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Fatigue Crack Growth Rates in Pipeline Steels

Using Curved M(T) Specimens®

ABSTRACT: This study presents fatigue data for two different ferrite-pearlite pipeline steels. A fatigue crack growth test for full-thickness curved
pipeline samples was developed using a middle tension (M(T)) specimen. Also, finite element analyses (FEAs) were carried out to show the M(T)
curvature effects on the fatigue crack growth results. The two steels showed similar fatigue crack growth rate (da/dN) behavior. However, the
ferrite-pearlite steel without banding had slightly better fatigue properties than the ferrite-pearlite banded steel. Uncertainty in the fatigue crack
growth rates was analyzed by attributing all the fatigue scatter to the Paris law parameter C. The FEA based simulations, based on curved geometries,
of the compliance relationship more accurately predicted both fatigue crack growth data and true crack lengths. Nevertheless, the ASTM E647-05
compliance relationship accurately predicted the crack length for the M(T) geometry, although its use leads to slightly conservative fatigue crack

growth trends and a slight overestimation of the true final crack length.
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Introduction

The expanding need for oil and gas transportation places new re-
quirements on the steels used in large-diameter pipelines. It is well
established that early damage may initiate in service fatigue crack-
ing, generated by the fluctuations in the internal operating pressure,
as well as by the variation in external loads. The fatigue crack
growth can be accelerated by an aggressive environment [1-3].

Therefore, the safety assessment of gas and oil pipelines must
take fatigue properties into consideration [1,4,5]. Fatigue, recog-
nized as an important mechanical property, has been included in
both U.S. pipeline integrity management regulations and multina-
tional design standards [6-9].

The most common method of estimating fatigue life and inspec-
tion times is to employ a linear-elastic fatigue crack growth expres-
sion based on the “Paris law” relationship
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where:

da/dN(mm/cycle)=increment in crack growth per cycle,

C and m=material properties, and

AK (MPa-mm'?)=variation in stress intensity factor.

By choosing the Paris law, the present study limits the applica-
tion of this work to the region II of the fatigue crack growth rate
(FCGR) curve and neglects the stress ratio and load sequence ef-
fects. The loading effect study, like the overloads, the underloads,
and the change in the FCGR as a function of the loading ratio, was
not the intent of the present paper. Trends similar to those presented
here could be expected with different load ratios under constant
amplitude loading.

To use this approach, one must determine both the initial crack
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size and the final crack size that will cause failure in service. In
addition, one must apply relevant crack growth rate characteristics
for the material (the C and m values in the Paris law equation) and a
representative operating pressure spectrum for the pipeline of inter-
est in order to calculate the times to failure for the various credible
defect sizes. Finally, one should apply a factor of safety to the mini-
mum calculated time to failure to account for inaccuracies in the
methodology and random errors in the variables to make certain
that intervention can take place before a failure occurs [8,9].

In the present work the FCGR evaluation is investigated. The
common way to monitor FCGR tests is to use a clip gage mounted
in the specimen notch and calculate the crack length using the
specimen compliance via the crack mouth opening displacement
(CMOD). This method has the advantage of generating data di-
rectly during the fatigue test without any stop-and-start process,
and it is based entirely on the compliance relationship. This rela-
tionship is the key to the accuracy of the entire test and will be
discussed in this paper.

The possible effects of using curved specimens machined di-
rectly from the full-thickness pipeline are also examined. The pipe-
line industry usually uses flattened or machined small-size speci-
mens, such as single-edge notched [5,10—-12], compact tension
(C(T)) [3,13,14], or three-point bending [15] specimens, to assess
FCGR material properties. This leads to three limitations.

(1) Small specimens, with a short fatigue crack growth liga-
ment, are not ideal to identify FCGR parameters in pipe-
lines of large diameters.

(2) Using flattened specimens manufactured from the new
thermomechanically controlled process (TMCP) technique
induces a Bauschinger effect and changes the material
properties of the investigated pipeline steel [16].

(3) Using surface machined specimens eliminates the surface
effect on the pipeline, which is sensitive to the TMCP pro-
cess, and eliminates the effect of pipeline coating, if
present, on FCGR.

A way to avoid these specimen effects is to use a full-thickness

center-cracked middle tension (M(T)) specimen, which is designed
specifically for FCGR measurements and is directly machined from

Copyright © 2009 by ASTM International, 100 Barr Harbor Drive, PO Box C700, West Conshohocken, PA 19428-2959. 1



2 JOURNAL OF TESTING AND EVALUATION

TABLE 1—Designation of the tested steels.

TABLE 4—Measurements (mean) of the metallurgical features.

OD OD Thickness Ferritic Grain Size Pearlite Volume Fraction
Designation (in.) (m) (mm) Steel (um) (%)
X52 20 0.51 8.1 X52 11.8 37.1
Grade B 22 0.56 7.4 Grade B 10.8 253

the pipeline without any surface machining (grinding) or flattening.

In this paper, a curved M(T) test setup is presented, and finite
element analyses (FEAs) are carried out to show the M(T) curva-
ture effects on the compliance relationship and on the FCGR results
for two different pipeline steels.

Material Properties

Two pipeline steels that were removed from service were tested.
The steels were API X52 and API Grade B low-strength pipeline
steels. Table 1 summarizes the pipe dimensions.

Nominal chemical compositions of the selected steels are given
in Table 2. As shown, these steels contain high carbon as well phos-
phorus and sulfur.

To measure the tensile properties of pipeline steels, flat tensile
specimens (6 mm wide) were machined from the pipeline. Those
taken in a longitudinal orientation (axial orientation) were full
thickness. The circumferential specimens were 3 mm thick, and no
tests were performed on the through-thickness orientation. All
specimens had a uniform test section gauge length of 25.4 mm.
Experiments were performed in a screw-driven tensile testing ma-
chine of 100 kN capacity, and a closed-loop servohydraulic ma-
chine of 100 kN capacity. Tests were conducted in displacement
control at a rate of 0.25 mm/min. Two tests were conducted for the
circumferential (C) direction and two for the longitudinal (L, direc-
tion of maximum grain flow) direction for each steel. The mean
mechanical properties measured for the two steels are shown in
Table 3; E is the Young’s modulus, o , is the yield strength, oypg is
the ultimate strength, e, is the uniform elongation, and e,is the frac-
ture elongation. Table 4 lists some measurements of the metallurgi-
cal features.

These steels had been in service for many years, and Young’s
modulus (calculated from the stress-strain curves) on full-thickness
specimens is subject to specimen effects such as surface irregulari-
ties and corrosion. Dynamic elastic modulus measurements for the
samples taken from these two pipeline steels were conducted ac-
cording to standard ASTM E1876-07 [17]. Table 5 summarizes

three dynamic elastic modulus measurements: £(1), measured for
out-of-plane flexure, which has the greatest strains on the wide flat
sides; £(2), measured for in-plane flexure, which has the greatest
strains on the long edges; and E£(3), measured for longitudinal vi-
brations with equal strains across the cross section. For each steel,
one dynamic elastic modulus test was conducted. The results show
good correspondence between the steels, as might be expected.

Figure 1(a) and 1(b) illustrates the microstructures of the vari-
ous steels, which emphasize the following points:

(a) steel X52 (Fig. 1(a)) is characterized by a ferrite-pearlite
banded structure, and

(b) steel Grade B (Fig. 1(b)) is ferrite-pearlite steel without
banding.

Experimental Procedures

Fatigue tests were conducted on M(T) specimens, as defined in
ASTM E647-05 [18] machined from the longitudinal orientation
with respect to the pipe axis, corresponding to the L-C orientation
agreement with the ASTM E1823-05a [19]. Full-thickness speci-
mens were tested with no flattening; only the portions of the speci-
men where the crack growth occurred were polished in order to
optically verify the crack length. Specimen geometry, as defined in
ASTM E647-05, and dimensions are depicted in Fig. 2. A through-
thickness notch with a tip radius of 0.254 mm (0.01 in.) was intro-
duced by spark erosion. Due to the specimen curvature, special
adapters (Fig. 3) were designed to allow application of a uniform
pressure by the hydraulic grips without deforming the specimen
(the adaptors were pin mounted to the specimens to avoid sliding at
the adaptor/specimen interface). To avoid introducing bending into
the gage section, the centroid of the central specimen part, with a
length of 208 mm in Fig. 2(a), corresponds to the centroid of the
extremity test setup, specimen plus adapters; this assures the align-
ment of the specimen in the fatigue test machine. A special CMOD
gauge was mounted directly across the notch opening, on the outer
pipeline diameter, for monitoring the compliance (Fig. 4). The stan-

TABLE 2—Chemical composition of the tested steels (wt %).

Steel C Mn P S Si Cr Ni Cu \ Nb Mo Co
X52 0.24 1.03 0.016 0.013 0.057 0.024 0.064 0.038 0.002 0.007 0.016 0.025
Grade B 0.27 0.36 0.005 0.015 0.009 0.029 0.021 0.015 0.003 0.005 0.007 0.007

TABLE 3—Mechanical properties (mean).

E G902 OuTs €y er
Steel Orientation (GPa) (MPa) (MPa) 002/ OuTs (%) (%) e,/er
X52 L 211.1° 380 556 0.68 11.6 32.7 0.38
C N/A 453 574 0.79 11.1 25.6 0.43
Grade B L 212.1° 242 450 0.53 20.5 37.8 0.52
C N/A 254 458 0.55 18.5 38.0 0.49

Average of the dynamic elastic modulus.
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TABLE 5—Three dynamic elastic modulus measurements.

E(1) E(2) E(3)
Steel (GPa) (GPa) (GPa)
X52 210.9 212.8 209.6
Grade B 2133 211.5 211.5

dard equation for finding the crack length of a M(T) specimen from
compliance data uses a fourth-order polynomial. This standard
equation is from ASTM E647-05 [18] and will be presented later.
To achieve a better measurement of the compliance, the top and
bottom portions of the CMOD vs load curve were excluded, with

FIG. 1—Microstructure of the steels (cross section parallel to the direction of
rolling and L-C orientation (specimen length)): (a) steel X52 and (b) steel

Grade B.
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FIG. 2—(a) ASTM E647-05 M(T) specimen characteristics [18] and (b) M(T)
specimen dimensions (in mm).
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FIG. 3—Special adapters designed for the M(T) curved specimen.

only the interior points fitted. This should prevent nonlinearities en-
countered through phenomena such as crack closure from affecting
the slope of the curve. Furthermore, points were collected on both
sides of the loading and unloading curves in order to average pos-
sible hysteresis effects.

The fatigue tests were conducted at room temperature using a
computerized servohydraulic fatigue machine with a loading ratio
Ko/ Kiax» (Where K and K, are calculated from the minimum
and maximum applied load, respectively) equal to 0.4 at a fre-
quency of 10 Hz. Three tests were conducted on X52 steel and two
tests were conducted on Grade B steel.

The stress intensity factor range AK was calculated according to
the following equation from Tada et al. [20]:

AP ———
AK=——\1(R0) " F(0),
BWW( 0) - F(6)

0 32 0 52 0 72
ool o2 s 2]
m™ w m

; Crack. utlt Opening
Displacement Gauge

FIG. 4—Experimental setup with CMOD gauge location.
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FIG. 5—FE model of (a) curved and (b) flat M(T) specimen with 20 mm crack.

H—tanl<1%i>, ©)

where:

a=half crack length,

0 =crack half-circumferential angle,

R,=mean radius (R;=(0D/2)-(pipeline thickness/2)),

AP=applied load range, and

W and B=specimen width and thickness, respectively.

This equation is valid when 6 <110° [20].

A computer controlled K-increasing test, where the stress inten-
sity is controlled as a function of the crack length, was used with a
normalized K-increasing gradient equal to 0.1 (mm™'). The initial
AK was selected to be 90 MPa-mm'/. To minimize fatigue crack
tip damage (due to overload or underload), the initial precracking
procedure was performed at a value of AK close to the actual test-
ing value. The end test criterion was set to be either a crack growth
rate of 5X 1072 mm/cycle or a half crack length of 36 mm (70 %
of the M(T) specimen width.)

Influence of the M(T) Specimen Curve Shape

The FCGR tests were performed using the standard ASTM
E647-05 [18], designed for flat M(T) specimens. To examine the
effect that the M(T) curved specimen geometry had on the fatigue
crack growth test results, finite element models of both the curved
specimen and a corresponding flat specimen were developed in
ABAQUS/STANDARD V6.6 general purpose FEA software [21]. Figure
5(a) shows the curved model, while Fig. 5(b) shows the flat model.

This comparison was performed with both the curved and flat
models having the same thickness. However, the width at the ends
on the flat plate was adjusted so the model had the same cross-
sectional area as the curved model. This ensured that the same pres-
sure loading on the flat model end corresponded to the same maxi-
mum load on the curved model end. As an additional verification,
the difference in cross-sectional area of the gage section was mea-
sured between flat and curved models and found to differ by only
0.4 % for the Grade B model and 1.7 % for the X52 model.

Figure 6 details the boundary conditions applied on the model.
In the figure, the boundary conditions applied are shown by the ar-

FIG. 6—Boundary conditions applied to the finite element model.

rows, which indicate the constraint direction of these sections. The
following constraints are applied to the model:

(a) At one end, a pressure load corresponding to a maximum
force of 130 kN applied during actual testing is applied.

(b) At the opposite end of the model, the displacement in the
Z-direction is fixed, corresponding to the fatigue test setup
(e.g., Fig. 4).

(c) Additionally, boundary conditions were applied along the
midsurface of the 152 X 126 mm? end section to restrict out-
of-plane (Y-direction) displacement.

(d) Finally, along the centerline of the 152X 126 mm? end sec-
tions, the X-direction displacement is fixed.

These last two constraints simulated the constraint imposed on
the ends by the adaptor blocks (Fig. 3) and clamping force in the
test machine. Using a displacement boundary condition along the
midsurface of the model rather than trying to simulate the actual
clamping forces on the adaptor blocks simplified the model, which
was advantageous since numerous simulations were performed.

To verify these boundary conditions, a comparison was made to
a FE model with the actual adaptor blocks included in the model,
and the results were identical. Eliminating the adaptor blocks from
the model improved the computational efficiency of the model.

20-node quadratic reduced-integration brick elements were

used to mesh the models. Due to the specimen curvature, different
meshing algorithms are required for the flat and curved specimens
remote of the crack tip. This results in different mesh sizes along
the specimen edges. However, similar meshing used around the
crack tip prevents any element size dependencies. Mesh conver-
gence was investigated by varying the element length from 0.25 to
3.0 mm. It was found that the CMOD values predicted by the model
varied a maximum of 0.13 % over the range of mesh sizes. From
this analysis, a mesh size of 1 mm was selected around the crack tip
since it is less expensive computationally than the smaller elements
and provides adequate ability to mesh the different crack lengths
without excessive mesh distortion.

Singularities with single-node degeneracy and midside node
placement of 0.5 along the element edge length were incorporated
at the crack tips in the model [21]. Adjusting the singularity param-
eters did not significantly affect the CMOD results, so the above
recommended parameters were used.

To predict the compliance relationship for each model, the crack
length in the models was varied from 8 to 36 mm in increments of 4
mm. The CMOD predicted from the model, identified as the rela-
tive displacement across the notch edges along the center line of the
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FIG. 7—Curved and flat FE model results for X52 grade steel compared to
ASTM [18] prediction for an applied load of 130 kN.

model, corresponded to the CMOD gage attachment points in the
experimental tests.

Whereas by symmetry the CMOD is the same for both sides of
the flat specimen, the pipe curvature causes the CMOD to vary be-
tween the outer diameter (OD) and inner diameter (ID) of the
curved model. The results for the flat plate model and both the ID
and OD results of the curved plate model are plotted in Fig. 7 (for
the X52 steel) and Fig. 8 (for the Grade B steel), for an applied load
of 130 kN, along with the ASTM E647-05 expression used to pre-
dict the crack length as a function of compliance,

2a 2 3 4
W = Clx + sz + C3x + C4.x N (3)

where:

a=half crack length,

W=specimen width,

C, C, C;, and Cy=compliance coefficients (C,
=1.069 05, C,=0.588 106, C;=-1.018 85, C,=0.361 691),
and

x is calculated as

r=1- e(w“‘(EBcMm)(EBcMmclmcznfs))/z.141, @)
where:
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FIG. 8—Curved and flat FE model results for Grade B steel compared to ASTM
[18] prediction for an applied load of 130 kN.

TABLE 6—ASTM expression parameters.

Parameter X52 Grade B
W (mm) 101.6 101.6
B (mm) 8.1 7.4

L (mm) 152.4 152.4

E (MPa) 2.11 % 10° 2.12%10°
y (mm) 0.254 0.254

E=Young’s modulus,

B=specimen thickness,

Cj/=measured compliance (CMOD/load), and

n=2y/W, where y is the distance from the crack to the point
where the CMOD is measured (half of the gauge length) [18]. Table
6 summarizes the parameters used to calculate the ASTM expres-
sion (where L is the center uniform specimen length), and Fig. 2(a)
presents these parameters in the ASTM drawing [18]. Because the
test specimens are loaded uniformly at the ends, the values of ¢y, ¢,
and c; are taken as zero. The FEA verified that using the ¢, ¢,, and
¢; corrections for both the pinned and clamped configurations pro-
duced crack length predictions nearly identical as those with ¢,
=c,=c3=0 for this particular geometry and loading situation.

The FEA simulations were performed with two different applied
loads, 50 and 130 kN, in order to have a large range of relative crack
length (2a/ W) vs compliance relationship. In Figs. 7 and 8 only the
results from the 130 kN are presented because the trend for the 50
kN simulations is similar due to linear elasticity theory.

From Figs. 7 and 8, the finite element results for both the flat
specimen and the curved specimen differ slightly from the ASTM
prediction for both steels. Figure 9 shows the percent difference
between the known crack length in the FE simulations and the
crack length predicted by the ASTM equation.

The difference between the flat FE model predictions and
ASTM expression predictions is within 2 %. Several ideas about
the cause of the discrepancy between the ASTM equation and the
FE predicted model were explored. First, it was thought that while
the FE models are three-dimensional, the ASTM equation is formu-
lated from a plane stress relation. To explore this difference a 2D
plane stress model with the same geometry as the 3D model was

12 — Py
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i _/,'Q + X352 FEA Flat
& Es X352 FEA Curved OD
S 4- > X352 FEA Curved ID
g | K /. Grade B FEA Flat
£ g X Grade B FEA Curved OD
= 0-— N ¢+ Grade B FEA Curved ID
E N«*-&- 4
£ *
- A
-8 — ““L=:@—:—'—‘§’
-12 T | T | T |
1] 10 20 30 40

Crack Length: @ (mm)

FIG. 9—Percent error of ASTM crack length predictions compared to set FEA
crack lengths.
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TABLE 7—Compliance coefficients for the X52 and Grade B steels.

Compliance Coefficients C, C, C; Cy
ASTM E647-05 1.069,05 0.588,106 —1.018,85  0.361,691
X52 flat 0.990,23  1.203,53  —2.122,16 1.009,62
X52 curved (OD side) 1.073,75 0.420,78  —1.44240  0.955,90
X52 curved (ID side) 093547 1.475,79 -1.711,03 -0.012,19
Grade B flat 1.002,71 1.157,25  -2.048,42  0.956,81
Grade B curved (OD side) 1.084,15 0.419,21  —1.477,63  0.990,50
Grade B curved (ID side)  0.923,86 1.768,28  —2.620,75  0.750,36

created. It yielded the same results as the flat 3D model and was
thus not the source of the discrepancy.

Further, it was also thought that using the CMOD in the compli-
ance calculation might affect the crack length predictions, so two
different y values, y=6.75 mm and y=20.9 mm from the crack
plane, were used to predict the crack length in the model. Using
these two alternate points yielded nearly identical crack length pre-
dictions from the ASTM expression as those obtained from using
the CMOD, y=0.254 mm, as the point of evaluation.

In reality, the ASTM expression is a polynomial fit of the Eftis
and Liebowitz expression [22] and has been developed to take into
account a range of specimen geometries; some small variance in
the crack length predictions is therefore expected.

Examining the curved results in Fig. 9, the ASTM expression
generally underpredicts the crack length for long cracks in com-
parison with the flat and curved ID simulations and overpredicts the
crack length for long cracks in the comparison with curved OD
simulations. The difference in compliance between the OD and ID
FE predictions, as crack length increases, is likely due to the dis-
placement of the specimen’s cross-sectional centroid relative to the
loading axis. As the remaining ligament decreases, the specimen’s
halves rotate. These differences and their consequences on fatigue
life predictions will be discussed later.

At this point in this study, it is clear that the ASTM expression,
while valid for flat specimens, could not accurately predict the
crack length for this particular curved geometry and loading situa-
tion, but the repercussion of the different crack length calculations
on fatigue life predictions remains unknown. To explore this, new
empirical coefficients for the ASTM expression were calculated
based on the curved FEA compliance results. Table 7 presents the
corrected compliance coefficients for the X52 and Grade B steels.
These coefficients will be used in the experimental fatigue results
section of this paper.

Experimental Results and Discussion

Figure 10 presents the FCGR curves for the pipeline steels X52 and
Grade B using the ASTM E647-05 [18] method, with the original
parameters to calculate the compliance relationship, and Eq 2 to
calculate the stress intensity factor. In this figure, two FCGR test
results are plotted for the Grade B and three for the X52.

The two FCGR curves for the tested steels show similar trends.
Minor differences are observed at the beginning of the propagation.
At the end the FCGR propagation, corresponding to region III, the
two curves begin to diverge slightly. This divergent behavior re-
flects the fact that the microstructure of the steel influences the fail-
ure mechanisms more than the fatigue mechanisms in this higher
loading regime.

From the FEA study, two new FCGR curves were plotted for

10°
2 |O Grade B
10+ |+ X52

da/dN (mm/cycle)

107 — — .
100 1000
AK (MPasmm'?)

FIG. 10—FCGR curves for the X52 and Grade B steels.

each steel. The first curve, for the flat specimen model, presents a
crack length estimation based on CMOD measurements from the
fatigue test and the compliance coefficients calculated from the
FEA results (third row, for the X52 steel, and sixth row, for the
Grade B steel, in Table 7). The second curve presents a crack length
estimation based on the CMOD measurements and the compliance
coefficients calculated from FEA results obtained for the curved
(OD side) specimen model (fourth row, for the X52 steel, and sev-
enth row, for the Grade B steel, in Table 7). Figure 11 compares
these FCGR curves for the two steels. For these curves, AK was
determined using the equation of Tada et al. [20] (Eq 2) with the
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10 FEA Curved
2 10 o®
g’ 3
2 10°
g |
% 107 «
% 10°
10°
10:__' T ™ T LA B B al
100 1000
AK (MPa*mm'?)
() %3 [ ASTM E647-05] .
10" |~ FEA Flat
7 |0 FEA Curved o
= 107 ot
]
‘g 107 -
8
g 10° 4
% 10° +
bl |
107 . - — T -
100 1000
AR (MPasmm'?)

FIG. 11—FCGR curves calculated with three different crack length estimations
for the (a) X52 and (b) Grade B steels.
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TABLE 8—Statistical results for all the FCGR curve determinations.

SD/Mean C Number of

Designation m In(C) * Mean C Mean C+2 SD (%) Points Used
X52 ASTM E647-05 3.49 N(—44.08:0.12) 1.22X107"% 154X 1074 13.1 180
X52 flat 3.44 N(—43.68:0.12) 1.58X107  1.99x 1074 13.0 179
X52 curved (OD side) 3.51 N(—44.29;0.12) 1.06X 107"  1.34x107 132 181
Grade BASTM E647-05  3.67 N(—46.15;0.11) 2.88X10™5 358X 107" 12.2 166
Grade B flat 3.60 N(—45.80:0.11) 3.60X10°5 448X 107" 12.2 164
Grade B curved (OD side) 3.69 N(—46.33;0.11) 2.56X1075  320x 107" 12.5 166

*AK is expressed in MPa-m'2.

Note: SD is the standard deviation, the letter N is the normal distribution, the first number after the letter N refers

to the mean, and the second refers to the standard deviation (in the In(C) column, AK is expressed in MPa-m
usually mentioned in RBI [24] but remained expressed in MPa-mm

new crack length values. The AK values obtained with the Tada et
al. equation are very close to those given by the ASTM E647-05
AK equation [18]. This is not surprising because the stress intensity
factors were analyzed for flat and curved specimen configurations
in the FEA models, and a small influence of the curvature was ob-
served. This is easily understood by the fact that the stress intensity
at the crack tip is more highly influenced by the sharpness of the
crack than by the specimen curvature. The specimen curvature af-
fects the stress field only slightly in comparison to the effect of the
crack, especially when the pipeline diameter is large, which is the
case in the present study.

From the statistical point of view, when the Paris law is used, m
is fixed and C is used to represent the scatter [8,23]. The determinist
choice of the m parameter, presented in standard BS 7910 [8], is
due to the fact that the results obtained by considering m as a ran-
dom variable cannot be transposed from laboratory accelerated
conditions to service conditions (this is due to the nonlinearity
caused by the Paris law m). The distribution of In(C) is assumed to
be normally distributed (as the fatigue life is assumed log-normally
distributed). Similar to the approach used in risk based inspection
(RBI), we make these assumptions to evaluate the scatter in the
crack growth rate results [24]. This approach is valid if the indi-
vidual estimates of C are independent (the population of C needs to
be statistically independent; otherwise, we could not consider that
the data are independent and we could not perform a statistical
analysis of C).

In the stable crack growth region, a statistical study of the C
parameter was conducted, assuming each of the FCGR test points
was independent. The parameter m was taken as the mean value,
and the parameter C was calculated for each FCGR test point. Table
8 summarizes the statistical results for the steels. In Table 8, SD is
the standard deviation, the letter “N” is the normal distribution, the
first number after the letter N refers to the mean, and the second
refers to the standard deviation (in the In(C) column in Table 8, AK
is expressed in MPa-m"? as usually mentioned in RBI [24] but re-
mained expressed in MPa-mm'’? in the other columns of the table).
The “Mean C+2 SD” column represents the fatigue crack growth
law upper bound parameter used in FCGR design, as seen in the BS
7910 standard [8]. These statistical results are determined in region
II of the fatigue crack growth (stable crack growth). Figure 12
shows that the scatter of the parameter C for crack length determi-
nation, based on FEA curved specimen (OD side) simulations for
each steel, is random. Similar results were found for all FCGR
curve determinations presented here. From Figs. 11 and 12 and
from Table 8, several remarks can be made.

(1) In Fig. 12, the scatter of the parameter C shows no trend,

12 as

12 in the other columns.

confirming the statistical independence of C. The standard
deviation of C is a small fraction of the mean values.

(2) The FCGR curves obtained using the ASTM E647-05 [18]
and the FEA results are similar. Table 8§ showed similar re-
sults between ASTM and FEA Paris parameters. In order to
investigate the difference in the fatigue crack growth re-
sults, a comparison is made for a crack growing from a
length of 0.5 mm and increasing up to a length of 5.0 mm.
These example depths were chosen to keep AK in region II
(linear Paris law region) from initial to final crack lengths
in order to be focused only on the fatigue properties. The
initial crack length, 0.5 mm, with an initial da/dN higher
than 10°® mm/cycle, avoids any influence from the early
fatigue stage. The final crack length, 5.0 mm, is reached
before any critical crack length for steel failure, thus avoid-
ing any influence of material toughness and plasticity. The
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FIG. 12—Scatter of the parameter C using FEA curved specimen (OD side)
models for (a) X52 and (b) Grade B steels.
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FIG. 13—Sketch of the pipeline application example, with crack geometry, used
in fatigue lifetime comparisons.

focus is on predicting the range in service life characteristic
of a pipeline containing a flaw and having relatively small
variations in FCGRs. As application example a pipeline
with a through-thickness flaw (Tada et al. [20] case for the
AK calculation of Eq 2), with a uniform applied loading
range Ao equal to 80 MPa (with a stress ratio equal to 0.4
as in the FCGR tests), and with same dimensions as the
Grade B pipeline was assumed. A sketch of the example is
presented in Fig. 13, showing the through-thickness flaw.
The results of these simulations are presented in Table 9.
From Table 9 several remarks can be made. ASTM
E647-05 shows similar fatigue life trends to those calcu-
lated using the FEA compliance relationships. The flat
simulations are slightly more conservative than the curved
simulations due to an overestimation of the crack length in
the final part of the fatigue crack growth propagation in the
FEA curved simulations. We note that all the fatigue life
calculations are within approximately 10 % of the ASTM
prediction.

(3) The steels tested had significant differences in microstruc-
ture (banding) but show little difference in fatigue proper-
ties. This result is not surprising particularly when the ini-
tiation and final stages of fatigue are not considered. The
ferrite-pearlite pipeline steel without banding (Grade B)
has slightly better FCGR properties than the ferrite-pearlite
pipeline steel with banding (X52).

(4) In order to verify the accuracy of the crack length estima-
tion presented here, the final crack lengths predicted using
the FE compliance relationship is compared to the final
crack lengths measured from the tests. This comparison is
shown in Table 10.

From Table 10, the FEA curved (OD side) simulation leads to a
better final crack length estimation than ASTM E647-05 and FEA
flat simulations, which lead to similar results. The use of the FEA
curved (OD side) simulation appears to be more accurate.

Conclusions

The fatigue behavior of two pipeline steels was investigated.
Curved M(T) (full-thickness) fatigue specimens were used. The
specimens were machined directly from the pipeline along the lon-
gitudinal orientation (L-C orientation). FEAs were carried out to

TABLE 10—Comparison of the final fatigue crack length (a in mm).

Measured from ASTM FEA FEA Curved
Designation the Test E647-05 Flat (OD Side)
X52 28.7 333 34.7 30.0
Grade B 24.0 33.2 342 29.7

show the M(T) curvature effects on the FCGR results for two dif-
ferent pipeline steels.

Experimental results show minor differences in FCGR between
the two ferrite-pearlite, 0.2—0.3 wt % carbon steels. The ferrite-
pearlite pipeline steel without banding (Grade B) has a slightly bet-
ter fatigue resistance than the ferrite-pearlite pipeline steel with
banding (X52).

Uncertainty in the FCGRs was analyzed by attributing all the
scatter in FCGR to the Paris law parameter C. The standard devia-
tion of the C parameters was a small fraction of the mean values.
Uncertainties in the FCGRs produced quite small standard devia-
tions in the predicted lifetimes. The flat and curved (OD) life pre-
dictions are particularly close, thereby indicating that the predic-
tions based on the flat specimen are only slightly nonconservative
and may be adequate for most applications. Considering the uncer-
tainties in the predicted range of lifetime (for example, the range
between the mean value and the mean plus two standard devia-
tions), the similarities of the predicted lifetimes for the two steels
tested were confirmed.

The ASTM E647-05 compliance relationship [18] accurately
predicts the crack length for a particular geometry and loading situ-
ation. The FEA flat and curved compliance relationships demon-
strate trends similar to those seen in the ASTM standard. Finally,
the FEA compliance relationship curve seems to be the most accu-
rate based on the actual final crack length estimations but has only a
slight influence on the fatigue life calculation (difference of 10 %).
These observations showed that the ASTM polynomial compliance
equation (Eq 3) can accurately be used for M(T) specimens (flat
and/or with different pipeline curvatures) using ASTM E647-05
coefficients.
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TABLE 9—Fatigue life calculated for a crack depth growing from 0.5 to 5.0 mm (mean and mean+2 SD).

Designation
Life Duration X52 ASTM X52 X52 curved Grade BASTM Grade B Grade B curved
(cycles) E647-05 flat (OD side) E647-05 flat (OD side)
Mean—2 SD 2.55%10° 2.43 X 10° 2.63 X 10° 429X 10° 412X 100 4.41x10°
Mean 3.22x10° 3.07 X 10° 3.33x10° 5.33x10° 5.13x10° 5.51x10°
Mean+2 SD 4.07x10° 3.86 X 10° 4.22X%10° 6.63 X 10° 6.38 X 10° 6.90 X 10°
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