure
is 20 MPa) as a function of the number of elements.

deoxygenated NS4 solution, electrochemical reactions of steel are
expressed as (Park et al., 2002):

Anodic reaction:Fe — Fe2" + 2e

(4)

Cathodic reaction:2H" +2e —H, (5)

For the cathodic reaction in deoxygenated NS4 solution, the
reduction of either hydrogen ions or water is possible, but the
reduction of dissolved oxygen is negligible. According to Nernst
equation (pH 6.8, temperature 25 °C), the equilibrium potentials for
hydrogen ion reduction, i.e., reaction (5) and water reduction
(H,0+ 2e—H;+ 20H7) are both —0.40 V (standard hydrogen
electrode, SHE). Thermodynamically, the reduction reactions of
hydrogen ions and water are identical at the given condition. Even
the two reactions have different exchange current densities at the
equilibrium potential, the values are not directly related to corro-
sion current density at the steady-state corrosion condition. Thus,
the hydrogen ion reduction as the cathodic reaction in this work is
mainly based on thermodynamic consideration.

The electrochemical reaction kinetics are under activation-
controlled, where anodic/cathodic current densities (i,/ic) are
written as (Liu et al., 2009):

. . Pa — Pa,

ia=ipa exp(ia 5 aeq) (6)
a

. . Pe— @

ic =igc exp <7C C’eq> (7)
C

where igafioc, @al®cs Paeq/Pceq and ba/bc are anodic/cathodic ex-
change current densities, electrode potentials, equilibrium elec-
trode potentials and Tafel slopes, respectively. According to
published work (Xu and Cheng, 2013), ip, and ig¢ for reactions (4)
and (5), were calculated from the potentiodynamic polarization
curve, and the values are 2.353 x 10~ A/cm? and 1.457 x 1076 A/
cm?, respectively. The cathodic exchange current density meets the
value for hydrogen ion reduction. The values of b, and b. are
0.118 V/decade and —0.207 V/decade, respectively. The electro-
chemical corrosion parameters depend on both pipeline steel and
corrosive environment. In other words, these parameters should be
measured in specific corrosion systems and a model is then
developed based on the input parameters. Based on Nernst

1522
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equation, @aeq and gceq can be calculated as:

(8)

RT
Paeq = Q’g,eq + 2F In (aFe2*)

9)

RT
Pceq = (P(c],eq + F ln(aH*)

where <pgeq and <p8eq are anodic and cathodic standard equilibrium
potentials for reactions (4) and (5), which are —0.44 V (standard
hydrogen electrode, SHE) and 0 V (SHE), respectively (Bagotsky,
2006), R is ideal gas constant of 8.314 J/K-mol, T is thermody-
namic temperature of 298.15 K, and F is Faraday's constant of
96485.34 C/mol. Reference (Xu and Cheng, 2013) gives the ferrous
ion activity, ag,., of 10~% M and the hydrogen ion activity, g+, Of
10~58 M (pH 6.8 in NS4 solution). Thus, @aeq and @ceq are calculated
to be —0.617 V (SHE) and —0.402 V (SHE), respectively.

2.2. Modeling of the M-E effect at corrosion defect

Based on Gutman's theory (Gutman, 1998), the effect of elasto-
plastic deformation on anodic equilibrium potential is:

Paeq = ‘Pg,eq + A‘Pg.eq + A‘Pg.eq (10)
wheredg$ ., and 4¢feq are shifts of ¢J., in elastic and plastic
deformation regions, respectively, which can be written as:

APV

HF an

e
A‘pa,eq ==

vo

TR
A(pap’eq: 7ﬁln(N70€pe+1) (12)

where AP is the excess pressure which is about 1/3 of opjses in
elastic strain region or 1/3 of yield stress (ays) of the steel in plastic
strain region, Vi, is molar volume (7.13 x 10~® m3/mol), n is number
of charge (2), v is an orientation-dependent factor (0.45), « is a
coefficient (1.67 x 1011cm~2), Ny is the initial density of disloca-
tions prior to plastic deformation (1 x 108 cm~2) (Gutman, 1998),
and eep is effective plastic strain from mechanical elasto-plastic
simulation.

In the FE modeling, the hardening function oy, (eep) was used to
describe the plastic deformation of the steel, thus the gys is modi-
fied as (Liu et al., 2009; Xu and Cheng, 2012c):
ys = Oyso + T (epe) (13)
where gy is initial yield stress of steels, and oy, is derived from the
experimental stress function according to the true stress-strain
curve in the plastic train region. The yield stress, the ultimate
tensile strength and Young's modulus of x100 pipeline steel are
806 MPa, 891 MPa and 207 GPa, respectively (Xu and Cheng 2012a,
2017).

The cathodic reaction is also accelerated by the M-E interaction,
and g is described using a semi-empirical expression as (Xu and
Cheng, 2013):

TMises Vm

iy, =igc x 10855 (14)
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3. Results and discussion
3.1. Validation of the FE simulation results

The corrosion potential and net current density (i.e., inet = i3 + ic)
of x100 pipeline steel in NS4 solution obtained from the modeling
and experimental testing in authors’ previous work (Shuai et al.,
2017; Sun and Cheng, 2018; Wang et al., 2018; Xu and Cheng
2013, 2017, 2017; Fatoba et al., 2018; Wang and Han, 2013) are
shown in Fig. 4, where a microprobe technique was used to mea-
sure Ecorr, i3 and ic on a steel specimen uniaxially stressed at various
level. To ensure the modeling results comparable with the experi-
mental data, the initial and boundary conditions are set identical to
those in experimental testing, including solution chemistry, pH,
steel grade (x100 steel) and the properties, etc. Generally, the
corrosion potential decreases slightly in the elastic region. When
amises €xceeds 806 MPa, the corrosion potential drops rapidly to the
negative direction in the plastic region. Similar changes are
observed on ipe; that is approximately equal to zero in the elastic
region, indicating the balanced anodic and cathodic reaction.
However, the ine¢ increases significantly towards the anodic direc-
tion when the plastic deformation presents, indicating that the
stress enhanced corrosion under the M-E effect during plastic
deformation. Besides, the difference between modeling results and
the experimental data is slight, indicating a good accuracy of the FE
simulation of the M-E interaction. It is noted that many factors can
affect the modeling results. Moreover, experimental tests can be
manually controlled to obtain matching results with the modeling.
Therefore, more tests are required to provide sufficient data to
support the reliability of modeling.

3.2. Distributions of apyises and Ecorr at defect with varied
orientations on the pipe

To assess the effect of the defect orientation on the local M-E
effect, the semi-ellipsoidal defect is taken with the values of a (half-

Petroleum Science 18 (2021) 1520—1529

length of the secondary axis of corrosion defect), b (depth of
corrosion defect) and c (half-length of the primary axis) of 8 mm,
8 mm and 32 mm, respectively. The distribution of gpjses at the
defect with varied ¢ degrees (the inclination of the defect between
its primary axis and the longitudinal direction of the pipe) is shown
in Fig. 5, under 20 MPa of internal pressure. When @ is 0° or 90°,
respectively, the dark red and red colors are observed at the defect
center and the blue color at both sides of the defect, indicating that
a stress concentration occurs at the center and the tips of the defect,
while the sides of the defect are under low stress. With the @
changing from 0° to 90°, the stress concentration level reduces
according to color changing from dark red to light red. Moreover,
when 6 is not equal to 0° or 90°, the stress distribution is not
symmetric, and the most asymmetrical stress distribution occurs at
6 of 45°.

Fig. 6 indicates that the distribution of Eco at the defect with
varied f degrees under 20 MPa internal pressure. With the 6
changing from 0° to 90°, Ecy is shifted less negatively, as shown
through the color change from dark red to dark blue. When 6 is 0°,
the dark red color at the defect center than both sides of the defect
shows the most negative E.r at the center. As the 6 is equal to 90°,
the entire defect is uniformly colored with dark blue, indicating the
uniform distribution of corrosion potential. When 6 is 0° or 90°, the
symmetry of Eco distribution does not exist, where the most
asymmetrical distribution of Eco,; is also observed at 6 of 45°. In the
comparison of the stress and corrosion potential distributions ate
the corrosion defect in Figs. 5 and 6, the defect site with a high
stress concentration level is always associated with a negative
corrosion potential. The negative corrosion potential of a steel in-
dicates a great corrosion activity in aqueous solutions, thus the
stress concentration would enhance the corrosion at the defect.

The distributions of gyjses at the defect and the potential field in
the solution with varied 6 is shown in Fig. 7, where the left graph is
cross-section perpendicular to z-axis (i.e., the longitudinal direc-
tion) and the right is the cross-section perpendicular to x-axis (i.e.,
the circumferential direction). It is seen that, for the left graph, as ¢

-0.720
m —-0.723 A N
8 —0.726 - §
> -0.729 1 <
o} =
'g _0.732 {1 —® Corrosion potential experimental data : 25 ‘o
GCJ ’ —e— Corrosion potential modelling data : GC)
© -07354 —A— Netcurrent density experimental data : g r20 ©
o ' —&— Net current density modelling data L <
5 -0.738 = (15 @
D oS Yield stress — =
8 (806 MPa) L 10 O
= 0741 —
S : L 05 2
O _0.744 - e '

A A A A A&—é"%ﬁ.&.—ﬁ.—.ﬁ.—'&:ﬁ: _'%—' 0
~0.747 ; ; ; ; ; . . ;
0 100 200 300 400 500 600 700 800 900

Von mises stress, MPa

Fig. 4. Corrosion potential and net current density of X100 pipeline steel in NS4 solution as a function of von Mises stress obtained from the modelling and experimental testing in

authors' previous work (Xu and Cheng, 2013).
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Fig. 5. Distribution of von Mises stress at the corrosion defect with varied § angles, which indicate the inclination of the defect between its primartily axis and the longitudinal

direction of the pipe, under 20 MPa of internal pressure.

6=0° | 6=15° '

6=60°

V, SCE

-0.724
-0.725
-0.726
-0.727
6=75°
-0.728
-0.729

-0.730

-0.731

L.,

6=30° 6=45°

6=90°

S e

Fig. 6. Distribution of corrosion potential at the defect with varied # angles under 20 MPa of internal pressure.

changes from 0° to 90°, the circumferential length of the defect
along the x-axis increases from 2a (16 mm) to 2c (64 mm), the
stress concentration zone (red color region) becomes small. How-
ever, for the right graph, as # changes from 0° to 90°, the longitu-
dinal length of the defect along the z-axis decreases from 2c to 2aq,
which also accompanies with the reduced high stress zone at the
defect. At the same time, the solution potential changes as the
potential of the corrosion defect changes. The electric field in the
solution phase is dependent on local potential at the defect. The
greater level of stress concentration, the more negative potential of
the defect, which is consistent with the color of the solution phase
changing from dark red to dark blue.

The reason that stress distribution is influenced by the § is the
difference between oy and o1 of the pipe resulted from P. According
to Eq. (3), oy is about three times of o1. Thus, the effect of oy on local
stress concentration is greater than ¢1. For a defect with varied ¢ on
the pipe, when the length of the defect in the z-axis direction that is
perpendicular to oy is longer, the local stress at the defect is higher.
This particularly applies for the defect with 6 of 0°. As the # changes
from 0° to 90°, the primary length of the defect in the z-axis di-
rection becomes shorter, and the local stress concentration level
reduces.

1524

3.3. Distributions of opises, Ecorr iq and ic across the defect with
varied orientations on the pipe

Fig. 8 indicates that the distribution of ayjises along the defect in
the z-axis (i.e., longitudinal) direction with varied # degrees under
20 MPa internal pressure. The maximum ajses at the defect with all
inclination angles exceed 806 MPa under 20 MPa internal pressure.
However, the greatest stress concentration level can be observed
when 6 is 0°, and the stress over the whole defect is more than the
yield stress of the steel. When 6 changes from 0° to 90°, the
maximum oyses reduces from 856.61 MPa to 808.22 MPa. At 6 of
90°, only a small section of the defect center has the stress con-
centration level exceeding the yield stress, while the stress of the
majority segment of the defect is below the yield level (see Fig. 8).

Fig. 9 indicates that the distribution of E.o along the z-axis (i.e.,
longitudinal) direction of the defect with varied # degrees under
20 MPa internal pressure. Ecorr Of the defect is the most negative
when 6 is equal to 0°. With the § increasing from 0° to 90°, Ecoyy iS
shifted less negatively. Besides, the greater stress concentration
level means a more negative shift of Eco, which would increase the
steel corrosion. Generally, Ecor distribution at the defect is almost
uniform at all angles. This is because the effect of elastic
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Fig. 7. Distributions of von Mises stress at the defect and the potential field in the solution with varied 6 angles, where the left graph is the cross section perpendicular to z-axis (i.e.,
the longitudinal direction) and the right is the cross section perpendicular to x-axis (i.e., the circumferential direction).

deformation on E.yy is negligible although the stress change in the
elastic region is large. Moreover, the change of the plastic strain is
small in the primary axis direction of the defect, as seen in Fig. 8.

The distributions of i, and i. along the z-axis (i.e., longitudinal)
direction of the defect with varied ¢ degrees under 20 MPa of in-
ternal pressure are shown in Fig. 10. The absolute values of both i,
and i. are the greatest when 6 is equal to 0°. With the # changing
from 0° to 90°, i, and i. decrease. The results show that the M-E
interaction accelerates the anodic and cathodic dissolution rate of
the corrosion defect together. Furthermore, the difference of i,
between the center of the defect and its sides reaches the
maximum at the 6 of 45°, indicating the greatest non-uniformity of
the anodic reaction rates at this inclination angle. The reason is that
the difference between the plastic strain at the center of the defect
and its sides is the greatest at the  of 45°.

1525

3.4. opisess Ecorn iq and ic at the center of the defect with varied
orientations on the pipe under various internal pressures

The variation of oyjses at the defect center (i.e., the maximum
agmises) under various internal pressures (P) with the change of
inclination angle # is shown in Fig. 11. As the angle § changes from
0° to 90°, the maximum oyjjses decreases. This is particularly
obvious at low P such as 5 MPa. When P is 5 MPa, the maximum
amises Of the defect is lower than the yield stress and the defect is in
the elastic region. When P increases to 10 MPa and 15 MPa, the
maximum ayjses €Xxceeds the yield stress at small § angles. When P
is up to 20 MPa, the maximum oyjses at all § degrees are greater
than the yield stress and the defect is in the plastic region.

The variation of Eco; at the defect center under various P with
the change of inclination angle # is shown in Fig. 12. At specific P,
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Fig. 11. The variation of von Mises stress at the defect center under varied internal
pressures with the change of inclination angle 6.

Corrosion potential, V (SCE)

-0.720
-0.722 A -v——VvV——VvV—v
p— v v .
0724 ] ‘//A/"”"‘—’*-‘
—-0.726 A
—-0.728 A
—&— 20 MPa
-0.730 4 —e— 15 MPa
—aA— 10 MPa
—v— 5MPa
-0.732 T T T T T T T T T T
0 10 20 30 40 50 60 70 80 90
6,°

Fig. 12. The variation of corrosion potential at the defect center under varied internal
pressures with the change of inclination angle 6.

_
(=2
-

Cathodic current density, pA/cm?

-3.7 1

-3.8 1

-3.9 4

-4.0

-41 4

-4.2 1

43

—=— 0=0°
—e— 6=15°

Defect length, mm

. Distributions of (a) anodic and (b) cathodic current densities along c-axis direction of the defect with varied ¢ angles under 20 MPa of internal pressure.

1526



Z.-W. Zhang, ].-C. Wang, ].-H. Zhang et al.

with the # changing from 0° to 90°, Ec, is shifted less negatively.
While the change of Ec is remarkable with the # angle at high P
such as 20 MPa, there is little change of Ecor at low internal pres-
sures such as 5 MPa. At a fixed defect inclination angle, the Ecqrr
becomes more negative as the internal pressure increases.

The variations of i; and i. at the defect center under various P
with the change of inclination angle ¢ are shown in Fig. 13. At
specific P, with the # changing from 0° to 90°, both i, and i. at the
defect center decrease (note the absolute value of cathodic current
density). As P increases while the # angle is fixed, i, and i also in-
crease. The results show that an elevated P of the pipe would
accelerate both anodic and cathodic reactions at the defect center,
where the corrosion rate is enhanced. Moreover, the defect with 6
of 0° is always associated with increased corrosion (i.e., increased
iy). Although the difference in corrosion potential caused by the
change of the defect inclination (#) is small (Fig. 6), the anodic and
cathodic current densities change apparently with 6. Potential is a
thermodynamic parameter and current density is a Kkinetic
parameter. It is not uncommon that a small change in thermody-
namic parameter (e.g., corrosion potential) can cause a big change
in reaction kinetics. Thus, the corrosion rate at the defect can be
affected by the defect inclination on pipelines.

3.5. Effect of the defect geometry (i.e., the r¢q ratio) on apjises, Ecorn 1a
and i. of the defect

The defect geometry is defined using the r¢, ratio, but the defect
depth is maintained unchanged. Since c is longer than the sec-
ondary axis (a) for a semi-ellipsoidal defect, the stress distribution
and local corrosion condition at the defect would be affected by the
inclination angle 6.

The variation of oyjses at the center of the defect with 6 of 0° and
90° under 20 MPa of internal pressure with the change of r¢, ratio is
shown in Fig. 14. When the defect shape is semi-sphere (rc, = 1),
the effect of § on the maximum ojses can be negligible. With the
increase of r¢,, i.e., the length of c increases or the length of a be-
comes short, the role of the inclination angle in the stress at the
defect is more obvious, where the stress at # of 0° increases much
more rapidly than that at # of 90°. When r, is 8, the maximum
amises Of the defect with 6 of 0° reaches 892.13 MPa and exceeds the
ultimate tensile stress of the steel. Thus, the corrosion defect with
the c-axis much longer than a-axis is really weaker sites on pipe-
lines in terms of the stress concentration development.

The variation of E.o at the center of the defect with 6 of 0° and
90° under 20 MPa of internal pressure with the change of rc, ratio is
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Fig. 16. The variations of (a) anodic and (b) cathodic current densities at the center of the defect (with # of 0° and 90°) under 20 MPa internal pressure with the change of rca ratio.

shown in Fig. 15. The change of E.o+ with the increase in r, ratio is
similar to previous results. When r¢, = 1, Ecorr Of the defect is equal
for # of 0° and 90°. As the r, ratio increases, the corrosion potential
of the defect at # of 0° shifts negatively, while that at § of 90° goes
towards the less negative direction slightly. Since the negative Ecorr
is accompanied with a great corrosion reaction, the defect with # of
0° becomes more corrosion-active, which is accompanied with the
rapidly increased stress concentration level (Fig. 14).

The variations of i and i. at the center of the defect with 6 of
0° and 90° under 20 MPa of internal pressure with the change of r¢,
ratio is shown in Fig. 16. When r¢; = 1, i; and i. of the defect are
identical for the § angles of 0°and 90°. With the increase of the ratio
Tca, and the absolute values of i, and i increase on the defect with 6
of 0°, indicating the accelerated corrosion reactions, as compared
with the defect with 6 of 90°. Thus, in terms of the long-term
corrosion defect growth, the defect with the inclination angle of
0° tends to develop accelerated localized corrosion, causing the
pipeline failure.

4. Conclusions

The M-E interaction at a defect on pipelines is extremely
affected by the defect orientation, i.e., the inclination angle (6).
Since the hoop stress is about three times of the longitudinal stress
of the pipe under internal pressure, the stress concentration
occurring at the defect is not uniform when it is inclined to the pipe
longitudinal direction with a . Generally, the stress is greater in the
x-axis direction than that in the z-axis direction.

When the inclination angle is zero, the greatest stress concen-
tration level at the defect can be observed, which is associated with
the most negative E.or and the greatest i;. The corrosion defect
with the primary axis parallel to the longitudinal direction of the
pipe (6 = 0°) can experience accelerated localized corrosion. With ¢
increasing from 0° to 90°, the stress concentration level reduces
and E.or becomes less negative, accompanying with a decreased i,.
The dependence of the stress concentration level and M-E effect on
the 6 is more apparent at elevated internal pressures.

When the ratio rc; of corrosion defect is equal to 1, the defect
inclination does not affect owises, Ecorr, ia and ic at the defect. With
the increase of r¢, (i.e., the primary axial length c exceeds the sec-
ondary axial length a), the effect of inclination angle () is more
apparent. oyjises, Ecorr, ia and ic at the defect with a § of 0° change
remarkably, while there is little change for the defect with 6 of 90°.
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