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EXECUTIVE SUMMARY

This work was performed for specific application to surface circumferential cracks in pipe under
strain-based design, for which the best constraint matching has been found to occur for clamped
single-edge tension (SE(T)) specimens with H/'W=10. For this geometry, a test procedure similar
to that of ASTM E1820-06 for single-edge bend (SE(B)) and compact tension (C(T)) specimens
was developed for J-resistance tests using a single-specimen technique. All the equations used in
the procedure, including those for evaluation of J-integrals from the area under load/plastic crack
mouth opening displacement (CMOD) curves, and evaluation of crack length from unloading
compliance including rotation correction, were developed using finite element analysis (FEA)
with a range of crack depths, focusing on a/W= 0.2 to 0.5 which is of most practical interest.

The present procedure is compared with that of E1820 for SE(B) testing regarding evaluation of
J-integral with crack growth correction, crack length evaluation, and correction of compliance
for rotation. Some details of the tests, such as load used for initial crack size estimation, and
selection of side-groove depth for the SE(T) specimens, are also specified and compared with
that for SE(B) specimens. The initial and final crack lengths evaluated using the compliance
technique are compared with those from the optical nine-point technique on broken specimens.
J-integral resistance curves measured using clamped SE(T) specimens and conventional SE(B)
specimens, including plain-sided and side-grooved with shallow and deep cracks for the same
high strength pipe steel base metal are reported and compared.
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1 INTRODUCTION

Pipelines from remote frontier regions are increasingly required to have adequate resistance to
large deformations such as that caused by ground movement. In response to this, “strain-based
design” has been developed to enable assessment of imperfections at applied strains beyond
yield. In addition, it is proposed to take advantage of the increased apparent toughness of pipe
under low constraint, such as girth weld imperfections under axial tension, compared with the
high-constraint toughness measured in conventional tests such as ASTM E1290 [1]. Application
of low-constraint testing has been advantageously applied in assessment of toughness for
offshore pipeline projects.

Also in the pipeline industry, demands on new pipeline projects include low design temperatures
as well as high strain capacity. At the same time, increased strength is specified, which increases
the level of required toughness. These factors make it increasingly important to assure weldment
toughness, in particular to ensure that the failure mode remains ductile. It is well known that
brittle cleavage is especially sensitive to constraint, and the availability of a toughness test that
would reproduce field conditions would enable more rational development and acceptance of
candidate welds and, in particular, enable more appropriate testing of weld heat-affected zones.

Recently, a substantial amount of research has been performed to assess the fracture toughness of
pipes with low constraint; specimens such as shallow-cracked single-edge bend and tension
(SE(B) and SE(T)), either pin-loaded or clamped, have been used. The related work on J-
resistance measurement includes work of CANMET-MTL [2], where single-specimen technique
on shallow SE(B) and clamped SE(T) specimens was used; the guideline in DNV-RP-F108 [3],
where multiple-specimen technique was used on SE(T) specimens; also the work by Silva,
Cravero and Ruggieri [4], where pin-loaded SE(T) specimens were used.

Previous studies at CANMET-MTL have involved the development of methods to perform
toughness tests by using single edge specimens in tension and bending, and this work has
demonstrated that the apparent toughness as measured by the J-integral at a fixed amount of
crack growth is indeed higher under low constraint as quantified, for example, by low values of
the constraint parameter Q [2]. However, this work has not yet been generalized to form a
guideline to enable standardized testing. The goal of the present study is to develop a low-
constraint toughness test procedure based on single-edge tension (SE(T)) that will be suitable for
standardization.

This report will show the development of procedure and equations for J-resistance of SE(T) tests
utilizing a single-specimen technique. The procedure includes pre-test specimen design
including selection of length to width ratio, crack depth, as well as the design of side groove
geometry. Information related to fatigue crack preparation, loading-unloading schedule (such as
defining the load for initial crack measurement and percentage of unloading in loading-unload
sequence) and post-test analysis and reporting of initial crack length. The equations used in the
procedure include those for evaluation of J-integrals from the area under load/plastic crack
mouth opening displacement (CMOD) curves, and evaluation of crack length from unloading



compliance, including rotation correction. The resulting procedure and equations will be
compared with those in the literature and in ASTM standard E1820 (for SE(B) testing).

Finally, J-resistance results will be reported for an X-100 steel pipe tested using standard SE(B)
testing following the methods in ASTM E1820-06 [5] and the newly-developed procedure for
clamped SE(T) specimens.

2 DEVELOPMENT OF TEST PROCEDURE
2.1 SCOPE OF THE TEST

The goal of this test is to measure the J-integral fracture toughness and the extent of crack
growth using a single-specimen technique on a low constraint specimen. The specimen geometry
and loading mode is designed to produce a level of crack-tip constraint in the test that is similar
to the constraint experienced in service, specifically surface circumferential crack-like
imperfections in pipe under strain based design. The test is intended to be used for structural
steels.

For the above goal, a fatigue-pre-cracked specimen will be continuously loaded. Crack extension
may occur by ductile tearing, or by unstable brittle crack extension. In the latter case, the value
of J will be recorded as either J., or as J, if the brittle extension is preceded by at least 0.2 mm of
ductile growth. The value of J at maximum load is recorded as J, if there has been no prior
brittle cracking. If crack extension occurs by stable ductile tearing, a J-R “resistance curve” from
measured data will be constructed.

2.2 DESIGN OF SPECIMENS AND WEDGE GRIP

To produce a level of crack-tip constraint in the test that is similar to the constraint experienced
in service, stress fields and constraint parameters (Q and A,) of circumferentially-cracked high
strength pipe in displacement-controlled tension were compared with those of small-scale single-
edge notched specimens tested in tension (SE(T)) and bending (SE(B)). The factors affecting
transferability of fracture toughness (J-resistance) data from small-scale laboratory tests to
cracked high strength pipe were investigated. The investigation is written in a separate
publication [6].

In that publication [6], it is found that the crack-tip stress field is of similar form for a
circumferential crack in a pipe and a SE(T) test specimen, while for a SE(B) specimen there is a
significant gradient in the crack-tip stress field. Hence, the fracture toughness can be
characterized by only two parameters (J and Q or J and A,) for tension-loaded pipe and SE(T)
tests, but for SE(B) tests one more parameter is needed to describe the bending term.

In that publication [6], it is also concluded that the constraint in a SE(T) test with ratio of span
between load points to width H/'W=10 provides a reasonable match to that of a circumferential
crack in a pipe subjected to tensile loading. Fixed grip loading was selected based on the

following two considerations: i) clamped specimen is simpler to make compared with the pin-



loaded specimen; ii) clamped specimen has restricted rotation that avoids effect of large rotation
on compliance.

As shown in Figure 1, the SE(T) specimen is clamped at both ends to impose “fixed-grip”
loading with a “daylight” between the load points of H=10W.

< H l > LB_.[

i f

1 d end
clamped end camped en

Figure 1. Drawing of SE(T) specimen.

The test can be conducted using a universal test frame, with ancillary equipment for cooling the
specimen if required. It should be noted that the load capacity can be significantly higher than
that required for bend tests. For an uncracked BxB specimen, the collapse load is oyB? in tension
but only 6yB*/4 in bending (with the usual span of S=4W).

Apparatus is required for measurement of load and crack-mouth opening displacement as
described in E 1820 for SE(B) specimens. A SE(T) specimen clamped in an Instron universal
testing machine is shown in Figure 2.

Figure 2. SE(T) specimen and wedge grip.



2.3 NOTCH AND PRECRACKING

The notch should be machined following the procedures described for SE(B) specimens in
ASTM E1820, Annex A. For simplicity, all specimens can be pre-cracked in three-point bending
fatigue following the requirements described in ASTM E1820.2.4.

Side grooves are recommended to promote straight-fronted crack growth. According to E1820,
the angle of the side groove should be less than 90°, and the root radius 0.5 £+ 0.2 mm. A total
reduction of 0.2B and 0.1B were tested for shallow and deep cracked SE(T) specimens. For a
shallow crack (a/W=0.25), it was found that excessive crack extension occurred at the edge of
the specimen (Figure 3) with a total reduction of 0.2B (0.1B on each side). A total reduction of
0.10B (half that recommended for bend testing) was used initially both for shallow (a/W=0.25,
Figure 4) and deep (a/W=0.5, Figure 5) cracks. However, this may not be sufficient to provide
plane strain constraint and a SG depth of 15% (7.5% on each side) is now recommended.
Precracking is performed prior to side-grooving. The root of the side groove is located along the
specimen centerline.

Figure 4. Broken SE(T) specimen with 5% side-groove On each side, A/W=0.25.



Figure 5. Broken SE(T) specimen with 5% side-groove on each side, a/W=0.5.

2.4 MEASUREMENT OF INITIAL CRACK LENGTH AND UNLOAD/RELOAD
RANGE

In J-R tests using a single-specimen technique, unloading compliance is recommended for
measurement of the crack length. Measurement of the original crack length, a,, is usually done
by three unloading/reloading sequences. In E1820, the maximum load used for measurement of
a, for a SE(B) specimen is 0.5 to 1.0 times the maximum precracking force (P,=0.5Bby’cy/S),
that is about 0.25 to 0.5 times the collapse load of a SE(B) specimen. Similarly, for clamped
SE(T) specimens, we have used three unloading/ reloading sequences in the load range from
0.25 to 0.5 Py (Py=Bn(W-a)oy) for a, measurement. Equations relating compliance to crack
depth are developed in a later section. During the test, unload/reload cycles for compliance
measurement are repeated at each point i. It is recommended to use 25% of the current load for a
SE(T) specimen as the range of unload/reload for crack extension measurement. This is in the
low range of that recommended for SE(B) specimens in E1820 (should not exceed either 50% of
P, or 50% of the current force whichever is smaller). Test results show that the hysteresis loop
can be reduced by using a low range of unloading load change.

2.5 REVISED a,,

As done in E 1820, after the test, all J;and a; pairs determined before the specimen reached
maximum load are identified. The same as required by ASTM E1820, the number of these pairs
shall be > 8. This set of data points is used to calculate a revised a,q using the following
equation:

a = ay +J/(20y)+BI*+CJ (1)

The coefficients of this equation are found using a least-squares fitting procedure. The revised
aoq 15 then used to estimate values of Aai=aj- a,q.

After completion of the test, the specimen is heat tinted at about 300°C for 30 min and then
broken open. The nine-point technique described in ASTM E1820 is used to measure the crack
length for comparison with that from unloading compliance.



2.6 REPORT

The results of the test should be reported in the form of a spreadsheet with original data of load
and CMOD, and calculations of J and a. The summary report should include, at a minimum:
material; specimen dimensions including side grooving; initial crack length from Eqn. (1); initial
and final crack length measured on the fracture surface using the nine-point average technique;
and J., Jy, Jm as appropriate. The results of the calculations should be shown as a resistance
curve, J vs. Aa.

3 DEVELOPMENT OF EQUATIONS FOR J-RESISTANCE TEST

3.1 EQUATIONS FOR J CALCULATION FOR RESISTANCE CURVE TEST
METHOD

In the present study, the format for J evaluation in the resistance curve test method recommended
in ASTM E1820-06 for the SE(B) specimen geometry (A1.11 and A1.12 [5]) is used for SE(T)
specimens, with modification for crack growth. In the equations, J is calculated at point i at
current values of crack length a; CMOD vg, and load P; as follows:

Jiy =

w + Jpl(,-) (2)

The value of the plastic part of the J integral J,i) is given by

J pitiy = |:G71(i—1) " [ ”CAZOD(i—l) ]{ Apii) ;Apl(i—l) ﬂ{l o (i—l)b(a(i) - a(i—l)) 3)
(i-1) N (i-1)

where the equations for evaluating intensity factors K, parameters necmop and yrp will be

developed using FEA. The current crack length ag;) will be evaluated by the unloading

compliance technique. An equation relating crack length and elastic compliance including

rotation correction was also developed by FEA.

3.2 FINITE ELEMENT MODEL

FEA was used in the present study to develop equations for evaluation of stress intensity factors
as a function of load and crack depth, J-integrals as a function of the area under load/plastic
crack mouth opening displacement (CMOD) curves, and crack length as a function of unloading
compliance including rotation correction. The calculations were generally conducted by using a
2-D plane strain assumption; a 3-D FEA model was used to test the accuracy of using equations
developed using a 2-D model for a 3-D specimen and to find an equivalent thickness B, for

specimens with side-grooves. The details of the FEA models for these calculations are listed in
Table 1.



For elastic-plastic material, tensile properties were described using an elastic-power law plastic
expression for use in finite element analysis:

&= z for o< oyg
N 4
&= E(LJ Jor o>oyg
E Oys
Table 1. FEA models used in the present study
Parameters for Material model Deformation Crack-tip shape
evaluation
Stress intensity Elastic - Sharp (R=0)
factors
J-integral Elastic-power law Small Sharp (R=0)
plastic
Elastic compliance Elastic - Sharp (R=0)
Unloading Elastic-power law Large Blunt (R=0.003 mm)
compliance plastic

In the present study, the commercial software package ADINA [7] was used. The use of large
deformation in the present study for unloading compliance evaluation is to take the effect of
ligament deformation on compliance into consideration; the blunt notch is to ensure convergence
in the large-deformation analysis. Two-D nine-node isoparametric displacement-based plane
strain elements with 3x3 integration were used for analysis of the clamped SE(T) specimens.

The effect of 3-D and 3-D with side-grooves was also studied by FEA. Calculations conducted in
the present study showed good convergence. For simulation of clamped SE(T) specimens, a rigid
link was assumed between the loading point and two clamped surfaces on the SE(T) specimens.
Figure 6, Figure 7, and Figure 8 show the finite element meshes for the clamped SE(T) specimen
in 2-D, 3-D and 3-D with side-grooves. Detail of the mesh at the crack tip is also shown in the
figure.
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Figure 6. 2-D A sh for clamped SE(T) specimen.
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Figure 7. 3-D FEA mesh for clamped SE(T) specimen.
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Figure 8. 3-D FEA mesh for clamped SE(T) specimen with side-groove

3.3 EQUATIONS FOR STRESS INTENSITY FACTORS

Although the clamped SE(T) specimen is under displacement controlled loading, for convenient
use, the stress intensity factor expression of this crack geometry is written as a function of the

applied nominal stress instead of applied displacement:
ol \f ) s)

(BBN)A w

Ky = {
FEA was used to calculate the geometry factor in Eqn. (5) with H/W=10 and 0.05 <a/W<0.95.
The stress intensity factor in Eqn. (5) was converted from the J-integral using the following

equation:
JiE
Q)
Ky = l (6)

The J-integral was evaluated by the virtual crack extension (VCE) technique. The calculated G
as a function of crack depth a/W was then fitted to the following polynomial by the least-squares

technique:
i-1
)25 ®

and the parameters t; (i=1 to 12) are listed in Table 2.



Table 2. Coefficients t; in Eqn. (7) for H/'W=10 and 0.05<a/W<0.95

i 1 2 3 4 5 6 7 8
t. | 1.197 | -2.133 | 23.886 | -69.051 | 100.462 | -41.397 | -36.137 | 51.215
i 9 10 11 12

t. | -6.607 | 52322 | 18.574 | 19.465

Figure 9 shows the comparison of the geometry factors from Eqn. (7) and that calculated by
Ahmad et al [8] also recommended by DNV-RP-F108 [3].

v
1 s
6 SE(T), clamped, H/W=10 /
4 //o
5 L
| ---0--- CANMET J;{
4 — -0~ —Ahmad et al -5 <>'/7
o 3 ] —O,-O M
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| ,g/-’D//D\ﬂ_D/D/
2 /D”D/D/
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0 0.2 04 0.6 0.8 1
a/w

Figure 9. Geometry factor G for clamped SE(T) specimen, H/'W=10.

It is seen that the results from CANMET and Ahmad et al [8] (also by DNV-RP-F108 [3]) agree
well for 0.05<a/W<0.6 and an inconsistent kink occurs on the solution of Ahmad et al for
a/W>0.6.

3.4 EQUATIONS FOR ELASTIC CMOD COMPLIANCE

When a single-specimen technique is used for J-resistance testing, the crack length is evaluated
at closely spaced intervals during the test. The crack depth is conveniently evaluated using the
measured crack mouth opening displacement (CMOD) compliance, such as that done in ASTM
E1820 [5]. In the present study, the finite element technique was used to calculate the elastic
CMOD compliance for clamped SE(T) specimens with H/'W=10 and 0.05<a/W<0.95. The
calculated elastic CMOD compliances, C (=CMOD./(cWB)) written in normalized form (BCE’,
where E'=E for plane stress and =E/(1-v?) for plane strain) and U (=1/((BCE")"*+1)) are listed in
Table 3.
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Table 3. CMOD compliance for SE(T) specimen, H/W=10.

a/W | 0.050 | 0.100 | 0.200 | 0.300 | 0.400 | 0.500 0.600 0.700 0.800 0.900 0.950

BCE' | 0.295 | 0.613 | 1.401 | 2.554 | 4349 | 7.232 | 11.907 | 19.390 | 30.765 | 46.421 | 56.106

U 0.648 | 0.561 | 0.458 | 0.385 | 0.324 | 0.271 0.225 0.185 0.153 0.128 0.118

The calculated results were then fitted to the following equation for evaluating crack depth from
the measured elastic CMOD compliance:

AW =S U (8)
i=0
where
1
U= 9
" [BCE'+1 ©)

The values of 1; are listed in Table 4.

Table 4. Coefficients r; in Eqn. (10) for H/'W= 10
j 0 1 2 3 4 5 6 7 8 9

I 2.044 | -15.732 | 73.238 -182.898 175.653 | 60.930 | -113.997 -113.031 8.548 142.840

Figure 10 shows the CMOD compliance as a function of a/W both for clamped SE(T) (H/'W=10)
specimens calculated by Eqn. 8 and for SE(B) specimens given by E1820. It is seen that a/W is
very sensitive to the change of BCE for clamped SE(T) specimens. As a result, highly accurate
CMOD compliance measurement is needed for clamped SE(T) specimens.
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Figure 10. BCE vs a/W for clamped SE(T) and SE(B) specimens (plane stress).

In development of the compliance equation for crack evaluation, a 2-D FEA technique was used.
Plane stress compliance equations are used for crack depth evaluation for SE(B) specimens in
recent editions of ASTM E1820. In fact, the laboratory specimens are three-dimensional.
Consequently, it is necessary to establish whether the plane stress assumption in the compliance
equation (by using BCE in Eqn. (9)) is adequate. To do this, one 3-D BxB SE(T) specimen
(H/W=10, a/W=0.5) was studied using FEA. The CMOD compliance calculated by FEA was
used to evaluate the crack depth using Eqns. (8) and (9) with E'=E. The difference between the
evaluated crack length and that of the FEA model was about 2%.

In ASTM E1820, side-grooving is recommended in J-resistance tests for SE(B) specimens to
ensure a straight crack front; a total thickness reduction of 0.20 B is recommended. Any included
angle of side groove less than 90° is allowed. Root radius shall be 0.5 £0.2 mm. When side
grooves are used, the thickness B is replaced by an effective thickness B, using the following
equation:

2
_p_B=BN)" (10)

B, Z

where By=net thickness of the specimen.

To ensure a straight crack front for SE(T) specimen in J-resistance tests and reduce stress
concentration at the side-groove, a similar shape but shallower side groove was selected. A side
groove depth of 5% of the thickness on each side was used initially. Subsequent tests have
indicated that 7.5% on each side might be more appropriate to ensure plane strain conditions. To
show if Eqn. (10) works for SE(T) specimens in crack depth evaluation when side grooves are
used, FEA was used to calculate the CMOD compliance of a side-grooved SE(T) specimen
(H/W=10, a/W=0.5). Then the crack length was calculated using Eqns. (8) and (9) with the
calculated compliance and effective thickness from Eqn. (10). It was found that the difference of
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the calculated crack depth from Eqns. (8), (9) and (10) and that of the FEA model was about 1%.
Figure 11 shows the calculated CMOD compliance for a 3-D crack and 3-D crack with 10%
side-groove and that from 2-D equations (Eqns. (8) and (9) and (10)). It is seen that the
compliance equations developed by the 2-D plane stress model can be used for 3-D SE(T)
specimens (with or without side-grooves) with reasonable accuracy.

25
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| ---o--- 2-D plane stress gp
15 | o 3D o
L A
@) A 3-D, 10% side-grooved aF
M0 a
I:ID
J:r‘:‘d:r
5 ot
ol o M ‘ ‘ ‘
0 0.2 0.4 0.6 0.8
a/w

Figure 11. CMOD compliance from 3-D FEA and 2-D equations.

3.5 ROTATION CORRECTION FOR UNLOADING COMPLIANCE OF CLAMPED
SE(T) SPECIMENS

The above elastic CMOD compliance equation (Eqn. 8) cannot be directly used for crack length
evaluation for tension specimens, such as SE(T) [9, 10] because the specimen rotates so that the
centre of the remaining ligament moves toward the load line. For this reason, correction for
rotation is required when the unloading compliance technique is used on these specimens. The
measured unloading compliance is modified in order to use in Eqn. (8) for crack depth
evaluations:

(11)

where C;and C are the measured CMOD compliance at the iy unloading, and compliance in
the undeformed configuration, respectively. F; is the rotation correction factor.

Rotation correction for clamped SE(T) specimens was assessed using FEA. The details are
described in a separate publication [11].

In the FEA [11], it was found that:
1. The rotation correction coefficients of clamped SE(T) specimens are generally much
smaller than those of pin-loaded SE(T) specimens with the same crack depth.
2. The effect of strain hardening on the rotation correction coefficients is small for P/Py<1.2.
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3. The rotation correction coefficients increase with increasing load. There is an
approximately linear relationship between F, and P/Py for clamped SE(T) specimens for
P/Py<1.2.

4. The rotation correction coefficients increase with increasing H/W and a/W.

Based on the above observations, an equation was developed to fit the results of FEA for rotation
correction coefficients of clamped SE(T) specimens with H/W=10. In this equation, the rotation
correction coefficients are dependent on load and crack depth [11]:

1
Eriy=——p~ (12)
1-0.165%| Z0)

wl B

Figure 12 and Figure 13 show the rotation factors calculated by FEA and Eqn. (12) for clamped
SE(T) specimens (H/W=10) with deep and shallow cracks.

1.2
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Figure 12. Rotation correction coefficients as functions of load for clamped SE(T) specimens (a/W=0.5).
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Figure 13. Rotation correction coefficients as functions of load for clamped SE(T) specimens (a/W=0.2).

Without considering crack growth, the plastic J-integral in Eqn. (3) can be written as:

_ Hewmon 4

Souct) == gy~ Apicwoniy (13)

This equation can be used for evaluation of nemop by employing FEA. To do this, FEA was
conducted on clamped SE(T) specimens with H/'W=10, a/W=0.05, 0.1, 0.2, 0.3, 0.4, 0.5, 0.6 and
0.7. The factor nemop can be found from the slope of a Jyi), Apicmongy/ Bb straight line evaluated
from FEA. Figure 14 and Figure 15 show these straight lines for deep and shallow cracks,
respectively.

2400 y = 0.743x + 12.571
— 2000 - H/W=10
% 1600 | o SE(T), clamped, o
£ 1200  &W=05
K 48138 : rad =650 Mpa, N=15
0 7 | | ‘ ‘ ‘ T

0O 400 800 1200 1600 2000 2400
A (B(W-a)) (KN/m)

Figure 14. Slope of straight line Jpq), Apr.cmonay Bb for deep crack (a/W=0.5).
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Figure 15. Slope of straight line Jp), ApLcmonay/ Bb for shallow crack (a/W=0.2).

Figure 16 shows the parameters as a function of crack depth (a/W) for four material strain
hardening exponents N=5, 10, 15 and 20.
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Figure 16. Parameter ncmop as a function of a/W for various N.

It is seen that newmop 1s insensitive to material strain hardening exponent (N) for a/W<0.5. This is
consistent with results of Kirk and Dodds [12] for SE(B) specimens.

The data in Figure 16 were then fitted to a polynomial by the least squares technique (for
a/W=0.7, only the data for N=10 and 15 were used in the fit):

10 .
M evon = '§0¢i(a/W)l (14)
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The coefficients ¢; are listed in Table 5.

Table 5. Coefficients ¢; in Eqn. (5)
1 0 1 2 3 4 5 6 7 8

i 1.000 -1.089 9.519 | -48.572 109.225 | -73.116 | -77.984 | 38.487 | 101.401

i 9 10

Oi 43.306 | -110.770

Figure 17 shows compares the parameter ncemop calculated using Eqn. 14 with that proposed in
DNV-RP-F108 [3] for B/W=5 and Cravero and Ruggieri [10]. Generally speaking, these three
solutions agree well.

Tcmop

H/W=10, CANMET

0.4 1 .--¢&-- HIW=10, B/W=5, DNV-RP-F108

0.2 ---m--- H'W=4, 6,10, Cravero & Ruggiei

O T T T T T T T
0 0.2 0.4 0.6 0.8

a/W

Figure 17. Comparison of nCMOD factors.
3.7 J EVALUATION FOR GROWING CRACK

For a growing crack, J estimation should consider a crack growth correction as shown in Eqn. 3
where a factor of yr1p is used, as suggested by Zhu et al [13].

According to Ernst et al [14], yLLp can be calculated from nrp using the following equation:

b (15)

Vi =Mup n
LLD
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Figure 18 shows ny1p as function of a/W for clamped SE(T) specimens (H/'W=10) calculated by
FEA for materials with strain hardening exponent N=15 and 20.

12

Figure 18. Factor ny.p as a function of a/W for clamped SE(T) specimens, H/'W=10.

The calculated 11 pas function of a/W for clamped SE(T) specimens (H/W=10) was then fitted to a
polynomial by the least squares technique:

10 .
nLLD = _gowi(a/W)l (16)

The coefficients y; were listed in Table 6.

Table 6. Coefficients y;in Eqn. (16) for H/'W=10 and 0.1<a/W<0.7
i 0 1 2 3 4 5 6 7 8

y; | -0.880 | 15.190 | -35.440 | 18.644 | 18.399 | -1.273 | -12.756 | -12.202 | -4.447

i 9 10

Wi | 5397 | 14.187

Substituting Eqn. (16) into Eqn. (15), y..p can be calculated. For use in Eqn. (15), '11p is written
as:

UVLLD = g):il//i(a/W)i_l (17)
i=l1

Figure 19 shows the calculated y,,, as a function of a/W.
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Figure 19. y; 1 p as a function of a/W.

4 EXPERIMENTS

J-resistance tests using the single specimen technique on clamped SE(T) specimens were
conducted in the present study following the procedure developed in the above sections. The
equations developed in the above section for J-integral and for crack length evaluations using an
unloading compliance technique with rotation correction were used. For comparison, J-resistance
tests using SE(B) specimens with shallow and deep cracks were also conducted. The latter tests
were conducted according to ASTM E 1820.

4.1 MATERIALS AND SPECIMENS

The material used in the present study was cut from 1219 mm diameter, 14.3 mm wall thickness
X100 steel pipe. The tensile properties of the steel were measured using round specimens (8§ mm
diameter) oriented in the longitudinal direction of the pipe. Four specimens were tested and the

measured tensile properties are listed in Table 7.

Table 7. Tensile properties

YS YS

Specimen | Diameter | (0.2%) | (0.5%) UTS El RA
# (mm) MPa MPa MPa (%) (%)

Al 8.01 667 630 806 21.2 51.6
A2 8.00 663 630 808 21.4 52.1
A3 8.00 695 654 824 21.0 46.5
A4 8.00 696 662 817 20.8 533
Avg 8.00 680 644 814 21.1 50.9

The stress-strain curves of these four specimens are shown in Figure 20. It can be seen that all
curves exhibit continuous yielding behavior and have a uniform strain close to 5%.
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Figure 20. Stress-strain curves of X100 steel pipe in longitudinal direction (parallel to the pipe axis).

The SE(T) and SE(B) specimens were taken from the X100 pipe steel with a crack plane
orientation L-R (ASTM E1823 [15]). BxB specimens were used with B (=12.7 mm) close to the
wall thickness of the pipe. The target crack length was 6.35 mm (a/W=0.5) for a deep crack and
3.175 mm (a/W=0.25) for a shallow crack. For each crack length (either SE(T) or SE(B)), six
specimens were prepared with three of them side-grooved. The shape of the side-grooves was
inadvertently machined to smaller radius (r=0.15 mm) than suggested in ASTM E1820-06
(r=0.3-0.7 mm). The depth of the side-groove was 10% at each side for SE(B) and 5% at each
side for SE(T) specimens. The span length of the SE(T) specimens is 127 mm (H/W=10) with an
additional 50 mm (=4 W) at each end for gripping. All specimens were fatigue precracked
following the procedure described in E1820-06 for SE(B) or the procedure described above for
SE(T) specimens.

4.2 J-R TESTS USING CLAMPED SE(T) SPECIMENS

Following the procedure described in Section 2, load-CMOD curves with about 35 to 50 load-
unload sequences were measured for clamped SE(T) specimens. Figure 21 shows the P-CMOD
curves for two clamped SE(T) specimens (one with a deep crack a/W=0.5 and one with a
shallow crack a/W=0.25). Figure 22 shows the unloading compliance (BCE) changes as a
function of unloading number during loading in the J-R tests. It is seen that the compliance
continually increases with loading in which crack growth occurs. However, there is a compliance
decrease before maximum load where rotation reduces the unloading compliance, especially for
a/W=0.5 where rotation reduce the compliance to about 8% at maximum load. The unloading
compliance was then used to evaluate the crack length with rotation considered by using Eqn.
(12). The evaluated crack length and the load/plastic CMOD curve was then used to evaluate the
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J-integral using Eqn. 3. Figure 23 and Figure 24 show the resultant J-R curves for six SE(T)
specimens with a/W=0.5 (3 plain-sided and 3 side-grooved) with and without rotation correction
on unloading compliance respectively. In Figure 24, the a,q adjustment recommended in ASTM
E1820-06 was applied to the data after rotation correction. The adjustment was small (less than
0.06 mm). The curves for plain-sided specimens lie slightly above those for side-grooved
specimens, although the difference is well within the scatter band. Figure 23 shows a pronounced
“negative crack growth” that results from the use of uncorrected compliance values in Eqn. (8).
Rotation correction according to Eqns. (11) and (12) remove this artefact and enables a useful
resistance curve to be generated from each specimen. Figure 25 and Figure 26 show the resultant
J-R curves for five SE(T) specimens with a/W=0.25 (two plain-sided and three side-grooved)
with and without rotation correction on crack length respectively. Again, in Figure 26, the ayq
adjustment recommended in ASME E1820-06 was applied to the data after rotation correction. It
is seen that the J-resistance curves in Figure 25 and Figure 26 are almost identical because the
rotation correction is very small for shallow cracks. At the maximum load, the CMOD
compliance correction is only about 3% and so has an insignificant effect on crack length.

Figure 27 shows the effect of factor y on J-resistance curves for a deep (a/W=0.5) and a shallow
(a/W=0.25) clamped SE(T) specimens. The curves with solid symbols are the J-R curves
calculated using Eqn. (3) with y=0 (i.e., no crack growth correction is considered in J-integral
evaluation) while the curves with open symbols are the J-R curves calculated using Eqn. (3) with
v=v(a/W) (i.e., crack growth correction is considered in J-integral evaluation by using yi.p
described in Eqn. (15)). It is seen that the difference is small (maximum difference ~6%).
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20000 1 —aW=05
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Figure 21. P-CMOD curves of clamped SE(T) specimens, X100 steel.
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Figure 22. Change of unloading compliance during loading-unloading sequence.
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Figure 23. J-R curves for deeply-cracked SE(T) specimens, crack length without rotation correction (PS-
plain-sided, SG-side-grooved).
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Figure 24. J-R curves for deeply-cracked SE(T) specimens, crack length with rotation correction (PS-plain-
sided, SG-side-grooved).
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Figure 25. J-R curves for shallow-cracked SE(T) specimens, crack length without rotation correction (PS:
plain-sided, SG: side-grooved).
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Figure 26. J-R curves for shallow-cracked SE(T) specimens, crack length with rotation correction (PS: plain-
sided, SG: side-grooved)
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Figure 27. Effect of y on J-Integral evaluation.

At the start of each test, CMOD compliance was measured to estimate the original crack length,
a,. Three unloading/reloading sequences in a load range from 0.5 to 1.0 Py (P=0.5Bn(W-a)oy)
were conducted. The average of the crack lengths evaluated in these three unloading/ reloading
sequences was defined as initial crack length measured by compliance technique. After testing,
the specimen was heat tinted at about 300°C for 30 min and then broken apart. The nine-point-
average technique described in ASME E1820 was used to measure the crack length. The initial

24



and final crack lengths measured on the broken specimens were then compared with that from
the compliance technique.

Figure 28 compares measured crack lengths and those from the compliance technique for eleven
clamped SE(T) specimens (plain-sided and side-grooved, a/W=0.2-0.5). For the side-grooved
specimens, the effective thickness B, was estimated according to Eqn. (10) following E1820-06
[5]. It is seen that the agreement is excellent.

E 81 sE(T), HW=10, W=12.7 « %/

26 e

s o

£4] b

S | R /’x’ A ao, PS

= - // ® a0, SG

o 7 A af, PS
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0 2 4 6 8

Crack length-measured (mm)

Figure 28. Crack length for clamped SE(T) specimens, a, ainitial and final crack lengths; PS, SG-plain
sided and side-grooved specimens.

4.3 J-R TESTS USING SE(B) SPECIMENS

J-R tests on SE(B) specimens (BxB, B=12.7 mm) with deep (a/W=0.5) and shallow (a/W=0.25)
cracks, including plain-sided and side-grooved specimens, were conducted on the same X100
steel pipe material with the cracks oriented in the through-thickness direction. All SE(B) tests
were conducted following ASTM E1820-06 with some modification of factors n and y for
shallow cracks according to Zhu et al. [16]:

2
a a
=0.397+8.966| — |—12.495| — /W <0.397
" [Wj [Wj ¢ (18)
n=2 al W >0397
and
a a 2 a 3
=-15.08+145.16) — |—503.87| — | +639.61] — al/W <0.397
g (WJ (Wj [w] (19)
y=1 alW=0397
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Figure 29 and Figure 30 show the J-resistance curves measured using SE(B) specimens with
deep (a/W=0.5) and shallow (a/W=0.25) cracks respectively.
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Figure 29. J-R curves for deeply-cracked (a/W=0.5) SE(B) specimens, PS: plain-sided, SG: side-grooved.
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Figure 30. J-R curves for shallow-cracked (a/W=0.5) SE(B) specimens, PS: plain-sided, SG: side-grooved.

For a/W=0.5, the J-integral at maximum load, Jpmax, is also shown in the figure.

To ensure that SE(B) tests are in a situation of high constraint and size-independent, ASTM
E1820 gives strict requirements on specimen size (B and b):
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The calculated J .y 1s also shown in Figure 29. It is seen that most of the data on the J-R curves
are larger than Jy,.x. Obviously, a J-R curve that is valid according to ASTM E1820 cannot be
measured using deeply-cracked SE(B) specimens with this thickness because most data will be
beyond the J;ax limit. However, although not size-independent, the results are still applicable to
cracks of similar geometries, such as for assessment of cracks in pipe of the same thickness.

4.4 COMPARISON OF J-R CURVES MEASURED USING SE(T) AND SE(B)
SPECIMENS

Figure 31 and Figure 32show the comparison of J-R curves measured by using SE(T) and SE(B)
specimens, both for deep cracks (a/W=0.5) and shallow cracks (a/W=0.25), including plain-sided
and side-grooved specimens, respectively.
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Figure 31. J-R curves measured using SE(T) and SE(B) specimens, a/W=(.5.

27



2000 ,
1600 |
< 1200
'E W
2
X .o-- ST-SG-1,0.27
2 800 - G-~ ST-SG-2,0.26
i ~ - ST-SG-3.0.25
.e-- ST-PS-1.022
1 4 & ST-PS-2.031
.2, SB-SG-1. 0.25
400 .9 SB-SG-2, 0.27
d SE(T), HW=10, Clamped — gg:gg_—% 8-%2
i) SE(B), BxB, B=12.7 mm —__3BPes 054
0 T T T
0 05 1 15 2 25

Aa (mm)
Figure 32. J-R curves measured using SE(T) and SE(B) specimens, a/W=0.25

For deep cracks, the J-R curves measured using clamped SE(T) specimens are higher than those
using SE(B) specimens, especially when Aa<0.5 mm. It is also seen that there is significant
difference between the J-R curves of the plain-sided and side-grooved (10% at each side) SE(B)
specimens while the difference is insignificant between the J-R curves of the plain-sided and
side-grooved (5% at each side) SE(T) specimens. For shallow cracks, the J-R curves measured
by using clamped SE(T) specimens are higher than those using SE(B) specimens when Aa<0.4
mm. It can be concluded that both for shallow and deep cracks, the crack initiation resistance of
clamped SE(T) specimens is higher than of SE(B) specimens.

S SUMMARY AND CONCLUSIONS

In the present study, comparison of crack-tip stress fields and constraints have shown that the
best constraint matching for surface circumferential cracks in pipe is found for clamped SE(T)
specimens with H/'W=10. A procedure similar to that of ASTM E1820-06 for single-edge bend
(SE(B)) and compact tension (C(T)) specimens was developed to measure the J-integral
resistance of clamped SE(T) specimens using a single-specimen technique. All the equations
used in the procedure, including those for evaluation of J-integrals from the area under
load/plastic crack mouth opening displacement (CMOD) curves, and evaluation of crack length
from unloading compliance including rotation correction, were developed using finite element
analysis (FEA) for crack depth a/W= 0.2 to 0.5. SE(T) specimens made of X100 pipe steel with
deep (a/W=0.5) and shallow (a/W=0.25) cracks, including those with 5% side-grooves at each
side were tested using the developed procedure. Comparisons were made of the J-resistance
curves measured using clamped SE(T) specimens and SE(B) specimens with the same crack
depth. The following conclusions can be drawn:
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1)

2)

3)

4)

5)

6)

7)

8)

9)

A procedure has been developed to measure low-constraint J-resistance in tension using
clamped SE(T) specimens and a single-specimen technique with crack length measured by
unloading compliance. The procedure has been successfully applied to measurement of J-R
curves of a high-strength X100 steel pipe material with a through-thickness notch
orientation.

Precautions and techniques for compliance measurement special to the SE(T) geometry are
described in the procedure.

A side-groove depth of 5% thickness at each side was found to be satisfactory, although
subsequent experiments to optimize side-groove geometry indicated that 7.5% of thickness
might be more appropriate to generate plane strain conditions. The B, formulae proposed in
E1820-06 to estimate effective thickness of side-grooved SE(B) specimens also works for
clamped SE(T) specimens.

An equation for evaluation of J-integrals using the area under the load-plastic CMOD curve
for the SE(T) geometry similar to that proposed in E1820-06 for SE(B) specimens was
developed using FEA.

The geometry factor G used for evaluation of the elastic J-integral (J.) agrees well with that
proposed by Ahmad et al [8] and DNV-RP-F108 [3] for a/W<0.6. For a/W>0.6, it was found
that an inconsistent kink occurs in the solution of Ahmad et al.

The factor nevop used in evaluation of the plastic J-integral J, was evaluated by FEA and
found to agree well with that proposed in DNV-RP-F108 [3].

Correction to J for crack growth using a factor y for clamped SE(T) specimens was
developed using FEA. It was found that the effect of crack growth on the J-integral
evaluation is less than 6% for the clamped SE(T) specimen, steel pipe material, and extent of
crack growth evaluated.

A CMOD compliance equation was developed to evaluate the crack length of clamped SE(T)
specimens using unloading compliance. Comparing the compliance with that of SE(B)
specimens, the crack length of clamped SE(T) specimens is much more sensitive to the
unloading compliance. Thus more accurate compliance measurement is needed for crack
length evaluation in a clamped SE(T) specimen.

For clamped SE(T) specimens, the effect of specimen rotation on the unloading compliance
has to be considered in crack length evaluation. The rotation correction coefficients increase
with increasing H/W and a/W but are insensitive to strain hardening exponent N for
P/Py<1.2. The rotation correction coefficients increase with increasing load. There is an
approximately linear relationship between rotation coefficient F, and P/Py for clamped SE(T)
specimens for P/Py<1.2. A simple equation is proposed to relate F, to P/Py.

10) Crack lengths estimated from unloading compliance were compared with measured values

for eleven clamped SE(T) specimens, both plain-sided and side-grooved, with 0.2<a/W<0.6,
with the effective thickness B, given by Eqn. (10) for side-grooved specimens. The
agreement was excellent.

11)J-R curves measured using SE(T) and SE(B) specimens were compared both for deep cracks

(a/W=0.5) and shallow cracks (a/W=0.25). For deep cracks, the J-R curves measured using
clamped SE(T) specimens were higher than those using SE(B) specimens, especially when
Aa<0.5 mm. For shallow cracks, the J-R curves measured using clamped SE(T) specimens
were higher than those using SE(B) specimens for a/W<0.4 mm.
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