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Abstract

This study is concerned with the problem of a pipe con-
taining a part-through or a through circumferential crack.
First, the stress intensity factors for an internal or an external

_circumferential surface crack in a pipe are obtained. The main
objective here is to give the necessary theoretical information
for the treatment of suberitical crack growth process. Next the
problem of a through crack in the presence of large scale
plastic deformations is considered. The crack opening dis-
placement (COD) is used as the main parameter to analyze
the fracture instability problem and to correlate the experi-
mental results. In the analytical part of the study Reissner’s
shell theory and an elastic or elastic-plastic line spring model
are used to formulate the problem. The experiments were

- performed on 20-inch diameter X60 line pipes. A 0.025-inch

wide starter notch was introduced to the pipes which were
then subjected to cyclic loading under four point bending. The
limited data obtained from the fatigue tests give the expected
result, namely that the crack propagation rate in pipes may
be predicted from the baseline data obtained from simple
specimens provided the stress intensity factors for pipes are
calculated with sufficient accuracy. The ductile fracture re-
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sults show that the technique based on the asymptotic be-
havior of COD may be quite useful in determining a conser-
vative estimate of the fracture instability load.

1. Introduction

This report presents the theoretical and the experi-

mental results of a four year study on the fracture of

circumferentially cracked pipelines and relatively
thin-walled cylindrical containers. The research was
sponsored by the U.S. Department of Transportation,
Research and Special Programs Administration, Office
of University Research. It was part of a coordinated
DOT program in which the National Bureau of Stan-
dards and Johns Hopkins University were the other
participants.

The primary objective of the research program was
(@) to identify the possible modes of fracture failure in
pipelines and in relatively thin-walled cylindrical con-
tainers containing various types of initial circumfer-
ential flaws, (b) to review and develop appropriate:
fracture criteria and to carry out the necessary analyt-
ical investigations which may be applied to various
phases of fracture failure in circumferentially cracked
pipes and containers, and (c) to design and perform an
experimental research program in order to test the va-
lidity of the related analytical models.

1.1 Fracture Mechanics Approach

Depending on the thermo-mechanical behavior of the
material and the nature of applied loads and environ-
mental conditions, in the design of pipelines, tank cars,
and a variety of other pressurized containers, it is often

necessary to consider fatigue or corrosion crack propa-

gation and fracture among the possible modes of failure..
This requires, in addition to the application of standard
failure theories specified by the existing design codes,
the treatment of the problem of acceptance and safety
from the viewpoint of fracture mechanics. In using this
approach the flaws or certain types of imperfections
which may initially exist in the material are treated as
“cracks.” These initial flaws which may have the po-
tential of growing into a macroscopic fatigue or corro-
sion fatigue crack are generally weld defects (such as
slag inclusions, excessive or inadequate weld penetra-
tion, incomplete fusion, gas pockets, arc burns, etc.),
notches caused by possible initial misalignment during
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welding, accidental dents, scratches, or gouges put on
the pipe or the cyvlinder during manufacturing and
transportation, and accidental damages which occur
during the period of operation, Thus, in designing
pipelines and pressurized containers used for trans-
porting goods a safe design philosophy requires that the
existence of such defects be taken into consideration.

Fracture mechanics approach has been highly suc-
cessful in dealing with this so-called fracture control
problem which involves subcritical propagation of fa-
tigue and stress corrosion cracks, brittle or quasi-brittle
fracture, and ductile fracture. In a broad sense the ob-
jective of the pipeline and container fracture analysis
is the determination of the maximum allowable initial
flaw size (of certain specified shape, lecation and or-
ientation) which would not grow into a crack going
through the entire thickness of the cylinder wall under
a specified load history and environmental conditions.
The general procedure for the fracture analysis may be
outlined as follows:

(a) The strength characterization of the material
with regard to fatigue and corrosion fatigue crack
propagation, stress corrosion cracking, brittle or
quasi-brittle fracture, and ductile or post-vield
fracture.

(b) Determination of the time profile of all significant
external loads and operating temperature and a
complete stress analysis (including the residual
stresses) of the structure by ignoring the exis-
tence of any flaws.

(c) Obtaining the map of significant existing flaws
by means of appropriate nondestructive flaw
detection techniques, or making a realistic {and
conservative) assumption regarding the location,
size, and orientation of dominant flaws.

(d) Performing the fracture analysis to estimate the
life of the structure, Generally, this step requires
the calculation of the relevant stress intensity
factor and the use of a proper subcritical crack
growth model to estimate the propagation rate
of the part-through crack in the initial elastic
range, the application of a modified crack growth
model to estimate the crack propagation rate in
the elastic-plastic range, and the use of an ap-
propriate post-yield fracture criterion to estimate
the critical net ligament thickness capable of
sustaining the specified peak load.

1.2 Brief Survey of the Field

For the purpose of a brief review one may consider the
research efforts regarding pipeline fracture analysis in
the following categories: (1) theoretical work aimed at
the calculation of quantities such as stress intensity
factor, crack opening displacement, or J-integral which
may be used in an appropriate fracture or fatigue theory
as the representative of the external loads and flaw ge-
ometry, (ii) the theoretical and experimental work
aimed at the development of proper “models,” “crite-
ria,” or “theories” for fatigue crack propagation, cor-
rosion fatigue, stress corrosion cracking, and fracture

in pipeline materials, (iif) experimental work aimed at
the verification or demonstration of the related theories
in pipes, including crack morphology studies, (iv) dy-
namics of crack propagation in pipelines. The technical
literature in the field is quite extensive (see, for example,
Ref. 1 for an extensive list of references and a critical
review). Most of the theoretical work in category (i)
which is relevant to pipeline studies has been on the
elastic solutions for part-through cracks in plates and
for through cracks in shells. Some of the significant
solutions and results regarding the part-through cracks
in plates may be found in Ref. 2. A review of the more
recent studies and rather accurate finite element results
may be found in Ref. 3. The problem of a through crack
in cylindrical and spherical shells has been discussed in
a review article, Ref. 4, where, in addition to a nearly
complete list of references, a summary of the existing
results has been included. The plasticity effects in cy-
lindrical shells with an axial crack have been considered
in Ref. 5. Reference 6 summarizes some of the recent
approximate and finite element results on the thick-
walled cylinders with a part-through crack.

The processes of brittle and quasi-brittle fracture,
and the subecritical crack propagation due to fatigue,
corrosion fatigue, and stress corrosion cracking appear
to be, at least from an empirical viewpoint, well-un-
derstood and the models dealing with such phenomena
have been adequately standardized (see, for example,
Ref. 7). The stress intensity factor is almost universally
accepted and used as the primary correlation parameter
in all these models. However, in the presence of rela-
tively large scale plastic deformations the effects of
specimen and crack geometry, elastic-plastic stress-
strain behavior of the material, and the nature of the
external loads on the fracture initiation and propagation
is much too great to permit the treatment of the phe-
nomenon by means of a single parameter {such as Ky,
G1g, or Jic). Thus, the relatively successful ductile
fracture models contain generally more than one ma-
terial constant. For example, the crack extension re-
sistance curve (R of Kz — curve) is a continuously
distributed parameter model and Newman’s criterion®
is a two-parameter model. A discussion of these and
other ductile fracture models and related references
may be found in the review article.1¢ A good deal of work
on pipeline fracture has been done at Battelle-Colum-
bus Laboratories. A partial summary of the results and
the techniques used in these studies may be found in
Ref. 11 and an extensive review of fracture mechanics
approaches dealing with girth weld discontinuities is
given in Refs. 12 and 13.

The importance of dynamic problems lies in the fact
that in natural gas pipelines once the axial through
crack appears in the pipe wall it rapidly grows and
reaches a velocity which is generally greater than the
decompression wave velocity of the gas in the pipe.
Hence, the crack is subjected to a constant driving force
and, unless it is arrested by some obstacle or is diverted
in the hoop direction, it may run rather long distances
causing considerable damage to the surroundings. The
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papers in Reference 14 provide a good sampling of the
work in this area (see also Ref. 15 for more recent work
and references, and Ref. 16 for work in finite volume
containers).

1.3 Circumferential Flaws

In pressure vessels and piping generally the primary
load component is the internal pressure. Consequently,
in the past considerable emphasis has been placed on
the studies of fracture problems arising from axial flaws
in the cylinder (see, for example, Refs. 11 and 14 for
typical fracture studies and Refs. 17-21 for the elastic
solutions of through and part-through axial crack
problems in cylinders). On the other hand, particularly
in piping, the secondary loads are mostly axial and
generally time-dependent. Relatively high frequency
and low amplitude flow-induced vibrations in heat ex-
changer tubing and in line pipes near the pumping
stations may be cited as some examples. Severe bending
in pipes due to fit-up or that in offshore piping while
laying off the barge, and variety of constraint stresses

caused by thermal fluctuations, ground settlements, and

earthquakes may be mentioned as examples of axial
loading with very low frequency and relatively high
amplitude (see, for example, Refs. 12, 13, 21, 22, and 23
for sample studies). '

From the viewpoint of analytical modeling the fatigue
crack propagation and fracture problems in pressure
vessels and piping may be considered in three loose
groupings. The first is the problem of fatigue crack
propagation and fracture in pipes or cylinders having
a dominant part-through or through crack in which the
plastic deformations are confined to a small region along
the crack front [Fig. 1{(a) and {b}]. In such problems the
stress intensity factor appears to be highly satisfactory
as the correlation parameter and hence an elastic solu-
tion of the related crack problem is sufficient for the
fracture or fatigue analysis. The second group relates
to the “ductile fracture” problems which involve ex-
tensive plastic deformations around the crack front
through the net ligament [Fig. 1(c)]. In this case a va-
riety of parameters or criteria (such as COD, CTOD, J
integral Jg-curve, net ligament plastic strain instability,
and plastic collapse load) are used to analyze the frac-
ture initiation, stable crack growth, and unstable frac-
ture. However, particularly in piping and other rela-
tively thin-walled components this ductile fracture
process seems to be very highly dependent on the gross
mechanics of the structure. Therefore, no single pa-
rameter criterion ignoring the relevant aspects of the
overall mechanics problem would be adequate to model
the process. The third group is concerned with the dy-
namic fracture propagation in pipelines which may
follow the instability of an axial crack.

In this paper, after a brief outline of the technique
used to analyze the problem, first some calculated stress
intensity factors for a circumferential part-through
crack in cylinders are presented. With a proper sub-
critical crack growth model and appropriate baseline
data, these results may be used to estimate fatigue or
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Fig. 1-—Evolution of a through crack. {a) initial flaw and subcritical crack
propagation, {b) part-through crack with confined plastic zone and
largely elastic net ligament, () part-through crack with fully vielded net
ligament, (d) progressive growth of part-through crack, (&) plastic
necking of the net ligament, {# through crack with relatively large plastic
Zones

corrosion fatigue crack propagation rate in the cylinder.
Next, some sample results obtained from the elastic-
plastic solution of pipes having a relatively large crack
with a fully yielded net ligament are given and their
possible use in estimating the fracture initiation and
instability loads is discussed. Finally, the experimental
results on the fatigue crack propagation and fracture of
a 20-inch diameter line pipe tested under four point
bending are presented and discussed.

2. Stress Intensity Factors

2.1 Results for a Surface Crack

The general formulation of the cylindrical shell
containing an axial or a circumferential through crack
was given in Ref. 22. In this study Reissner’s transverse
shear theory was used to formulate the problem. The
corresponding part-through crack problem was con-
sidered in Ref. 21, In this section additional axial and
circumférential crack results for certain standard line
pipes as well as some results for spirally oriented cracks
are given.

The basic geometry of the shell with a circumferential
crack is given in Fig. 2, In most cases the stress state in
the neighborhood of the crack is approximately uniform.
Thus, if the loading is symmetric with respect to the
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Fig. 2—The cylinder with a circumferential through crack

plane of the crack, the problem may be solved by as-
suming that

N11(X2) =N,= constant, Mll(XQ) = 0, or (1)
M;(Xs) = M. = constant, N11(X3) =0, (2)

where N1; and My, are respectively the membrane and
bending resultants. Aside from the uniform loading
given by Egs. 1 and 2, in pipes the loading which is of
considerable practical interest is the gross bending with
bending moment M), at the cracked section X, = 0 (Fig.
2). In this case in the absence of crack the stress in the
cylinder may be expressed as

Moz, _M,R[ X_22)
I I 2R?
M, X, Xo

+ Tofha

I (1 2R2)
where z,, is the distance from the neutral plane. Thus,

by observing that local membrane and bending stresses
are related to the stress and moment resultants by

o11™ = Nyt/h, o1® = 12 M Xs/h®, (4)

and by letting oy = 011 + 61%, from Eqgs. 3 and 4 we
obtain the resultants which are to be used as external
loads in the crack problem as follows:

011 =

)I RR(4R2+h% (3)

M,Rh [ X X2

Nu(Xs) = OI [1—-—21;2 =N ( _2R22)’ (5)
M,h3 Xy X?

o121 (1 232) M“(l orz)” ©

Sample results giving the stress intensity factor at the
maximum penetration point L = L, of a semielliptic
inner or outer circumferential crack in standard line
pipes are given in Tables 1-8 (see the insert in Fig. 21).
Similar results for the semi-elliptic axial inner or outer
surface crack may be found in Ref. 24. Additional gen-
eral results for surface cracks in cylindrical shells in
terms of the dimensionless variables L,/h, a/h and A =
[12(1 — »2)]Y4a/+/Rh are given in Ref. 21. Reference 21
also contains the stress intensity factors for a surface
crack in the eylinder subjected to local bending of the
ghell wall. The analysis used for the calculation of stress
intensity factors is based on the Reissner’s shell theory
and the elastic line spring model and is described in
Refs. 21, 22 and 24 in detail. Reference 21 gives a spot
comparison of the analytical results obtained from the

Table 1.

KlKo in a line pipe with 0D = 48 in., h = 0,625 in.

YYhlo1 fo2 703 o4 {05 [06 [07 [08 ]o9
a/h+ Quter circumferential crack, !uo. =0
T.0 [0.345 10, 66 0.247 ]0. 0075 T 0,033
2.0 10,967 10.882 0. 766 0 628 |0. 481 0.340 (0.209 | 0.106 | 0.048
3.0 [0.576 [0.911 |0.8 0.695 10.554 |0.405 |0.257 { 0.132 | 0.060
4.0 10.980 |0.928 i0. 848 0.739 (0.605 |0.455 [0.296 | 0.155 | 0.070
5.0 [0.583 10.939 |0.868 |0.770 (0.643 (0.494 [0.329 | 0.175 | 0.079
6.0 (0.985 [0.946 (0.882 [0.792 |0.672 (0.525 [0.357 | 0.193 [ 0.088[
7.0 (0.987 ;0.957 (0.893 |0.809 (0.694 [0.551 [0.381 § 0.209 | 0.09
8.0 |0.988 {6.954 [0.900 [0.821 [0.712 [0.572 10.4071 j 0.223 { 0.104
Quter circumferential crack, MN,=0, 0
T.0 [0.94% |0.805 [0.627 |0.443 [0.273 [0.133 0.0:’5" ~0.0TT 1-0.034
2.0 ]0.966 |0.874 |0.741 |0.587 |0.407 |0.242 [0.109 ! 0.020 [-0.028
3.0 J0.975 10.906 |0.798 |0.658 |0.492 [0.318 {0.163 | 0.047 [-0.027
4.0 (0.980 [0.923 0.832 |0.708 {0.551 [0.377 [0.209 [ 0.072 [-0.017
5.0 10,983 |0.934 |0.855 [0.742 |0.595 [0.422 [0.246 | 0.094 [-0.004
6.0 10.985 :0.942 |0.B70 [0.767 |0.628 [0.485 [0.278 | 0.114 [ 0.004
7.0 10.986 '[0.947 |0.882 |0.785 0.653 }0.488 10.304 §| 0.131 | 0.012
8.0 10.987 10.951 10.890 [0.800 [0.673 F0.511 {0.327 ! 0.147 [ 0.020
Inner circumferential crack, N J#0, M=
1.0 |0.55% ] . . [0.367 10.233 [0.185 ] 0.073 | 0.033
2.0 |0.965 |0.877 [0.757 |0.616 |0.468 |0.328 {0,202 | 0.162 | 0.088
3.0 (0.974 |0.905 [0.804 [0.677 {0.532 (0.384 [0.242 | 0.124 } 0.058
4,0 |0.978 (0.920 |0.832 [0.716 |0.575 |0.426 |0.273 | 0.142 | 0.066
5.0 [0.981 |0.930 |0.850 i0.742 i0.607 |0.456 10.297 | 0.156 | 0.073
6.0 (0.983 (0.937 [0.864 10.762 [0.631 [0.480 [0.318 | 0.169 ! 0.080
7.0 (0.984 (0.941 0.873 10.776 |0.650 ]0.500 [0.335 | 0.180 | 0.086
8.0 |0.985 10.945 [0.8380 !0.787 |0.664 [0.517 |0.350 | 0.190 | 0,087
Inner circumferentiql crack, Mu=0
T.0 [0.943 [0.50T 10s R B U.|2§ 3?0%7‘0-0.012 -0.034
2.0 [0.964 [0.869 {0.730 |0.566 [0.397 |0.227 [0.099 | 0.015 |-0.030
3.0 10.973 [0.898 [0.783 10.635 10.465 (0.292 |0.144 | 0.037 |-0.024
4.0 |0.978 [0.915 [0.814 [0.679 |0.516 (0.33%9 |0.179 | 0.056 |-0.018
5.0 [0.981 [0.925 ;0.835 (0.709 |0.552 (0.375 (0.207 | 0.071 [-0.013
6.0 |0.982 [0.932 |0.849 10.731 [0.57¢ |0.403 [0.230 | 0.085 |-0.007
7.0 [0.984 [0.937 0,859 (0.747 |0.600 (0.426 |0.249 | 0.096 |-0.002
8.0 10.985 10,941 |0.867 10.759 [0.616 |0.444 (0.265 | 0,107 ! 0.003
Table 2, l(/l(D in a 1ine pipe with 0D = 48 in., h = 0.75 1n.
o1 [ o02] 03[ 0405 Toe [o7 | o8 { 0.9
a/ht Outer circumferential crack, N_#0, M. =0
T.0 [0.945 (0817 [0.664 [U.508 |0.366 [0.247 |0.7 [0.074 | 0.033
2.0 [0.967 [0.882 |0.766 {0.628 |0.481 [0.340 [0.210 | 0.106 | 0.048
3.0 |0.976 }0.911 |0.816 [0.695 0 553 0.405 {0.258 | 0.133 1 0.060
4.0 |0.980 ]0.927 (0.847 [0.738 0.454 |0.297 | 0.156 | 0.070
5.0 [0.983 10.938 [0.867 0.762 U 541 0.493 |0.329 | 0.176 | 0.080
6.0 [0.985-|0.944 |0.881 {0.750 (0.669 }0.523 (0.356 | 0.193 [ 0.089
7.0 [0.985 10.949 (0.890 |0.805 |0.690 (0. 0,379 | 0.209 | 0.087
8.0 [0.987 10.952 [0.897 [0.817 [0.707 |0.567 [0.398 { 0.222 | 0.105
Outer circumferential crack, No*0, Fifn
T.0 [0.53% [0.505 [0.627 |0.243 [0.273 |0.133 [0.040 1-0.011 [-0.034
2.0 {0.966 |0.874 {0.741 [0.580 {0.407 [0.242 [0.110 { 0.020 [-0.028
3.0 [0.975 [0.905 [0.797 |0.657 [0.492 |0.318 [0.164 | 0.048 |-0.020
4.0 10,980 [0.922 (0.831 [0.706 {0,550 [0.376 }0.209 { 0.073 1-0.012
5.0 [0.983 |0.933 |0.853 [0.740 [0.593 [0.421 [0.246 | 0.095 1-0.003
6.0 {0.985 [0.941 [0.868 10.764 |0.624 |0.456 10.276 ] 0.114 { 0.006
7.0 |0.986 (0.946 {0.879 |0.781 {0.648 (0,483 [0.302 | 0.131 | 0.014
8.0 10.987 [0.949 10.886 [0.794 10.666 [0.505 10.323 | 0.146 [ 0.02]
Inner circumferential crack, N Mam
T.0 |0.5%4 [0.814 10.6E5 [0.502 . 0073 | 0.033 |
2.0 ]0.965 (0.876 D 755 0.614 0. 466 0 327 10.201 | 0.192 | 0.048
3.0 {0.973 {0.903 0.674 [0.529 {0.382 10.240 | 0.124 [ 0.058
4.0 [0.978 [0.919 0.829 0.712 [0.577 [0.421 [0.270 | 0.T41 | 0.066
5.0 |0.981 |0.928 10.847 |0.737 [0.602 [0.451 {0.294 | 0.155 [ 0.074
6.0 [0.982 [0.934 10.860 |0.756 {0.625 [0.475 10.314 | 0.168 | 0.080
7.0 [0.984 [0.939 (0.869 [0.770 |0.642 [0.493 {0.330-| 0.178 [ 0.086
8.0 |10.985 [0.942 10.875 |0.781 |0.656 10.509 j0.344 | 0,187 [.0.091 |
Inner circumferential crack =0
TU0.383 |0, : . na‘rrfzg" . S o T
2.0 10.964 |0.868 |0.729 |0.563 |0.389 j0.225 |0.098 | 0.015 [-0.030
3.0 {0.973 |0.897 {0.780 |0.632 [0.461 0.289 [0.142 ] 0.036 [-0.024
4.0 [0.977 (0.913 }0.811 |0.675 [0.510 [0.335 [0.176 | 0.054 1-0.018
5.0 [0.980 |0.923 10.831 |0.704 {0.545 |0.369 |0.203 | 0.070 |-0.012
6.0 |0.982 [0.930 {0.844 |0.724 }0.571 10.396 [0.224 | 0.082 1-0.007
7.0 (0.983 [0.934 |0.854 [0.740 [0.591 10.417 |0.243 | 0.054 [-0.002
8.0 [0.984 [0.938 [0.861 [0.751 {0.606 [0.434 |0.258 | 0.104 ] 6.003 |

4 _ WRC Bulletin 288




Tahle 3. K/Ko in a Tine pipe with 0D > 36 in., h = 0.5 in.

WMloa Joz Jo.2 [a.4 [05 |06 |07 | 0.8 | 0.9

Table 5, K/K, in 2 Tine pipe with OD = 30 in., h = 0.375 in,

[P 0.1 [o0.2 [o0.3 o4 |05 [06 [o07 | 08 |09

a/hy . a/he
Quter circumferential crack - OQuter circumferential crack M, =0
120 T0.945 0017 [0.66% |0.505 J0.36E o.iig"N.l;? 0073 [ 0.08 T-0 (0.9 TU.B17 [0.664 [0.508 0.366 [0.247 10187 | 0073 T 0.003
2.0 [0.967 [0.882 [0.766 |0.628 {0.481 [0.340 {0.270 | 0.106 | 0.048 2.0 |0.967 [0.833 |0.766 [0.628 |0.481 |0.340 0.209 | 0,106 | 0.048
3.0 [0.976 [0.911 |0.817 (0.695 |0.554 |0.405 10.267 | 0.132 | 0,060 3.0 [0.976 [0.912 |0.817 |0.696 |0.554 |0.405 |0.257 | 0.132 | 0.060
4.0 10.980 [0.928 [0.848 [0.739 |0.605 |0.455 10.297 | 0.186 | 0.070 4.0 |0.981 |0.928 (0.248 |0.740 [0.605 (0.455 10.296 | 0.158 | 0.070.
5.0 0.983 |0.938 [0.868 (0.769 |0.642 |0.494 [0.330 | 0.175 | 0.07% 5.0 |0.983 [0.939 |0.869 [0.770 [0.643 (0.494 }0.329 | 0.175 | 0.078
6.0 |0.985 |0.945 {0.882 [0.791 {0.671 |0.525 [0.357 [ 0.193 { 0.088 6.0 10.985 [0.946 |0.883 |0.793 10.672 (0.526 [0.357 | 0.193 | 0.088
7.0 10.987 {0.950 0.892 |0.808 [0.693 [0.550 [0.380 [ 0.209 | 0.096 7.0 10,987 [0.951 ]0.893 |0.810 |0.695 |0.552 [0.381 | 0.209 | 0.096
8.0 10.988 10.954 10,900 [0.820 [0.710 [0.570 [0.400 [ 0.223 { 0.104 8.0 10.88 |0.954 |0.901 |0.822 [0.713 |0.573 [0.401 | 0.223 | 0.103
ter circumferential crack =0 Quter circumferential crack, Ny M40
T.0 [0.94% |0, 3 : N "0.273 LAE 'trfﬁ’iﬂ_o.m 0.0 T-0 [0.9%5 0805 [0.627 |0.447 [0.273 [0.133 [0.040 [-0.0TT [-0.03% |
2.0 |0.966 |0.874 [0.741 0,581 |0.407 [0.242 [0.109 [ 0,020 |-0.028 2.0 {0.966 [0.874 10.741 |0.581 |0.407 [0.242 {0.109 | 0.020 (-0.099
3.0 10.975 |0.905 [0.798 10,657 |0.492 [0.318 |0.164 | 0,048 {-0.021 3.0 10.975 [0.906 |0.798 |0.658 10.492 (0.318 [0.163 | 0.047 [-0.021
4.0 j0.980 {0.923 [0.832 [0.707 |0.551 [0.376 |0.209 | 0.072 |-0.012 4.0 10.980 10.923 10.833 10.708 10.552 0.377 (0,209 ( 0.072 [-0.013
5.0 10.983 |0.934 10.854 (0.741 |0.594 |[0.422 |0.2a5 | 0.004 |-0.004 5.0 10.983 [6.935 |0.855 |0.743 |0.595 [0.423 [0.246 | 0.094 [-0.004
6.0 10.985 {0.941 [0.870 l0.766 |0.627 [0.458 [0.277 | 0.114 { 0.005 6.0 {0.985 (0.942 10.871 |0.768 [0.629 (0.459 [0.278 | 0.1314 | 0.004
7.0 10.986 |0.947 10.881 }0.784 |0.652 [0.486 10.304 | 0,131 { 0.013 7.0 10.986 (0.947 10, 0.786 |0.654 |0.488 10.305 | .0.132 | 0.012
8.0 0.987 {0.950 }0.889 {0.798 |0.671 [0.509 [0.326 | 0.146 ! 0.020] 8.0 10.987 |0.951 {0.891 |0.800 [0.674 [0.512 ]0.328 | 0.147 | 0.019
+ Inner circumferential crack 0
T.0 10.94 o.s¥“"°‘”.°"°‘“f‘"‘“ 1?1 T df '0‘.1'5!'0 0.073 | 0,033 1.0710.34510. 815 10, . . . 0.145 [ U.075 1 0.033
2.0 l0.965 10.877 10.756 10.615 {0.467 |0.328 |0.201 | 0.102 | 0.048 2.0 [0.965 (0.878 |0.757 [0.616 10.468 |0.328 {0,202 | 0.103 | 0.048
3'0 0.974 l0.004 lo.803 10.676 l0.531 10.383 [0.241 | 0.3124 | 0.058 3.0 |0.974 10.905 |0.805 |0.677 10.532 [0.385 10.242 | 0.124 | 0.058
4.0 0.978 0'920 0'331 0‘714 0'574 0'424 0'272 0'142 o'm 4.0 {0.978 [0.921 |0.833 [0.716 |0.576 |0.426 10.272 | 0.142 | 0.066
5'0 0'981 0'929 0'850 0'741 0'505 0.454 0‘296 0'3155 0'074 5.0 10.981 [0.930 10.852 (0.743 |0.608 [0.457 10.298 | 0.157 | G.073
5'0 0'933 0'935 0.862 0'750 0'529 0'473 0'315 0'159 o'm 6.0 [0.983 |0.937 |0.865 [0.763 |0.632 [0.482 {0.319 | 0.169 | 0.080
7.0 [0.984 |0.950 [0.872 |0.77% |0.647 [0.498 |0.333 | 0.179 | 0.086 7:0 [2-554.10-342 |0-874 10.778 |0-651 10-302 |0.33¢ 0.181 | o.08¢
8:0 10,985 |0.944 10.879 10,735 |0.662 10.514 |0.348 | 0.189 | 0.091 20 10. 2 : 2 : 5 : : B
" Inner circumferential crack =0, M0
T O IR o2 D 0287 1020 Ty T 2.0 [0:964 [0-a6s [0.731 [0.566 0391 10,227 |0:099 | 0015 -0.030
o : . : : . . : o 2.0 [0.964 |0.869 [0. 0. .391 fo. . . -0.
20 (0.3 O o 7o oot [o-a%0 0.2z 100 1 0015 1 0:5a0 3.0 |0l973 |olas8 [0.784 0636 [0la6 0293 |0.144 | 01037 |-0.024
a0 lo'a7a lo-a1a |o'81s |o'e78 |o-51a |o.338 lo.178 ! 0,055 |-0.018 4.0 {0.978 [0.921 [0.833 {0.716 [0.576 [0.340 |0.180 | 0.056 |-0.018
50 lo-980 |0.924 [0°833 |0707 |o-54e l0.373 0 205 | 0071 |-0.013 5.0 |0.981 |0.925 [0.836 |0.712 [0.553 !0.377 (0.208 | 0.072 |-0.013
5.0 l0:982 |0-931 |07847 |a.720 |0 576 |0 20t lo.228 | 0.084 |-0:007 6.0 |0.983 {0.933 (0,850 {0.733 |0.581 [0.405 [0.231 | 0.085 |-0.007
20 |0 ass o a36 |0.857 10,795 |o.597 |0.423 |o.247 | o 095 u‘ooz 7.0 |0.984 0.928 !0.860 (0.749 [0.602 !0.428 (0.250 | 0.097 [-0.002
s . - . . - . . B4 8.0 10,985 |0.941 10.868 |0.761 [0.618 ]0.446 |0.266 | 0.107 | 0.003
8.0 [0,985 |0.940 [0.865 [0.757 [0.613 |0.441 |0.262 | 0.106 | 0.003
Table 4. K/Ko in a Tine pipé with OD = 36 in., h = 0.625 in.
Table 6. K/Ko in a line pipe with O0 = 20 in., h = 0.5 in.
Lhloa [oz {03 [ 0405 Jo6 (07 [0.8 [0
h
:lo‘L 0.9%5 [0 s?gtig g?s:c Mfemnfftil%sﬁr Eki.:g”#gﬁ%;n 5.0 T 0.053 oot 102 Jo3 [ o4] o5 o6 [o07 |08 0.9
2.0 (0.967 |0.882 [0.766 |0.628 |0.481 10,340 [0.210 ! §.107 | 0.049 atht Quter circumferential crack, Nef, M.=0
3.0 [0.975 |0.911 10.816 [0.695 |0.553 10,405 [0.258 } 0.133 | 0.060 T-0 10.045 [0.817 [0.664 10,508 [0.366 [0.247 [0.7 0.074 [ 0.033
4,0 |0.980 |0.927 |0.846 |0.737 |0.603 |0.454 {0.297 | 0.156 | 0.077 2.0 |0.967 |0.882 |0.766 |0.628 |0.481 10.340 [0.210 | 0.107 | 0.049
5.0 10,983 |0.987 (0.866 |0.767 |0.640 |0.492 {0.329 | 0.176 | 0.081 3.0 10.975 |0.911 [0.816 |0.695 |0.563 [0.405 0.258 } 0.733 | 0.060
6.0 |0.985 |0.944 |0.879 0.788 |0.667 |0.522 |0.356 | 0.193 | 0.090 4.0 0,980 |0.927 |0.847 |0.738 |0.604 10.454 [0.297 { 0.156 ] 0.07
7.0 [0.986 |0.948 |0.889 |0.803 |0.688 [0.545 |0.378 | 0.209 | 0.09€ 5.0 |0.983 |0.937 [0.866 |0.767 |0.640 |0.492 [0.329 | 0.176 | 0.080
8.0 |0.987 |6.951 |0.895 10.814 |0.704 l0.564 |0.366 | 0.222 | 0.105 6.0 10.985 |0.944 |0.880 }0.788 |0.668 |0.522 (0.356 | 0.193 | 0.089
7.0 10.986 [0.949 [0.890 10.804 |0.689 |0.546 |0.378 | 0.209 g.?gg
Outer circunferential crack, No=0 0 S 8.0 |0.987 |0.952 |0.896 |0.815 |0.705 |0.565 |0.397 | 0.222 | 0.
1.0 10.544 10, 07827 [0.943 [0.27% [0.13 5'6%% =0. Y10, Quter circumferential crack, Ne=0,
2.0 (0,966 (0.874 |0.741 |0.580 |0.407 (0,242 |0.110 | 0,021 [-0.028 T 0 T0.932 T0.805 (0,627 [0, . TR 0.04",-6#0_0_0“ 0.05% |
3.0 |0.975 (0.905 |0.797 (0.656 (0.491 (0.318 [0.164 | 0.048 {-0,020 2.0 |0.966 [0.874 [0.741 |0.580 10.407 [0.242 '0.110 | 0.020 |-0.028
4.0 (0.980 (0,922 |0.830 0,705 [0.549 |0.375 |6.209 | 0.073.{-0.011 3.0 |0.975 |0.905 |0.797 |0.657 {0.491 |0.318 f0.164 | 0.048 [-0.020
5.0 (0.982 10.933 (0.852 [0.738 |0.591 (0.419 |0.245 | 0,095 -0.002 4.0 |0.980 [0.922 |0.831 |0.706 |0.549 |0.376 ]0.209 | 0.073 {-0.01
6.0 (0.984 (0.940 (0.866 |0.761 |0.622 |0.453 (0.275 | 0,114 [ 0.006 5.0 (0.983 [0.933 l0.852 |0.739 |0.592 [0.420 {0.245 | 0.095 {-0.002
7.0 |0.986 (0.944 |0.877 (0.778 |0.645 (0.480 |0.300 | 0.130 | 0.014 6.0 (0,984 [0.940 {0.867 |0.762 |0.623 |0.454 (0.276 | 0.114 | 0.006
8.0 |0.986_|0.948 |0.884 [0.790 |0.662 |0.40] |0.320 | 0.145 | 0.022 7.0 [0.986 [0.945 [0.877 |0.779 |0.646 |0.281 |0.307 | 0.131 | 0.014
8.0 10,987 |0.948 [0.885 [0.792 |0.664 [0.503 |0.321 | 0.145 | 0.022
T OO 06k O et T O B 0T | 0 aTs T 003 Inner circunferentiel cracky,fufDs Ho=0
2.0 [0.965 [0.876 |0.754 [0.613 [0.465 (0326 [0.200 | 0.102 | 0.038 RN R I - -360 10.223 10.145 T°0.073 T0.033
4-0 0‘973 0'913 0'327 0'709 U-ISGB 0'419 0‘259 0'140 0'057 3.0 10,973 10.903 [0.801 [0.673 [0.527 [0.38% |0.240 | 0.124 [ 0.058
50 lo080 10927 lo.84s |0.734 10598 |0 448 |0.292 | 0.155 | 0.074 4.0 {0.978 |0.918 [0.828 |0.710 [0.569 ]0.420 [0.269 | 0.141 | 0.067
60 o982 fo 932 (0857 0752 (0620 |0.471 |0.311 | 0.187 | 0.081 5.0 |0.930 |0.927 10.846 [0.736 [0.600 [0.450 {0.293 | 0.155 [ 0.074
7.0 |0.983 [0.937 |0.866 |0.766 |0.638 [0.489 [0.327 | 0.177 | 0.086 §-019-982 10.23% [0-858 |0.754 10-62% (0472 1032 | 087 | o-oae
8.0 10.984 10.941 [0.872 10.760 10.651 10.504 10.341 | 0.186 | 0.092 8.0 098¢ |0'041 [0.874 [0:778 l0'653 [0.506 [0.342 | 0.187 | 0.092
Inner circumferential crack, No=0, M.#0 Inner circumferential crack, Ne=0 '] :
T-0 0047 T30 [5.620 |0.435 [0.766 [0.128 [0.08) |-0.0T3 [=0.03% T.07T0. : ; 5 768 [0.128 | 't}"ti':';"'ii 0,013 [=0.05 |
2.0 |0.964 {0.867 |0.727 |0.562 0,387 |0.224 0,097 | 0.015 |-0.030 2.0 |0.964 [0.867 |0.728°[0.562 |0.388 [0.225 |0.09& | 0.015 |-0.030
3.0 10.972 10.896 [0.777 [0.629 0.459 [0.287 (0.141 | 0.036 [-D.024 3.0 (0.972 [0.896 0.779 [0.630 10.460 [0.288 [0.141 | 0.036 |-0.024
4.0 |0.977 10.912 |0.809 {0.671 (0,507 [0.332 [0.178 | 0.054 [-0.018 4.0 |0.977 [0.912 |0.809 [0.673 [0.508 10.333 |0.175 | 0.054 |-0.018
5.0 0.980 [0.922 |0.828 [0.700 |0.541 [0.365 0,200 | 0.069 |-0.012 5.0 (0.980 [0.922 |0.829 [0.701 |0.542 [0.367 [0.201 | 0.069 |-0.012
6.0 [0.981 [0.928 [0.841 [0.720 |0.566 (0.391 [0.221 | 0.081 |-0.007 6.0 |0.982 '0.929 |0.842 |0.722 |0.568 |0.293 [0.222 | o.082 |-0.007
7.0 |0.983 10.933 [0.851. |0.735 [0.585 |0.412 |0.239 | 0.092 |-0.001 7.0 [0.983 t0.933 [0.852 [0.737 |0.587 [0.414 [0.240 | 0.093 -(-0.001
8.0 10.984 10.936 [0.858 {0.746 10.600 |0.429 !0.254 | 0.102 | 0.004 8.0 |0.984 10.937 |0.850 [0.748 |0.602 |0.431 [0.255 | 0.702 | 0.004
Fracture of Pipelines and Cylinders




Table 7. K/Ko in a 1ine pipe with 0D = 24 in., h = 0.344 in,

L/ATas {o2 [0 [o.4 |05 [0.6 |07 F 0.8 | 0.9

a/h+ Quter circumferential crack 0y Ma=0

T.07|0.825 [0.817 [0.664 |0.508 [0. . 0.747 T 0.073 [ 0.033 |

.0 }0.967 [0.882 [0.766 |0.628 (0.481 |0.340 10.210 § 0.106 | 0.048

.0 10.976 {0.911 |0.817 j0.695"|0.553 10.405 |0.257 | 0.132 | 0.060

.0 [0.980 $0.928 (0,847 [0,739 |0.604 [0.455 (0,297 | 0.155 | 0.070
0.983 |0.938 [0.868 !0.769 |0.642 [0.493 |¢.229 ] 0,175 | 0.080

0.985 10,945 |0.882 {0,791 [0.670 {0.524 10,357 [ 0.193 | 0.088
0.587 10.950 (0.892 10.807 (0.692 ]10.54% [0.380 ! 0.209 { 0.097

i=d=d=1=F~}=Y=]

0.987 10.953 |0.899 16.819 |0.708 |0.570 |0.400 ! 0.223 | 0.104

uter circumferential crack, Nus0 0
T Ty ey S T SO oA T T [0t

T°0 [0.93% |0 . . .

2.0 [0.966 {0.874 |0.741 10.581 |0.407 {0.242 (0.109 | 0.020 {-0.028
3.0 [0.975 {0.905 |0.798 ;0.657 |0.492 ]0.318 (0.164 ; 0.048 |[-0.021
4.0 |0.980 10.923 (0.832 10.707 |0.551 10.376 |0.209 | 0.072 |-0.012
5.0 (0.983 [0.934 (0.854 [0.741 |0.594 |0.421 [0.246 |-0.094 |-0.004
6.0 |0.985 (0.94]1 [0.869 [0.765 |0.626 [0.457 |0.277 | 0.114 | 0.005
7.0 |0.9856 j0.946 |0.880 [0.783 |0.651 |0.485 |0.303 : 0.131 | 0.013
8.0 |0.987 [0.950 {0.888 [0.797 10.670 [0.508 |0.325 ; 0.146 | 0.020

tnner circumferential crack, Nofl, M.=0

0.94 07 B . [0.38% [0.243 [0.YA5 [ 0.073 | 0.033
0.965 (0.877 |0.756 {0.615 ]0.467 [0.327 |0.201 [ 0.102 | 0.048
0.974 [0.904 [0.803 [0.675 |0.530 [0.383 |0.241 [ 0.124 | 0.058
0.978 [0.919 10.831 [0.714 30.573 [0.423 [0.271 | 0.141 | 0.066
. . 0.849 [0.740 [0.604 [0.453 ]0.296 [ 0.156 | 0.074
0.983 (0.935 |0.862 [0.799 10.628 (0.477 10.316 | 0.168 | 0.080
-[9.984 10,940 10.871 [0.773 [0.646 |0.497 [0.332 [ D.179 | 0.086

=3

o o
OO0 OoO0o000
(=]

o
o
&

o
']

[=3
w0

0.985 |0.943 |0.878 [0.784 |0.660 {0.513 )0.347 | 0.189 | 0.091

Inner circumferential crack, Nw=0 0
LR AL ST

1.0 [0.943 [0. . . 0.267 10.12 . -0.034
2.0 |0.964 (0.868 (0.729 [0.565 |0.390 (0.226 |0.099 | 0.015 |-0.030
3.0 |0.973 [0.897 |0.782 |0.634 |0.463 [0.291 |0.143 | 0.037 |[-0.024
4.0 10,977 [¢.914 [0.813 |0.677 ]0.513 [0.337 |0.177 | 0.085 |-0.018
5.0 |0.980 10.924 [0.833 |0.706 10.548 |0.372 [0.204 | 0.070 |-0.012
6.0 (0,982 [0.931 {0.846 |0.728 |0.576. (0.399 {0.227 | 0.084 |-0,007
7.0 |0.983 [0.936 j0.856 |0.743 ]0.585 (0.421 [0.246 | 0.095 [-0.002
8.0 [0.984 10.939 [0.864 |0.756 {0.611 10.439 [0.261 | 0.105 | 0.003

Table 8. K/Ko in a tine pipe with 00 = 20 in., h = 0.344 in.

M o07 102 103 lo4 105 |06 1o | 0.6 | o9

a/h+ Quter circumferential crack! 7Ng{0 M,=0
B 0.817 |0.664 |0.508 J0. . 0.147 | 0.07%
0,882 10.766 |0.628 [0.481 0.340 :0.210 | 0.107

1.0 0.5 0.033
2.0 |0.967 0.049
3.0 [0.975 [0.971 [0.816 |0.695 {0.553 |0.405 [0.258 | 0.133 | 0.06
4.0 (0,980 10.927 §0.846 [0.737 [0.603 {0.454 [0.257 | 0.156 | 0.071
5.0 |0.983 [0.937 [0.866 [0.767 ]0.640 |0.492 30.329 | 0,176 | 0.081
6.0 10.985 10.944 [0.879 |0.788 [0.667 [0.522 10.356 | 0.193 | 0.090
7.0 (0.986 [0.943 [0.889 [0.803 [0.688 [0.546 {0,378 | 0.209 | 0.098
8.0 j0.987 |0.951 [0.896 |0.815 [0.704 [0.565 10.396 | 0.222 | 0.105
Quter circumferential crack, Ne=0, M.#0
1.0 10.944 10, . B 0.273 0.154'"5?@'6{ -0.011 [-0.034
2.0 {0.966 {0.874 |0.741 (0,580 [0.407 |0.242 [0.110 | 0.021 |-0.028
3.0 [0.975 {0.905 [0.757 |0.657 [0.491 [0.318 [0.164 | 0.048 [-0.020
4.0 (0.980 [0.922 '[0.830 (0,705 [0.549 [0.376 [0.209 | 0.073 |-0.011
5.0 {0.982 [0.933 [0.852 [0.738 [0.591 [0.419 [0.245 | 0.095 |-0.002
6.0°|0,934 10.94D {0.867 {0,762 [0.622 |0.454 [0.276 | 0.114 | 0.006
7.0 [0.986 10.945 |0.877 [0.779 [0.645 [0.480 [0.300 | 0.731 { 0.014
8.0 [0.986 {0.948 [0.884 [0.791 [0.663 [0.501 |0.320 | 0.145 | 0.022
Inner circumferential crack, 3 Mo=0
T.0 10.9%% 0.243 TO.TA T 0.003 ] 0.033

0.965 10.876 |0.754 [0.613 [0.465 10.326 [0.200 | 0.102 | 0.048
0.973 {0.902 (0.801 {0.672 |0.527 {0.380 [0.240 | 0.124 | 0.058
0.978 10.918 (0.828 10,709 |0.569 {0.419 |0.26% | 0.141 | 0,067
10,927 10.845 |0.735 |0.599 10.448 |0.292 | 0.155 | 0.074
0.982 10.933 10.857 |0.753 |0.621 j0.471 |G.312 | 0,167 7 0,080
0.983 [0.938 0.866 |0.766 ]0.638 10.490 10.327 | 0.177 | 0.086
0.984 10.941 [0.873 [0.777 |0.652 {0.505 [0.341 | 0.186 [ 0.092

Inner circumferential crack, Ne=0, g?ﬁo
0.942 [0. . . 0.265 U.i!'ﬁ . ~0.013 |-0.034|
0.964 |0.867 [0.728 10.562 {0.387 [0.224 {0.098 | 0.015 [-0.030

0.972 |0.89 (0.779 '0.629 |0.459 10.287 |0.14% | 0.036 |=0.023

' 0.507 10,332 [0.174 | 0.054 |-0.018
.3? 0.700 {0.541 [0.366 [0.200 [ 0.068 [~0.012
.85

N

.

o~ P en b ca
o
h
g

0.720 |0.566 $0.392 {0.222 | 0.081 (-0.007
1 10,735 10.586 10.412 10.239 | 0.092 |-0.001

by

(af=F=la=lalalso
o
4
el
4
~
=]
w
—
o
=]
.
(=3
.
o
=4
~n

0.984- 10,936 [0.858 [0.747 10.601 [0.429 [0.254 | 0.102 | 0.004

5

[=2]

shell theory and three dimensional finite element results
given in Ref. 18. The agreement appears to be quite
satisfactory. _

The normalizing stress intensity factor K, which
appears in the tables is the corresponding plane strain
value for an edge-cracked plate of thickness k and crack -
depth L, and is given by

N.
Ko =Kot =7~ Vhg(Lo/h),

£:(6) = v 7E(1.1216 + 6.5200£2 — 12.3877£4 + 80.0554£6
— 188.6080£8 + 207.3870£10 — 32.0524£12),
§=Ly/h, (7)

for membrane loading, and
K, =Ky = 7 \/Egb(Lo/h),

g6(§) = V7E(1.1202 — 1.8872¢ + 18.014342
— 87.3851£3 + 241.9124£2 —319.940255
+168.0105£5), £ = Lo,/h (8)

for {local) bending.

Tables 1 to 8 give the Mode I stress intensity factor
at the maximum penetration point L = L, of a semi-
elliptic surface crack defined by

L2  Xs2

I?"'a_z:13°rL=LoSin¢,X2=acos¢. 9

The stress intensity factor at other locations along the
crack front may be obtained by using the following ap-
proximate formula:

K(g)=K (%)[1 — (1 + cos 2¢) (0.2323 - 0.0615 %)] :

(10)

where K(7/2) is given by Tables 1-8.

If the stress state in the crack region is not “uniform,”
it may be decomposed into appropriate membrane and
bending resultants which are functions of Xs. For ex-
ample, in the case of gross bending M, the local resul-
tants are given by Eqgs. 5 and 6. In this case, too, since
generally X o2 << 2R?, the stress intensity factors may
be approximated by the uniform loading results given
in the tables by assuming that N.. = M,Rh/I and M..
= M,h3/121. Some sample results showing the effect-of
curvature (i.e., of the term involving X:2/2R%in Eqgs. 5
and 6) in the case of gross bending are given in Table 9.
In this table, too, the respective normalizing stress in-
tensity factors are given by Eqgs. 7 and 8. Note that for
the pipe dimensions under consideration the results are
three to four orders of magnitude smaller than the
corresponding stress intensity factors under uniform
loading.

2.2 Stress Intensity Factors fora Thrdugh Crack
If the geometry of the cracked shell or the external
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TabTe 9. The stress intensfty factor ratio IO‘(KJ&,} at the deepest pene-
tration peint of a semi-elliptic outer circumferential crack in
z pipe subjected to parabolic loadings. OD = 20 in., h » 0.344 in.,

v = 0.3

My = NXp2/2R2, 3y = 0
JH
a},h'-o 0.i 0.2 o3 [0.4a [o05 (06 |07 |08 0.9
0.024 |0.052 (0,080 |0.078 |0.063 |0.043 0.026 | .012 | 0.004

0.810 |2.645 |4.616 16.076 |6.530 |5.843 |4.277 | 2.312 | 0.875
1.169 [3.882 {6,904 {3.302 |10.261]9.423 |7.088 | 31928 | 1.526
1.618 5429 18.822 113.54]18.254]12.365[11. 0841 ¢.281 | 2.512
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loads are not properly symmetric, then Mode II and
Moede III components of the stress intensity factor
would no longer be zero. Furthermore, in this case the
crack initiation (for example, under cyclic loading)
would be in a plane other than meridional or circum-
ferential. The problem may be important in spirally

welded line pipes having weld defects. The solution of |

such problems requires the formulation of the most
general crack problem in cylindrical shells, namely that
of an arbitrarily oriented crack under general non-
symmetric loading conditions. The solution of this
problem and extensive results for a through crack are
given in Ref. 25. Again, selecting the local coordinate
system as in Fig. 21, for a spirally oriented crack which
occupies X; =0, —a < Xo < a, —h/2 < X3 < h/2 the
Modes I, I, and III stress intensity factors around the
crack tip X» = ¢ may be defined as follows:

Ki(X3) = lim [27(X3 — @)]Y2011(0,X 5,X ), (11}
Xo—g

Kn(Xs3) = lim [27(Xs — a)]/2612(0,X9,X3),

Xa—ra

(12)
Km(X3) :.x;im [27 (X2 — @)]M2013(0,X 2,X3),
za

(13)
where ¢;;, (i, = 1,2,3) are the stress components re-
ferredto X1, X3, X3 coordinates (see Figs. 2 and 21 for
the coordinate system).

In the shell analysis the external loads are given in
terms of stress and bending resultants. Therefore, the
problem may be solved more conveniently by assuming
only one of the five resultants to be nonzero at a time.
The general solution may then be obtained by a suitable
superposition. As in the symmetric case, there is one
stress intensity factor associated with each of the five
resultants. The stress component corresponding to the

membrane, bending, and transverse shear resultants.
which may be applied to the cylinder along the crack ar
given by :

¢m = Ny1/h,0p = 6M11/h%,0, = N1o/h,
o = 6M12/h'2,ﬂ'u = (3/2) Vl/h- (14)

The nominal stresses defined by Eq. 14 will be desig-
nated as “membrane,” “bending,” in-plane “shear,”
“twisting,” and “transverse shear,” and Ny, M1, Nis,
Mz, and V; are (a measure or amplitude of) the corre-
sponding crack surface loading.

Some sample results for a pipe which contains a
through crack along a 45° spiral and which is subjected
to torsion are given in Table 10. In this case the mem-
brane resultant Ny is the only nonzero load component.
However, because of the lack of geometric symmetry
none of the other stress intensity components vanishes.
The normalized stress intensity factors ki, (I =
m,b,s,t,v) given in the table are related to the Modes I,
11, and III stress intensity factors at the crack front as
follows:

Romm = KI(O)/U'm\/_E_,

kom = [K1(h/2) — Ki(0)]/om/Ta,

ksm = Kn(0Y op/ e,

kim = [Kn(h/2) — KilO)l/am/7a,

kom = Km(0)/omy wa,0m = Nu/h, {15)

where h, 2a, and R are again the thickness, the crack
length and the mean radius. Needless to say, in this
inplane membrane loading K is the dominant stress
intensity factor; the components k;,,,, i = b,s,t,v) rep-
resent the coupling effects. Note that as R — « the
problem reduces to that of a flat plate, &, becomes 1
and the remaining stress intensity components
vanish.

In the special case of a circumferential through crack
shown in Fig. 2, if the loading is symmetric with respect .
to the plane of the crack, then Ky and Kyyy would be-
zero. For this practical case the membrane and bending
components of stress intensity factors for a cylinder
under uniform tension N1; (or gross bending M, ) are
given in Figs. 3 and 4. In these figures the shell param-
eter Ay is defined by (see Fig. 2)

Az = [12(1 — v))VY4a/v/Rh. (16)

Similarly, if the cylinder is subjected to local bending
0 that in the corresponding perturbation problem the
symmetric bending moment M;; applied to the crack
surfaces is the only nonzero external load, then the
primary and coupling stress intensity factors may be
defined as

kop = [K1(h/2) — Ki(0))/op/7a,
Ems = K10} op/ma an

where o is given by Eq. 14. For the crack geometry
shown in Fig. 2 the results are given in Figs. 5 and 6.

Fracture of Pipelines and Cylinders 7



Table 10. Stress intensfty factor ratios in an isotropic
cylindrical shell contafning an inclined crack under

uniforth membrane loading Nppe v = 0.3, 8 = 45°,

as
h/R 1 ‘2 3 5 10
1/5 097 2 f44 ? 030 3
1/10 .049 .167 .321 =665 2,516
ko 1/15 .033 116 =230 . 2,199
1/25 .020 .072 48 . 34] 886
50 .010 .037 079 =194 .563
1/100 .005 .019 04 106 2337
/200 .002 010 02 .056 1.192
175 0.084 0.122 0.100 | -0.069 =0,761
FAL 0,058 0.108 0.126 0.079 -0.299
| 1/15 .D46 0.09 21 0.118 -0.125
Kpm 032 0.073 04 0.132 0.023
1750 0,020 0.049 0.076 0.117 0.120
17100 0.012 0.03 0.051 0.089 0.139
1/200 0.007 0.0T¢ 0.033 0.062 0.120
Fi; -0, 03 0,108 | -0,190 7 -0.333 -0.517
/10 =0.01 =0,060 | -0,113 !-0.227 =0.424
kem 1/15 -0.012 ! -0, 0¢ =0.081 [-0.173 =0.365
| 125 -0.007 | -0,02 =0.082 [-0.119 -0,289 |
/500 -0.004 | -0.0%3 | -0.028 {-0.068 =0.192 |
/100 =0.002 | -0.007 | -0.014_ |-0.037 =0.1317
£200 -0.001 {-0,003 | -0,007 |-0.0}9 -0.067
Vi .012 | -0.029 ! -0.119 1|-0.432 =4,232
/10 0.010 | -0.008 | -0,053 !-0,21¢9 -1.883 |
Kim /15 0.008 | -0.002 | -0.031 [-0.344 [-1.244
1/25 0.006 0.002 {-0.015 {-0,082 0,757
1/50 0.00 0.003 | -0.004 |-0.03 -0.379
/100 0.003 0.003 0. =0.915 =0.186 |
200 0.00 0.002 9. =0.006 -
-0.05 -0.139 | -0.26 ~0,608 -2.630
/10 -0.026 ! -0.070 | -0.13 -0.302 -1.117
Kym /15 -0.018 | -0.047 | -0.088 |-0,201 -0.736 |
/25 =0.011 ! -0.028 | .0.053 !-0,32} =0.441
/50 -0.005 1 -0.015 | -0,028 |-0.062 [-0.22]
£100 -0.003 [ -0.008 | -0.014 | -0.032 -0.111
/200 [ -0.001.7-0,004 | -0.008 |-0.017 =0.056
»
20—
a/h = |0
Kmm s
2
1.5
- 1
- 05
!.0 L 1 1 i l ] i 1 1 '
0 5 Az 10

Fig. 3—Membrane component of the stress intensity ratio for a cir-
cumferentially cracked cylinder under uniform membrane loading (N4
#= 0, My, = 0} :

0.2
kbm -
2
0 1 ] 1 ] [ L 1 1 ]
5 10
Az
dh=5
-0.2M
10
-0.4
L

Fig. 4—Bending component of the stress intensity ratio for a circum-
ferentially cracked cylinder under uniform membrane locading (M1 =
0. My =0)

0 5 10

Fig. 5—Bending component of the stress intensity ratic for a circum-
ferentially cracked cylinder under uniform crack surface bending mo-
ment (M, =0, My =2 0)
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kmb
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0 5 10

Fig. 6—Membrane component of the stress intensity ratio for a cir-
cumferentially cracked cylinder under uniform crack surface bending
moment (M, = 0, My; =£ 0)

3. Crack Opening Displacement

If the crack in the cylinder wall is relatively deep and
long, the material is not brittle and the external loads
are sufficiently high, then there may be extensive plastic
deformations around the crack region. In this case un-
like the J-controlled predominantly plane strain type
contained plastic deformation problems, in the mod-
¢ling and analysis of the related ductile fracture process
the crack-structure geometry and the global mechanics
of the phenomenon would be expected to play a major
role. For the initiation of ductile fracture some local
deformation or strength parameter at the crack front
must reach a critical condition. On the other hand, for
the subsequent stable or unstable crack growth the
global energy balance condition must be satisfied.
Clearly, the phenomenon in shells is far too complex for
a single parameter characterization. However, for the
purpose of analyzing and correlating the experimental
results an appropriate single fracture mechanics pa-
rameter has ohvious advantages. Among the required
features of such a parameter one may mention the fol-
lowing: (a) The parameter must be sufficiently repre-
sentative of the intensity of the local deformation state,
(b) its theoretical evaluation must be relatively insen-
sitive to the accuracy of the continuum modeling of the
related elastic-plastic crack problem, {(¢) the corre-
sponding mechanics probiem should be analytically
tractable and (d) it must be a relatively simple and ac-
curately measurable quantity.

In our view, for the shell problem the crack opening
displacement {COD) seems to come closest fulfilling
these requirements. Whatever the actual mechanics of
the fracture process, the intensity of local deformations

may be locked upon as an acceptable measure of the
fracture resistance as well as the intensity of the applied
loads. COD is certainly a reasonably good representative
of the local deformation state and can be measured ac-
curately. At the same time it is a global quantity in the
sense that it represents the integrated effects of the
inelastic deformations in the crack region. Thus, it may
be assumed that the calculated value of COD would not
be as sensitive as some other fracture parameters to the
details of the elastic-plastic modeling of the part-
through crack problem in shells.

The continuum plasticity problem for the shells ap-
pears to be analytically intractable. In this study a
modified version of the standard plastic strip model will
be used to model the problem. This is nothing but a
fully-plastic line spring model. In the model it is as-
sumed that the net ligament and a certain region around
the crack is fully yielded, with the size p of the yield
zones as well as the membrane and the bending resul-
tants N and M in the yield zones being unknown, In the
formulation of the shell problem these three additional
unknowns are accounted for by the conditions that the
membranes and bending components of the stress in-
tensity factor be zero at Xy = (e + p) and N and M
satisfy a yield condition, namely

Kn(a +p) =0, (18)
Kyla+p) =0, (19)
N oM

hor + hep 1 (20)

where o is the “flow stress” of the material.

In the particular formulation of the shell problem
such as that described in Ref. 21, the calculated quan-
tities are the crack surface displacement 1(0,X2} and
the crack surface rotation 8;(0,X) at the neutral sur-
face. Thus, in the symmetric problem under consider-
ation, the crack opening displacement at any point
{0,X5,X3) on the crack surface may easily be obtained
from

0(X2,X3) = 2u1(+0,X5) + 2X56:(+0,X ),

h
—a <X2<a,——<X3<]-’L-. (21)
2 2
Some sample results giving the crack mouth opening

displacement.
COD = 6(0,h/2) (22)

for a 30-inch (outer) diameter line pipe are shown in
Figs. 7-10. In these calculations the cylinder is assumed
to be under a uniform axial stress o,. The notation for
the dimensions of the pipe and the surface crack are
shown in Fig, 21, E is the Young’s modulus, and oF is
the flow stress. Note that the results are in dimension-
less form. Similar results for the other standard line pipe
dimensions are given in Ref. 24.

From the figures one may observe that for small val-
ues of the stress ratio o,/op, COD is a linear function
of the external load which corresponds to the linear

Fracture of Pipelines and Cylinders 9



COD/agy/E

10—
0D =30" La/h=LO
- h=205 0.9
a/h =15
- Q.7
3 05
54—
O-DIO-F
[ i 1 1 I L L 1 1 L
o] 05 1.0

Fig. 7—CQD vs. ¢,/ o for a 30-in. diameter pips

elastic response of the cracked shell. For greater values
of o,/0r as expected the relationship is severely non-
linear and, for given crack and shell dimensions, at a
certain value of the stress ratio COD behaves nearly in
an asymptotic manner. From the viewpoint of the me-
chanics of the problem this behavior may be interpreted
as some kind of instability phenomenon.

COD/age/E
10— . Lo/h=10
0D =30
- h=05 "
a/h=20 09
B 0.7
- 0.5

1 1 I 1 l 1 1 1 1 l

Fig. 8—COD vs. ¢,/ 0 for a 30-in. diameter pipe

COD/a g /E
o= Lo/h=10
0D=30"
" h=2035" 09
| ome3 07
0.5
5

Fig. 9—COD vs. 0,/ 0 for a 30-in. diameter pipe

4. The Pipe Experiments

The experimental work on a 20-inch line pipe was
undertaken primarily to verify the validity of some of
the analytically obtained elastic and elastic-plastic re-
sults for a part-through circumferential crack and to
perform crack morphology studies. The pipe was tested
under four-point bending. The dimensions of the pipe
and the locations of the loading pads and the crack are
shown in Fig. 11,

COob/a (=) /E
10—
LK
Q0 = 30" Lo/ =10
h=05" 09
B a/h=4
0T
05
5 [—
%/
1 1 [} i l 1 1 1 1 I '
0 0.5 1.0

Fig. 10—COD vs. ¢,/ 0'F for a 30-in. diameter pipe
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Fig. 11—The geometry and dimensions of the pipe specimens

4.1 Stresses in a Pipe under “Four-Point” Bending

In solving the crack problems in pipes it was indicated
that for a given loading condition the stresses in the pipe
without the crack are known. The crack problem was
then solved under self-equilibrating loads applied to the
crack surfaces only. In the problem under consideration
the pipe is under “four-point” bending (Fig. 1). Gen-
erally in such problems it is assumed that the pipe is
subjected to gross bending and the stresses may be ob-
tained by treating it as a “beam.” However, in most
cases, it is necessary to verify the results given by the
beam theory by carrying out a somewhat more realistic
stress analysis of the pipe and by considering the details
of the loading fixtures.

At the four points shown in Fig. 11 the loads were
applied to the pipe by 6-in. wide semicircular saddles.
To prevent a possible collapse of the pipe wooden blocks
of 4 in. X 4 in. cross-section were inserted into the pipe
at the load locations (Fig. 12). Other relevant dimen-
sions are shown in Fig, 11,

A shell theory was used to calculate the stresses in the
pipe. (KSHEL developed by Professor A. Kalnins at
Lehigh University.) This is a numerical technique in
which all field quantities including the external loads
are expanded into Fourier series in 4 and a segmental
integration is used in the axial direction. The shell
equations are expressed in terms of a system of first
order differential equations. The resulting “two-point
boundary value problem” is then solved by reducing it
to an initial value type problem. In order to avoid a
highly complicated contact problem, the form of the
“contact” stresses at the locations of the loads was as-
sumed beforehand (see Fig. 12). Following were the
main assumptions: {(a) the contact at all locations is
frictionless, {(b) the pressure distribution under the
saddles is independent of the axial coordinate and has
a cosine distribution in 8, and (¢) the pressure distri-
bution between the wooden blocks and the shell is
uniform. Thus, the transverse load N(#) applied to the
pipe would be of the form shown in Fig. 12, where N(#)
= N, cos #, Ny is unknown, and #; = ¢/2R = 0.2r1ad., ¢
= 4 in. being the width of the wooden block. From the
equilibrium condition N, is found to be

Assumed Pressure Profile Under the Saddle

N={Ngcos &)
A
11
148
11 R
A
/
2
11 Wooden Column Under
92 Load Point
Pressure Transmitted by Column
{a ) { No -N 1 )
N
Nol
N

i

|

|

: (Tﬁ'8|)
0 5 /2 L T -3-

{Ng-N}}

(b)

Fig. 12—Assumed distribution of the applied load through the saddles
and the wooden blocks in the pipe specimens

-
f /22 N(f) cos § Rd6 = PN, = 2P/xR.  (23)

The load N, is determined from the following dis-
placement compatibility condition:
l
W(0) + W(r) = 222, (24)
E, .
where W{(#) is the radial displacement in the shell
(positive if outward), 6., is the stressin and [, and E,,
are the length and the Young’s modulus of the wooden
block.

In the analysis the loading condition shown in Fig., 12
is used only in the interior load locations x = 15 in.
(Fig. 11). For simplicity the pipe ends were assumed to
be “simply-supported,” that is, at x = *102 in. it was
assumed that

(NMMM,N;M, W) =0, (25)

where ¢ and # are respectively the axial and the cir-
cumferential coordinates and Nj; and M;; (i,j = ¢,6) are
the membrane and bending resultants.

Some calculated results for the dimensions shown in
Fig. 11 are given in Figs. 13-15. Fig. 13 shows the
#-distribution of the circumferential stress oy, and the
axil stresses a,; and oy, in the pipe at the plane of
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STRESS, psi/lb

- PLLE®

Fig. 13—Circumferential variation of the hoop (g3,) and the axial
stresses (0,,0x) at x = 0 plane in the pipe under '‘four-point
bending”’

symmetry x = 0 where the subscripts o0 and i stand for
points on the “outer” and the “inner” surface of the
shell, respectively. o,, # o,; implies local bending of the
shell wall; that is,

(0xo+ 04)/2 = N¢¢>/h, (oyo — 05)/2 = 6M¢¢/h2. (26)

0.2~
K

0.6 e Beam

wsewe= Shell _ i

STRESS Eg‘*—, psi/1b.

Fig. 14—Variation of the rﬁaximum axial stress (0, at 0 = @) along
the pipe

RADIAL DISPLACEMENT W (in./Ib.)

e

1x10 2 p=

0.6

0.2~

o L I
3Q° 60° o0° 120° i50° 180°

80

-ix1078

Fig. 15—The circumferential variation of the radial displacement W
at x = 0 plane

Fig. 14 shows the distribution of the axial stress o, at
# = 7 as a function of x. The figure also shows the same
stress component obtained from the beam theory. From
Fig. 13 it may be chserved that the local bending due to
the variation of the membrane stress ¢, in thickness
direction at the location of the crack (i.e.,x = 0,0 =)
is not very significant {the maximum bending stress o,
= 6M,4/h? is approximately 3.7% of the membrane
stress ¢, = Ny,/h). Similarly, the difference between
the stresses at the crack location obtained from the shell
and the beam theories is approximately 3.1% of the
nominal value (Fig. 14). Therefore, in the pipe under
consideration using the beam theory to calculate the
stresses would involve no substantial error.

Fig. 15 gives some idea about the ovalization of the
pipe at x = 0 plane. In this figure W{#) is the radial
component of the displacement (positive if outward).
It should be emphasized that the problem was solved
for P = 1 by using the actual dimensions of the pipe
given in Fig. 11. Thus all quantities shown in Fig. 13-15
are per unit applied load and are not dimensionless.

4.2 Mechanical Properites of the Material 7

Before testing, specimens were cut from the pipe in
the longitudinal direction to obtain simple mechanical
properties of the material. A sample result of the tensile
tests is shown in Fig. 16. Even though the material was
nominally designated as being X60 the yield and ulti-
mate strengths were found to be oys = 68 ksi, oy =
82.9 ksi. Various views of the ruptured tensile specimens
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Fig. 16—Mechanical properties of the pipe material, nominally des-
ignated as X60, obtained from a tensile specimen cut paraliel to the axis
of the pipe (i.e. the rolling direction)

and are shown in Fig. 17. The most striking feature of
the fracture surfaces was the severe delamination of the
material parallel to the pipe surfaces. There was also
severe necking in both thickness and circumferential
directions before fracture.

Specimens were also cut from the pipe in the longi-
tudinal direction for Charpy V-notch experiments. In

Fig. 17—Various views of the X60 tensile specimen cut from the 'pipe;
r, 8, and zrefer to the radial, circumfaerential, and axial directions, re-
spectively

these specimens the notch was cut in the circumferential
(or #) direction (that is, the loads were applied in -z
plane, see Fig. 17). The test results are shown in Fig. 18
where the solid line represents an approximate fit to the
data. The results are characteristic of pipeline steels,
narely they indicate relatively high toughness, and no
distinet shelf values.

4,2 The Fatigue Experiments

The length and load point locations of the pipe
specimens shown in Fig. 11 were determined largely to
accommodate the capacity of the Amsler hydraulic jacks
used for loading the specimens. The machine capacity
had to be sufficient to produce a bending moment in the
unnotched pipe near the full yield or “hinge” value of
the moment. Another consideration was the buckling
of the pipe on the compression side. Since premature
elastic instability could spoil the entire program, some
elementary buckling calculations had to be made. First,
the following empirical formula developed for the elastic
buckling of thin shells under bending was used to cal-
culate an equivalent critical stress?6:

Eh _
N [1-0.731(1 — e~9)],
| 6= 11—6 VER, (27)

where &, is the critical stress for elastic buckling initi-
ation, B the mean radius, h the thickness, and E, v are
the elastic constants. For the 20-in. diameter steel pipe
under consideration (Eq. 27) gives o, = 500 ksi indi-
cating no danger of buckling according to (Eq. 27).

A second caleulation was made by assuming that the
pipe is under axial compression. Following Ref. 27 the
critical stress for this case is given by

ENERGY {ft. -Ib.)

200

160

120

80

40

TEMPERATURE (F)
oler v v Ly v v o 0o e v 0 Iy y 0
=-100° ~50° Qe 50° 100°

. Fig. 18—Resuits of the Charpy tests for the X60 pipe material
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Oer = z (28)
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OPL
where op;, is the proportionality limit of the material.
Equation 28 takes into account initial imperfections
(i.e., deviations of the shell surface from an ideal circular
cylinder) and assumes that the deflections may not be
small. Taking opy = 58 ksi, Eq. 28 gives ¢, = 205 ksi.

It then appears that the elastic buckling should not
pose a problem in the pipe tests. A circumferential
starter notch was introduced to the pipe specimens by
using a 1-in. diameter 0.025-in, thick abrasive disk. Two
or three overlapping initial cuts were made to have the
desired initial flaw size and particularly to create a
“chevron’ effect to shorten the crack initiation time.
The pipe was then placed in the test frame with the
crack on the compression side and the notch was
subjected to a precompression stress of approximately
75% of the yield strength of the material. The reason for
this was to further speed up the crack initiation process.
A sketch of the pipe cross-section through the crack
plane is shown in Fig. 19.

The objective of the fatigue tests was twofold. The
first was to introduce a natural crack to the pipe wall
prior to the fracture tests. The second was to collect
some fatigue crack propagation data in shells. The
programmed loading and crack front marking technique
were used to collect the fatigue data. The same hy-
draulic jacks were used for cyclic (at 250 cpm) and for
static loading. The stress intensity factor calculated in

r

L.

Sp. 604 Sp.603  Sp.602

- Tl T
o e

Machined Notch

Fatigue Crack

Net Ligament Tear

Circumferential Growth { delaminations)

Braze

B EN [

Fig. 19—A sketch of the fracture surface of pipe #6 showing the lo-
cations of various specimens used in the scanning electron micro-
scope

Section 2 of this paper was used to correlate the fatigue
results. The limited results obtained for the pipes are
shown in Fig. 20 superimposed on the results obtained
for flat plates with a part-through surface crack and for
single edge notched specimens of X-70 steel. The solid
line in the figure represents an approximate fit to the
air data obtained by Vosikovsky for X70 specimens.2®
All test specimens shown in Fig. 20 had the same crack
orientation with respect to the rolling direction of the
material. Assuming that the materials X80 and X70
have similar fatigue crack growth characteristics, Fig.
20 shows that the fatigue crack propagation rates in the
pipe can be predicted from the data obtained from
simple two-dimensional specimens provided the theo-
retical stress intensity factors for the pipe are available.
Conversely, in applications the calculated results such
as those given by Tables 1-8 may be used in a simplified
fatigue crack growth model obiained from the fatigue
characterization of the material (e.g., Fig. 20) to estimate
the crack propagation rate.

4.4 Fracture Tests

Following each fatigue experiment the transverse
loads P were slowly increased in order to observe the
development of ductile fracture in the pipe (Fig. 11).
The fracture tests were carried out by using the same
hydraulic jacks and the same load frame as used in the
fatigue experiments. Strain gages were mounted at
various locations on the specimen to monitor the de-

AK (MPA+T )
10!
LILELILILLE | 1 I LI
x SPEC S Z
1074 + sPecs r/;
-~ & SPEC 1O 7
o SPEC 14 A
- o PLATE x 13
L o PIPE -
| ~— VOSIKOVSKY ﬂ -
~ 41 5
w -5
o 10 - hlc - £
5 F o 3
~ L 3
£ = —j104 E
s I s 3 3
~ | 1 . )
_3 h-]
w-G: * n
-— —
—
=
[ —107%
107 L1111 1 1 L1 13117
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Fig. 20-—Fatigue crack propagation in X70 single edge notched and
surface cracked plates, and in circumferentially cracked X60 pipes
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formations in the pipe and the relative magnitudes of
the loads applied by the two jacks. A precalibrated clip
gage was used to measure the crack mouth opening
displacement. The outputs of gage 1 and the clip gage
were connected to an x-y recorder for continuous re-
cording of the transverse load P vs. the crack opening
displacement COD. An eight channel oscilloscope was
used as a back-up to the x-v recorder and to store the
information on a disk. A digital data acquisition system
was used to record the outputs from the strain gages at
certain values of the load. In order to detect the load
level corresponding to the initiation of net ligament
rupture, a photo cell was installed inside the pipe op-
posite the crack, the pipe was darkened by blocking the

“ends and the light was directed at the crack from out-
side.

Except for the initial fatigue-sharpening the cracks,
the experimental procedure followed and essentially the
results found in this study are quite similar to those
reported in Ref. 29 by Wilkowski and Eiber. As in Ref.
29, the loading technique used in the present experi-
ments was basically “displacement-controlled.” This
means that the experimental P vs. COD curves go
through a maximum and then P starts decreasing as the

load point displacement and COD increases. In a

“load-controlled” experiment the maximum P thus
attained would have been the fracture instability
load.

Altogether six pipes were tested. In two of the pipes
the fatigue crack was permitted to propagate through
the entire pipe wall. In the remaining four some effort
was made to have a part-through fatigue crack of vari-
ous specific dimensions. The experimentally obtained
P vs. COD curves are shown in Figs. 21-26. Unlike some
of the results given in Ref. 29 and éxcept for pipe #2,
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Fig. 21—Transverse load P vs. COD for pipe # 1
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Fig. 22—Transverse load P vs. COD for pipe # 2

the curves are all “smooth.” That is, there were no
“kinks” in the curves which would have been an indi-
cation of “fracture initiation” or “net ligament rupture.”
The reason for this is believed to be fatigue sharpening
of the crack prior to static loading. Pipe #2 has a rela-
tively short and shallow fatigue crack (2a = 1.688 in.,
L,/h = 0,545). In this case the pipe “failed” as a conse-
quence of structural instability (i.e., buckling) rather
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Fig. 23—Transverse load P vs. COD for pipe # 3
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" Fig. 24—Transverse load Pvs. GOD for pipe # 4

than fracture instability. There was no evidence of crack
growth in the pipe wall during the loading process on the
test bench. Severe nonlinearity observed in Fig. 22 in
the P vs. COD curve prior to reaching the peak load is
an indication of plastic deformations in the crack region,
particularly, in the net ligament. The load fell off
sharply upon reaching the structural instability value
(Fig. 22). The actual development of the buckling of the
pipe wall may be seen in Fig. 27.

As pointed out earlier, the elastic instability in the
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Fig. 26—Transverse load Pvs. COD for pipe # 5
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Fig. 26—Transverse load Pvs. COD for pipe # 6

pipes was not a likely mode of failure, that is, the cal-
culated instability loads were much too high for the
material strength to sustain them. However, as seen
from Fig. 27, the instability observed in the pipe #2is
inelastic buckling. Even though the peak load in the
pipe #6 was the same as that in # 2, there was no visible
sign of buckling in # 6. This may be due to the compli-
ance change in the pipe # 6 resulting from the propa-
gation of the through crack on the tension side and,
perhaps more likely, to the highly imperfection sensi-
tivity of the buckling process. An important factor in the
inelastic buckling of pipes in the present study is the
nearly rigid saddles used to transmit the load from the

Fig. 27—Buckling of pipe #2 on the compression side
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hydraulic jacks to the specimens. There was indeed an
indication of slight buckling initiation in all pipes tested.
They were all on one side and very near the saddle. The
local “bending” in the pipe wall near and at the leading
edge of the saddle seems to be one of the main factors
for the reduction in the observed instability load. The
degree of buckling instability was also responsible for
the difference in behavior of the measured load vs. COD
curves obtained from pipes #4 and #5 which had
nearly identical initial part through fatigue cracks. The
buckling in the pipe #5 started at a smaller COD value
than in # 4 which consequently resulted in the reduc-
tion of the load at a comparatively smaller COD value.
To give an idea about the comparative behavior of the
measured P vs. COD curves obtained from various pipes
they are reproduced in Fig. 28 in superimposed form.
Except for the pipe # 1 which had a relatively long ini-
tial through crack (and to some extent #3 which had
an initial through crack), the elastic behaviors (that is
the initial parts of the curve) in all pipes seem to be
quite similar, whereas buckling played a major role in
the inelastic range. Of the six pipes tested only in one
(pipe #6) there was no evidence of any structural
buckling on the compression side. In this pipe after the
net ligament rupture the through crack continued to
grow in a slow stable fashion. At some point the clip gage
ran out of space and fell and the test was terminated.
When the test was stopped the crack (which had an
original length of 1.97 in.) was approximately 7 in. long.
In the remaining pipes there was very small stable
growth of the through crack.

For the pipes tested, Figs. 21-26 also show the load
vs. COD relationship obtained from the elastic-plastic
analysis described in the Section 3 of this paper. For
part-through cracks shown in Figs. 24-28 four calcu-
lated curves are given: one for the part-through crack
with the profile as given by the fatigue experiment, the
second for the corresponding through crack and the
third and fourth for intermediate net ligament thick-
nesses. For a given COD the curve based on the fatigue
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Fig. 28—Transverse load P vs. COD in the pipes tested as reproduced
from the x-y recorder
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crack has the highest and that based on the through
crack the lowest values of the load P. The curves cor-
responding to the intermediate crack depth fall between
these two limiting values. The “net ligament rupture”
point (or the load corresponding to the “through crack”
initiation) Pg is marked on the experimental curve
(which was obtained from the photocell). Clearly, for
loads greater than P, the crack should be treated as a
through crack. The initial linear portion of the curves
correspond to elastic loading. Between the load Py
corresponding to the plastic necking or tearing initiation
of the net ligament and P corresponding to total net
ligament rupture, intermediate values of net ligament
thickness must be used to obtain the theoretical P vs.
COD curve.

Again, it should be emphasized that the ductile
fracture process involving relatively thin-walled
structures and large flaws is very highly geometry-
dependent and cannot be characterized by a single pa-
rameter, The empirical or semi-empirical models de-
signed for this purpose would generally be satisfactory
only for the geometry they were developed. The simple
idea underlying the current study is that if one can de-
fine or designate a certain parameter which is an ade-
quate measure of the intensity of the applied loads and
of the severity of the flaw under conditions of large scale
plastic deformations, and the value of which may not
be highly sensitive to the details of the elastic-plastic
model assumed for the purpose of calculating it, then
the asymptotic behavior of this parameter may be used
to estimate a gross stability load for the flawed com-
ponent. As argued before in this paper COD comes
perhaps closest to fulfilling the conditions of such a
parameter.

The asymptotic behaviors of the experimental and
the theoretical P vs, COD curves are expected to be
different. The experimental curve is obtained from a
displacement controlled test and hence exhibits a
maximum for the load (Pyay). The theoretical COD
curves on the other hand possess a true asymptote (P
= Ppax). These asymptotic values of P are the theoret-
ical estimates of the instability load in each pipe. For the
six pipes tested, Table 11 shows the comparison of
measured and estimated instability loads.

An alternative way of presenting the results may be
seen, for example, in Fig. 29 where the normalized COD

Tabie 11. Experimentally measured and theoretically estimated
fracture instability values of Transverse load P fn pipes,

Pipe # 2 E‘o’rh (me)exp (pmax)Theor.
(kips)
1 4,280 1.0 9% 91
(*) 2 1,688 0.545 108 112
3 Y.770 1.0 106 103
4 2.063 0.727 108 102
5 2.063 0.773 106.5 102
5 1.970 0.680 109 105

(*) Inelastic buckling, no fracture.
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Fig. 29—Normalized COD vs. moment ratio for pipe #6

(with respect to aop/E, a, oF and E being the half crack
length, the flow stress, and the Young’s modulus) is
plotted against the moment ratio M/Mp. Here M is the
moment applied to the pipe and Mp is the fully plastic
{or collapse) value of M which is given by

T B+h/2
Mp =20F f f r2 gin 8drd#d
0 JR-hs2

e e

In all pipes tested for ductile fracture, at peak value
of the load the region of the shell containing the crack
was fully vielded and after the tests were terminated
permanent deformations in the form of gross bending
was observable. However, the elastic plastic analysis of
the crack problem in the pipe was still valid. Considered
as a beam, the pipe still had a very large “elastic core™
after the extremities were plastically deformed. Thus,
unlike the plate problem under similar situations, there
was no “net section collapse.” Also, in the elastic-plastic
shell analysis the end points of the plastic zone in the
plane of the crack extended into the elastic region in the
pipe.

Originally, it was thought that the net ligament would
suddenly become unstable and one may have some dy-
namic effects on the tearing of the resulting through
crack. However, as seen from COD vs. P records (Fig.
28) in the type of problems under consideration the
tearing or necking-tearing process in the net ligament
is gradual and, for the circumferential cracks, stable.

Therefore, it does not seem to be practical to talk about
a “net ligament instability” load. Since the development
of the through crack and its initial growth are stable, the
only meaningful instability load is that of the through
crack.

4,5 Examination of Fracture Surfaces

As in plates containing a surface crack,?* in fatigue-
cracked pipes subjected to fracture the evidence of
considerable necking was observable in the net liga-
ment, particularly from the inside surface of the pipe
opposite to the crack. The examination of the two halves
of the fractured specimen indicated that after the de-
velopment of the stretch zone the crack started along
the front and slowly propagated in thickness direction.
The stability of this phase of the crack propagation was
evident from the fact that prior to and during the net
ligament rupture (initiation of which was detected by
the photo cell) the load was still on the rise. The direc-
tion of the crack propagation was perpendicular to the
pipe surface. This may easily be seen from the fact that
in the net ligament region the two halves of the frac-
tured pipe wall were perfectly symmetric with respect
to the original plane of the crack. There is every indi-
cation that upon the initiation of ductile tear the crack
profile near and at the leading edge maintained its
(symmetric) V shape as it propaged through the net
ligament. Fig. 19 shows a sketch and Fig. 30 a photo-
graph of the fracture surface.

One of the basic microscopic fracture mechanisms
that almost always presents itself in cases of ductile
fracture is microvoid coalescence. The stress induced
fracture and, in some cases, compiex dislocation inter-
actions lead to the formation of microcracks or pores
within the stressed component. As the stress level in-
creases these voids grow larger and start coalescing to
form a broad crack front. There are, roughly speaking,
three main processes for void formation and coalescence
which depend on the stress state existing in the com-
ponent. Under simple uniaxial loading conditions, the
microvoids will tend to form in association with frac-
tured particles and/or interfaces and grow out in a plane
generally normal to the direction of the applied stress.
The resulting “equiaxial dimples” are believed to be
related in some fashion to the fracture energy. However,
when the failure is predominantly influenced by shear
stresses, the voids that nucleate in the manner cited
above grow and subsequently coalesce along planes of
maximum shear stress. Consequently, these voids tend
to be elongated and result in the formation of parabolic
depressions on the fracture surface, Finally, if the state
of stress is that of combined membrane and bending
stresses, again the voids would be elongated, pointing
back at the origin of the ¢rack.

From Fig. 30 one may easily distinguish three dif-
ferent zones on the fracture surface, namely the fatigue
crack, net ligament rupture, and the through-thickness
shear fracture of the pipe wall. Even though both the net
ligament and the pipe wall were undergone ductile
fracture, their appearance were quite different. The net
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Fig. 30—Various views of the fracture surface of the pipe #6, L, = 0.68
hin, 2a= 187 in.

ligament appeared to have the structure of a fine-
textured dimple fracture and had no signs of delami-
nation. On the other hand, the through-thickness
fracture beyond the crack tips had much coarser sur-
faces and had the appearance of shear fracture of a
laminated material with clearly observable delamina-
tion cracks (Fig. 30, see, also, Fig. 17h).

For a closer examination of various fracture surfaces
photomicrographs were taken at various locations in
pipe #6 by scanning electron microscope (SEM). Fig.
19 shows a sketch of the fracture surface of the pipe #6
‘which indicates the locations of the samples (601, 602,
603, 604) used in SEM. The symbols r, ¢, and c.g. shown
in Figs. 31-33 refer to the (outward) radial, circumfer-
ential, and macroscopic crack growth directions, re-
spectively. The views of the fracture surface opposite
to that used in SEM study are shown in Fig. 30. The
braze shown in Fig, 19 was part of an effort to use an
acoustic emission device for detecting the crack initia-
tion. This attempt did not prove to be very reliable.

‘The series of photomicrographs shown in Fig. 31 are
taken from the sample 603. Fig. 31a shows fatigue sur-
face and part of the stretch zone (marked by A). The

stretch zone and the beginning of the tear region are
shown in Fig. 31b. Views further into the tear region are
shown in Figs. 31c and d. The orientation of the dimples
in these figures indicate that the direction of the crack
propagation was radial. On the fracture surface there
was no evidence of shear fracture in the net ligament
propagating in circumferential direction.

Fig. 32 shows various views of the sample 602. Figs.
32a and b show low magnification photomicrographs of
the whole pipe wall and a portion of the peculiar band
which was developed during the fracture process. In the
section of the pipe wall shown in Fig. 32a the regions of
machined surface, fatigue craék, and the ductile fracture
surface including the delaminations and the “band” are
clearly visible. The band is also seen in Fig, 32b. Figure
32c shows a photomicrograph of the fatigue surface, The
stretch zone adjacent to the fatigue surface and the
transition region (to ductile fracture) are shown in Fig.
32d., The “band” observed in Figs. 32a and b is also
visible (this time in light color) near the crack tips in Fig.
30 and is believed to be due to the interruption of the
test momentarily for manual readjustment of the
loading jacks.* This may have caused a crack closure,
resulting in “smearing” or “flattening” of the dimples.
It is, nevertheless, clear that the bands seen in Fig. 30
along the entire thickness of the pipe correspond to the
crack front at a particular time during the propagation
of the through thickness fracture.

The photomicrographs of the sample 601 are shown
in Fig. 33. Fig. 33a shows the view from a “valley” be-
tween delaminations where the voids tend to be more
equiaxial, As one climbs along the side of a delamination
the shearing effect becomes more visible and the di-
mples tend to be more elongated (Fig. 33b), The dif-
ference between the through-thickness tear in the net
ligament and the circumferential tear in the pipe wall
seems to be purely a matter of stress state and geometric
constraints. Circumferential tear region contains highly
pronounced delaminations which may have initiated
from the impurities in the steel whereas the net liga-
ment is completely free of such delaminations.

5. Conclusions

One of the main conclusions of this study is that in
shell structures containing a relatively large initial crack
generally the fracture instability load is highly depen-
dent on the overall mechanics of the problem (i.e., the
geometry and loading conditions) as well as on the
fracture resistance characteristics of the material, and
a properly selected and fairly accurately calculated
parameter such as COD may be used to estimate the
instability load. By examining the results given in Figs.
21-26 and in Table 11 it may be observed that the es-

timate which may be obtained from the current analysis

* The drop of the load P to zero and reloading is not shown in Fig, 26. Fig.
26 was reproduced from the oscilloscope record in which unloading and loading
was ignored. However, the corresponding trace in the x-y recorder shows that
the unloadin%a,nd loading were perfectly elastic, followed the same straight line
(in P vs. COD plane), and there was no sign of any discontinuity or kink in P
vs. COD record.
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Fig. 31—Scanning electron micrographs {SEM) of the fracture surface at the location 603 (see Fig. 19). (a) fatigue surface and stretch zone (A),
{b) stretch zone (A) (overload) and tear region, (c) tear region, () further into the tear region (1000X). {r: outward radial direction, ¢: circumferential
direction, ¢.g.: crack growth direction)
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Fig. 32-—SEMs of the fracture surface at the location 602 (Fig. 19). {a) Low magnification view from the top: machined surface, fatigue crack, tear
region which inchudes delaminations, the ““band,” further into the tear region (20X), (b) tear region and the “band’’ at 50X, () fatigue surface at
1000X, (d) stretch zone or transition from fatigue to ductile fracture region at 10060X
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Fig. 33—SEMs of the fracture surface at the location 801 (Fig. 19). {2) In a valley between delaminations, () along the side of a delamination

(1000X)

appears to be sufficiently close to the instability load
and furthermore seems to be consistently conservative.
One should also remark that if the tests were performed
under “load-controlled” conditions, qualitatively the
experimental P vs. COD curves would have been very
similar in behavior to the theoretical curves, in that they
would not have had a maximum and would have been
asymptotic to P = Py, lines.

As indicated before there was considerable necking
in the net ligament from inside the pipe wall, the crack
growth through the net ligament was perpendicular to
the pipe surface and was stable, and after the initiation
of ductile tear the crack profile near and at the leading
edge maintained its (symmetric) V shape as it propa-
gated. On the other hand, after the net ligament rupture
the through crack propagated essentially in shear mode
between planes formed by delamination cracks. Even
though Fig. 30 appears to indicate a finer textured
fracture surface for the net ligament, scanning electron
micrographs showed that both the net ligament and the
wall were undergone basically the same dimple frac-
ture.

The particular X60 line pipes which were subjected
to four point bending and which contained a part-
through circumferential fatigue crack on the tension
side provided to be very highly resistant to ductile
fracture. Even though it was possible to rupture the net
ligament (i.e., the pipe wall under the crack) in all but
one of the pipe specimens, the gross failure under

gradually increased static bending occurred mostly as
a result of inelastic buckling of the pipe wall on the
compression side rather than fracture instability (i.e.,
unstable crack growth) on the tension side. The one pipe
specimen in which the net ligament did not rupture and
in which there was severe buckling on the compression
side conained a relatively shatlow fatigue crack. In one
specimen there was no sign of buckling and the struc-
tural failure resulted from fracture instability. In all
cases the theoretical model gave conservative estimates
for the fracture instability load.
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