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Abstract

This work provides an exploratory investigation into the applicability of a two-parameter fracture mechanics approach
based on the J-Q methodology to characterize fracture behavior in cracks located at geometrical discontinuities of pres-
sure vessels submitted to pressurization and depressurization cycles. Numerical models in plane-scrain condition were
employed to characterize crack driving forces and constraint changes in a flawed structure subjected to shakedown. The
material exhibits elastic—plastic behavior and nonlinear kinematic hardening following the Chaboche model. The results
indicate that the application of cycles of loading exceeding elastic limits, but still below the allowable stress for design of
pressure vessels, increases the crack driving force and decreases the constraint level. It is possible to conclude that the
methodology based on J-Q is highly effective to characterize the fracture conditions in geometrical discontinuities of
pressure vessels. A lower probability of unstable fracture may be assumed for ductile and high-toughness materials after
few cycles of pressurization and depressurization are applied. However, due to the increase in the driving force, the
crack may be more susceptible to a subcritical tearing. Assuming that the material toughness is high enough to avoid any
ductile tearing during pressurization and depressurization cycles, the observed phenomena close to the crack tip may be
compared to instability of strains when shakedown is not guaranteed.
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Introduction material’s failure. Given  the condition that  such
onc-parameter  methodology  describes the  near-tip
stress and strain ficlds ahead of the erack. the approach
vields a very effective defect acceptance procedure for
mechanical und structural components. which can then
be used to establish operating conditions in terms of
admissible applied loads or crack sizes.

Refineries and chemical processing plants consist essen-
tally ol pressurized cquipment. such as pressure vessels
and piping. which require high reliability in their design
and fabrication. Fail-safc operation of these plants
relies direetly on the application of structural integrity
assessment procedures and correct predictions ol fail-
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Maode I elastic stress intensity factor K,' or the clastic
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However, crack-like flaws often occur at geometrical
discontinuities and stress concentration regions such as
nozzle connections, openings and head shell junctures
in pressure vessels. With increased  loading.  these
regions undergo severe plastic deformation well beyond
the elastic limits of the malterial with strong impact on
damage accumulation in the neighborhood of o crack-

tp Maw, A case of miterest related to the occurrence of

plastic strains at geometrical discontinuity regions is
the shakedown phenomenon in clastic plastic strue-
tures.> ' During service and after an initial short-term
transient response, pressurization eyeles subject the
pressure vessel to o repetitive loading, which causes
reverse plasticity and plastic accommodation of muie-
rial leading the structure to clastic behavior in subse-
quent operations. The changes in the local stress and
strain fiekds due o plastic shakedown aftect the cou-
pling relationship between macroscopic loading and the
crack-tip driving force as characterized by the J-inte-
gral. thereby compromising accurate defect assessments
bused upon a single-parameter fracture mechanics
approach.

The history of construction of welded pressure ves-
sels has been ol continuous developments in design.
fabrication technigues and new materials. Earlier pres-
surized equipments were made of low toughness and
low ductility materials with relatively reduced structural
capacity with increased applied pressure arising rom
the development of high levels of plastic strain in high-
stress coneentration regions or ahead of crack-like
defects. When subjected 1o a hydrostatic pressure test-
my o gwuintee safety and fabrication stundards, a
pressure vessel containing a sharp crack-like Naw would
not withstand the applied load and would fail at a rela-
tively Tow pressure. thereby preventing a Mawed struc-
tural component from going into service. However, it is
changing gradually over recent years. Nowadays. the
hydrostatic pressure test may be considered as limited
for evaluating the importance of crucks or Maws.

Structural steels currently used for the fabrication of

pressure vessels have much higher strain capacity and
fructure resistance. As a consequence of this improve-
ment ol properties. a sharp crack that might oceur in
the structure could undergo large applied loads without
lailure. Consequently, the pressure (est may prove inad-
cquate for accurately cvaluating structural integrity
when assessing gross manufacturing errors and, per-

haps even more important, the mechanical integrity ol

old or even new pressure vessels.

The potentially reduced effectivencss of hydrostatic
pressure  testing  within - the  scenario  previously
deseribed increases the probability of lailure and the
consequences of undetected defects. especially critical
crach-like Maws located at a geometric discontinuity of
4 pressure vessel submitted to a few pressurization
cycles. Furthermore. a more critical condition iy
oceur in which a crack may grow stably without [ailure
during cycles ol pressurization and depressurization,

Such condition is likely to represent a potential

problem for the useful lifetime of the pressure vessel
and o high operational risk. Morcover. the material
ahead of these cracks undergoes stress and  strain
changes during shakedown of the structure and a
strong constraint loss associated with plastic process at
the crack tip. which may prevent an unstable material
failure. Clearly, the history effects of deformation asso-
clated with the shakedown process of the structure
which thereby influences the near-tip stress and strain
liclds should be considered when developing more
accurate fracture mechanics methodologies applicable
Lo defeet assessments of pressure vessels subjected to
repeated loading,

This work explores further extensions of concepts of
a bi-parametric fracture mechanics approach based on
the J-Q methodology to assess effects of pressure cycles
and shakedown process on the alterations of crack-tip
constraint in crack-like laws located in geometrical dis-
continuities. A central objective is to evaluate the lrac-
ture  behavior  of  cracks  located in geometrical
discontinuitics of pressure vessels submitied to alternat-
ing membrane and bending stresses, Plane-strain finite
element analyses were performed on a cracked beam
model representing low- and high-constraint conditions
to simulate pressurized components with varying levels
of stilTness. The results indicate that the crack driving
force increuses und constraint level decreases when
cycles of loading exceeding elastic Hmits but stll below
the allowable stress for design of pressure vessels are
applied. A lower probability of unstable fracture may
be assumed for ductile and high-toughness materials
alter Tew cycles ol pressurization and depressurization
are applicd; however, the crack may be more suscepti-
bie to a suberitical tearing due to increased crack driv-
ing foree. Assuming that the material toughness is high
enough to avoid any ductile crack tearing during pres-
surization and depressurization cyeles. the intense
clastic plastic process close to the crack tip may be
associated with strain instability when shakedown is
not guaranteed. This condition may occur even il strain
stabilization (shakedown) takes place in the structure
(which behaves in an clastic manner alter applying low
cycles of loading).

Shakedown in geometrical discontinuities

High levels of stress and strain may oceur in regions of
geometric discontinuitics of pressure vessels when sub-
mitted to internal pressure. The reason for this is related
to differences in stilfness between welded components
ol different geometries and the resulting incompatibility
of displucements and rotations at boundary limits in
these components,

Compatibility of displacements and rotations arises
from the membrane and bending stresses developed
during application of internal pressure followed by
material accommodation. According to the ASME
Boiler and Pressure Vessel Code,'" membrane stresses a1
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geometric discontinuities are usually classified as locu-

fized primary stress (named Pp). The allowable limit of

Pris the material's vield strength i order to avoid plas-
tic collapse of the section. Bending stresses are classified
as asecondary quantity self-limited by plastic deforma-
tion (named (). Considering o conventional elastic
stress analvsis, the limit of primary stress added to the
secondary stress corresponds to twice the vield strength,

which represents the theoretical limit for shakedown of
clastic perfectly plastic materials, As the consequence of
such Timits. the pseudo-clastic stress along the section of

the structure varies from twice of the vield strength o
s¢ro. However, due to the clastic plastic behavior and
by virtue of the material's constitutive formulation. the
character of the actual stress distribution is different
than the corresponding (assumed) character of pscudo-

clastic stresses which in turn causes the development of
larger plastic strains associated with higher levels of

stresses,

Itis important to observe that the character of near-
tip stress and strain fields is different than the corre-
sponding character of the global (macroscopic) stresses.
While global stabilization of stress and strains is likely
to occur when the structure behaves in an clastic man-
ner alter a fow eveles of loading. the shakedown in
cracked or (Tawed structural discontinuitics is not auar-
anteed due o a more intense and severe plastic phe-
fomenon at the crack-tip region,

A number of previous works provide some support
to such arguments. Stein e al.'? proposed cquation (1)
for the stress intensity factor. which may be considered
as a threshold value. Therefore. for cyclically applied
stress intensity factors greater than the threshold. strain
stabilization at or close to the crack tip is not war-
ranted. even il global shakedown oceurs. Stein ot al.'””
compare such behavior 1o g latigue crack growth phe-
nomenon in which the structure remains (globully) elas-
tic but the crack tip “senses™ the evolving stress and
strain ficlds under clastic plastic conditions, albeit with
limited plasticity

(1

where ., represents an effective radius at the crack tip.
s Poisson’s ratio and o, is (he reference  vield
strength.

Feng and Gross" discussed different possibilitics
when making comparisons between global (structure)
and local (near-tip) shakedown behavior of cracked
structures. In agreement with the resulis presented later
in this article. Feng and Gross' concluded that (he
evolving stress and strain ficlds near the crack tip dis-
play an clastic plastic character alter some cveles of
loading even though the structure renniny clastic.

Overview of constraint description based
on the J-Q approach

High-constraint reference field based on the modified
boundary layer model

The modified boundary laver (MBL) model iHlustrated
in Figure | is often used as an alternative convenient
approach to represent the theoretical solution ol the
stress field ahead of 4 stationary crack in elastic plastic
materials under small-scule vielding (SSY). This theore-
tical  solution  was mitially — formulated by
i‘iulchinson.,H‘“ Rice and Roscngrcn“’ and  Rige,”
which is widely known as the HRR solution.”™ The
MBL model was originally proposed by Rice' and
consists ol a (very large) circular region containing an
edge crack to provide a convenient reference solution
for an infinite body. It is used (o quantify the cifects of
finite size on the crack-tip stress fields while simplifying
the generation of numerical solutions for stationar
cracks under Mode 1 loading. Assuming that the
dimensions of the plastic zone close to the crack tip are
limited o a small fraction of the maodel, R, < R 20.
where R, is the radius (size) of the cruck-tip plastic
zonc. the stress field beyond the lmits of (he plastic

- R
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Figure 1. (a) Polar coordinates centered at the crack tip and (b) definition of the modified boundary layer (MBL} problem,
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strains region may he represented by an asymptotic
cquation given by
Ay
7, —'JT-—"_-/,JUU le
. = <)

V T

where K is the elastic stress intensity fuctor, 1, defines
the angular variations of in-planc stress components
and (r, 0) are polar coordinates centered at the crack
tip (see Figure 1),

Numerical analyses for different levels of Touding are
performed by imposing elastic, Mode J displacements
on the extremities of the model. These boundary condi-
tions create an clastic stress ficld (Mode Iy on the outer
circular boundary (v = R). which involves the crack in
the form

N

4
R 8y = —-cu.\(;)ﬁ —4r — cosf) {3)

N

HR.6) S)a-dr—cosn) (@)

where £ is the material clasticity modulus and » is
Poisson’s ratio,

The Q parameter

Much rescarch and previous experimental studies have
shown significant increase in the clastic plastic fracture
toughness (as characterized by J, or CTOD) lor shallow

crack configurations and tension loaded geometries of

common structural steels in the ductile-to-brittle transi-
tion (DBT) region. This dpparent increase in experi-
mentally measured fracture toughness observed in the

DBT region is often associated with the phenomenon of

constraint loss. Under such conditjons. larger crack
driving forces, us characterized by J, are required to
Propagate unstably a cleavage micro-crack in the highly
stressed region ahead of crack tip.

In analyzing the phenomenon ol constraint loss in
common - racture  specimens.  O'Dowd Shih
(OS)1™" adopted an approximate solution to desceribe
the elastic plastie crack-tip fields in Large-scale vielding

and

(LSY) conditions. This solution is based on (wo-
parameter  approach in order to represent  low-
constraint crack configurations. For materials  with

clastic plastic response deseribed by a power ha rdening
law given by equation (5) and utilizing a MBL
maodel, = OS delined the structure ol the crack-tip
stress fields by equation (6)

A}

( r ) P
Lp] e ()
: \ (T A

/

where z, is the plastic strain. denotes the strain hard-
ching exponent and 18 the reference {yvield) stross

& r .
(5 = rf,_./,,(]!(r L8 Q) {6)

V

where the deviation of the stress ficld ay from a refer-
ence SSY solution for racture test specimens or actual
structures is represented by the parameter 0. In cqua-
tion (6). r and 6 are polar coordinates centered at the
crack tip with ¢ = g corresponding to the crack plane
and with direction to ahead of crack tip.

OS5 showed that the difference of the stress feld or
a reference solution may be calculated by Q.. which
corresponds to a uniform hydrostatic stross for a lim-
ited range of distance from the crack tp

o= (J";-:‘\‘) + Qa8 10] < (7
Operationally. OS defined ) as
S8y B
. o 27 )
()= Al = Gy = T (8
- &y 0
where oy, is the crack opening stress and ¢ = 2l is

assumed as the eritical location for cleavage mechanism
ahead of cruck tip, and it is usually the distance chosen
for the parameter @ definition. Equation (%) is used to
generate J-Q trajectories. which follow the changes of
load levels applied on the linjte body (FB).”*

Extension of the J-Q approach to include load history
effects

An alternative definition for parameter @ is introduced
here for the fracture ussessments of cracked structural
components under variable elastic plastic loading by
means of the /-0 methodology. including plastic shake-
down. Since the difference of field associated with a
high-triaxiality reference stress state characterizes the
degree of crack-tip constraint. a more convenient and
yet effective measure of Q including load history effects
Is given by

Lif
W= = = (9)

where it s understood  that  the reference  stress
state derived from the MBL model is evaluated at time
£ = Oand the finite body stresses are evaluated at time
{ i thereby  reflecting  the loading unloading
sequences and associated reverse plasticity eflects.

The effects ol secondary stresses on the cruck driving
force are recognized by general procedures based on
conventional fracture mechanics:>*20 however, only
primary stresses are usually associated with the level of
constraint. Since the stress ficlds for the finite body
may incorporate the effects of both primary and sce-
ondary stresses, the parameter Q also reflects the differ-
ence of the field derived from both the primary and
sccondary stresses. Hence. within the present methodol-
ogy. the chunge in the finite body stress fields can arise
from variations in ejther the primary or secondury
stress, or hoth the stress quantities. Consequently,
parameter @ enables assessing the potenually strong
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L Table 1. Displacements and rotations applied on the models.
| I = l«\'\" Edge Lrack alW 0.20 0.50 E
e e e bl G
} | A (displacement) 0.1243 mm 0.2557 mm

MG

Figure 2. Beam with a single edge crack.

changes in crack-tip constraint associated with the
coupled cfleet of primary and secondary stresses on the
problem addressed in this work. In addition, both pri-
mary and secondary stresses behave clastically alter
shakedown in geometric discontinuities of pressure ves-
sels. The sccondary stress will be limited by plastic
deformation. and it will incorporate characteristics ol
primary stress with its magnitude proportional to the
loading (internal pressure for a pressure vessel).

Computational procedures

Finite element models

A high-constraint reference solution, which represents
a SSY condition, was defined by the MBL model dis-
played previously in Figure 1, The displacements caleu-
lated by cquations  (3) and (4) were applied
merementally in 20 load steps until & maximum stress
intensity valuc of K, - 300 MPa m' * was attained.
Figure 2 displays a simplified model of a beam sub-
jected o axial and bending loading. This model was
used to assess different levels of stress conditions, which
typily geometric discontinuitics in pressure vessels. This
conliguration was chosen to simulate actual structures
by considering the similarities between the stress [ields
for the adopted beam model and the allowable stress
conditions given by the ASME Boiler and Pressure
Vessel Codet' The beam geomeltry represents condi-
tions of low and high levels of constraint using two

different crack size (a) over beam width (M) ratios of

w U 0.20 (Model Dy and « W 0.350 (Model 2. The
overall dimensions of the model are W 50 mm.
L= 100 mm and ¢ = 10 or 25 mm. By changing the
magnitude of the imposed displacement and angular
rotation, it is possible to simulate pressurized compo-
nents with varying levels of stiffness. The results showed
i this work represent the maximum stress condition in
which the pscudo-clastic stress distribution varies from
2o, 1o 0 through the beam seetion.

The displacements and rotations applied on the
model were iitially caleulated according to conven-
tonal beam theory and then modilied iterutively until
the desired stress distribution was achieved. Table 1
presents the maximum  displacements and rotations

applied on the numerical models at the neutral axis of

the beam. The stress distribution from 2, to 0 through
the beam section was defined by the contribution of
membrane and bending stress caused by displacement
and bending stress caused by rotation. The mposed
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Table 2. Sequence of loading.

Load case Condition Maximum stress
| Pressure test 2er,

2 Operational load 2, /1.3

3 Operational load 2r,/1.3

4 Pressure test 2r,

3 Operational foad 2,13

6 Operational load 213

AO [ 151 Cyele

2nd Cycle

Time [hours or vears

Figure 3. Sequence of loading.

stress distribution obeys the limits of ASME Code
regarding primary stress below the yield strength and
primary plus secondary stress below twice the vield
strength.

The sequence of loading. shown in Table 2 and sche-
matically represented in Figure 3, was applied in order
to reproduce an actual condition associated with a typi-
cal load history imposed on a pressure vessel: (1) the
first cycle represents a pressure test alter vessel con-
struction; (2) the second and third cycles are associated
with operational condition along some veurs of use: (3)
the fourth cycle corresponds to an extra pressure (st
applied due to industry regulations and (4) the {ifth wnd
sixth cycles define future operational conditions. The
loading step corresponds to the pressurization phuse of
the equipment when axial displacement and rotation
are applied according to Figure 2. and the unlouding
step corresponds to the depressurization phase in which
the same absolute values of displacements and rotations
are applied in the opposite direction. Each load cyele
(pressurization or depressurization) was apphied m 20
load steps. resulting in a total of 220 load steps for 315
cyeles. Tt should be observed that displacements and
rotations are applied from zero to maximum and back
to zero during unloading.
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Figure 4. Crack-tip blunting,

All numerical models used in (his study  were
automatically created with w seripting language avail-
able in the software ANSYS VI4.07 named ANSYS
Parametric Design Language (APDL) that can be used
to automate common tasks or even build a specific
model in terms of given parameters (variables). The
APDL creating  parametric  files
for preprocessing. finding the numerical solution and
post-processing the numerical models. The J-integral
and CTOD fracture parameters for all Joad steps
were stored in vectors during the post-processing of the
results.  Additionally, the stress and  strain (first.
sccond and third principal directions. crack opening
direction and equivalent Von Mises) related to a dis-
tance r = 2Jlr, were extracted from the generated
database.

The convergence of numerical models was improved

mterface  allows

using a rounded cruck tip (blunting) with a radius of

0.0025mm and nine clements arranged along 907 as
displayed in Figure 4. An important parameter related
to the convergence of plastic strain vector is defined by
ANSYS software as the maximum equivalent plastic
strain allowed in cach load step. The default for an
clastic plastic analysis is 15%. which in this study was
reduced to 7.3%. 1 the caleulated value in the load step
is greater than this established limit, the soltware per-
forms a bisection of loading, reducing the variation (o
he applied on the next load step.

Constitutive models

A reliable prediction of material behavior remains
essential in structural design, especially when eyelie
plasticity is expected o oceur. Additional difficultios
may be anticipated when the material behavior cannot
be adequately assessed due to lack ol experiments capa-
ble of capluring the effects of cyvelie strains ahead ol a
crack-like flaw. Therefore. the simulation of shake-
down behavior may depend upon the adopted harden-

ing model used in the numerical analysis. Regardless of

uncertaintics in the actual material behavior, key
ingredient in the malterial modeling is the incorporation
of the deformation history associated with the changes
m the swess and strain fickds as well as with the

Table 3. Constants of Chaboche model.

Constant Value

G 2067 .48
G 13,677.79
G 129,872.40
i .32
¥z 102.06
V3 1395.25

variation ol the crack driving lorees and fracture para-
meters over the foading eyeles.

The most common theories for plastic analysis of
metallic materials include the isotropic and kinematic
hardening models. For all plastic flow processes where
eyelic plasticity is involved. a kinematic formulation
must be used to account for the Bauschinger effect that
is exhibited by all ductile metallic materials under load-
controlled or deformation-controlled conditions.

Bari and Hassan™ have evaluated the ability of con-
stitutive. models o predict ratcheting, and they con-
cluded  that the linear kinematic hardening model
proposed by Prager™ as well us the nonlinear kinematic
hardening model of Armstrong and Frederick™ overpre-
dict the strains during the initial cyeles. In the same
work, Bari and Hassan™ concluded that the material
model defined by Lemaitre and Chaboche’  and
Chaboche. ™ which primarily builds upon the superpo-
sition of several hardening rules provided by Armstrong
and Frederick,™ represents a significant improvement to
describe the material's response while tracing the experi-
mentally measured hysteresis loop very closely, A num-
ber of works ™ have proposed a similar approach and
agree that the Chaboche model is highly effective in
reproducing either o shakedown or ratcheting mechan-
ism: however, the quality of the results is strongly associ-
ated with the calibration of the model parameters.

The material model used for the development of the
numerical solutions presented here incorporates elastic
plastic and kinematic hardening behavior defined by
the Lemaitre and Chaboche™ and  Chaboche™™
model. For this specific material behavior. three mate-
rial models are superposed in the form

(‘ i (‘ )
@ = -—'{E - exp(—y80)] + =] o Yai; )]
i i
'y . 1
B S “ iy (‘;\'[J( ‘}/,‘,‘:’r )l '\ ] ”\
Y3

where a is the backstress. ¢ denotes the equivalent
plastic strain and C, (5. (3. y,. va and 7y are constants
in the Chaboche model. which are presented in
Table 3. These constants represent a carbon (ferritic)
steel plate commonly used in construction of pressure
vessels (ASTM specilication AS16. Grade 703, The cali-
bration ol these constants was performed using a spe-
cific routine available in ANSYS.™ which handles the
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CTOD. " is the geometrical inlersection of a straight
line 90° from the crack tip and a line connecting
nodes at crack flank

crack flank

A

undeformed TTTTT~— —

deformed nodes defining

W (deformed) crack flank

CTODg®

Py
{initial blunt
ragdus)

Y

()

crack-tip
v node

CTODSOO 450

(b)

Figure 5. Procedure for CTOD determination.

Chaboche model by conducting a material curve [itting
based on a nonlinear regression process. Readers are
referred to ANSYS user guide” for additional details.

The numerical analyses for the MBL model repre-
senting the reference stress condition and the beam
models representing the solution of primary and sec-
ondary stresses that develop at geometric discontinu-
ities ol pressure  vessels  incorporate the  material
behavior described above, The vield criterion follows
Von Mises™ ' for ductile metals. The mechanical
properties {or the adopted material are £ = 207 GPa.
Eo, = 790 andn = 5.68.

Computation of J-integral and CTOD

The value of integral J. which represents @ mechanical
. . . . g0
energy release rate of crack tip, is given by*

(T, e, 1. .
J = 1im ' {H« ;- rr,f.f'n,} ol (ry
rof| ay;
%

where 7 delines a contour beginning at the lower crack
surfice and ending on the upper crack surface, n; is the
outward normal to I, 1" denotes the strain energy den-
sity. o, is the stress tensor and «; are displacements in
the coordinate system with origin at the crack tip.
Numierical evaluation of equation (11} Tfor cach level of
loading was accomplished by using an APDL file for
post-processing the results. Previous numerical experi-
ments revealed that this approach permits a better con-
trol and verification on intermediate results without
foss of precision in the {inal results.

The numerical determination of CTOD follows the
90¢ procedure! to the deformed erack flanks. The
approach defines the hall of CTOD as the geometrical
intersection of a straight line 43° from the crack tip and
a line connecting the selected nodes at crack lank as
shown in Figure 5. This approach simplifies the CTOD
determination and provides adequate values. cven if
the clements at the crack tip become highly distorted.

Results and discussion

Choice of reference field

The mechanistic rationale for adopting plane-strain.
high-constraint crack-tip stress ficlds as the reference
stress solution lies on the rigorous correlation between
the (remote) loading transmitted to the crack tip and
such fields i [inite bodies when the plastic zones
remain vanishingly small compared to the relevant
physical dimension, for example, crack length. thick-
ness or remaining ligament.™™ Here. the plane-strain
crack-tip fields associated with such restricted condi-
tions are uniquely characterized by the J-integral. The
planc-strain crack-tip fields emerging Irom the MBL
solution using large geometry change (LGC) assump-
tions deseribe accurately the continuum  stress and
deformation fields averaged over micro-structurally sig-
nificant length scales while enabling consideration of
arbitrary material ow properties without diflicultics.

Figure 6(a) compares the opening mode stresses not-
malized by o, with normalized radius, A = r/(Jor,), on
the crack plane of the reference ficld obtained using (M
the HRR field. (2) a small geometry change (SGC)
boundary Jayer analysis and (3) a LGC boundary laver
analysis.  The boundary layer analyses employ  a
description of  the material’s  uniaxial stress strain
response represented by previous equation (2) with
Er, = 790 and n = 5.68 and adopting £ = 207 GPa
and v = 0.3. Outside the blunting zone. the LGC and
SGC stresses converge to very similar values (note that
LGC values represent true stresses in Figure 6), This
work adopts the SGC solution with the relerence stress
ficld obtained from MBL model as displaved in Figure
6(a), where /o, = 3.85 at the normalized distance
ahead of crack tip given by # = 2J/or.

Figure 6(h) provides the steudy-state reference
crack-tip fields constructed Tor SSY conditions with
Eio, = 790, n = 568, FE = 207 GPa and v = 0.3. In
this figure. the distances are normalized with the factor
(Kyor,) . and the crack opening stresses are normalized
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Figure 6. (a) Comparison of the HRR solution with crack- -tip opening stresses for the SGC and LGC boundary analyses for
n = 5.68 and Efor, =790 and (b) steady-state solution of near-tip opening stresses under SSY conditions for n= 5.68 and Eler, = 790.
HRR: Hutchinson. Rice and Rosengren; SGC: small geometry change: LGC: large geometry change.

by ... At the beginning of remote applicd loading. the
crack-tip blunting occurs, and higher levels of near-tip
stresses are developed. After a substantial increase in
crack root radius which follows higher applicd loads. a
steady-state solution s ch,wlupcd. and the near-up

ficlds under SSY conditions are a continuous series of

self=similar solutions.

J-Q trajectories incorporating shakedown effects

The extensive [finite element analyses of the beam
model described previously provide the basis to assess
shakedown effects on crack-tip constraint (or this con-
figuration in terms of @ solutions. Figures 7 and §
show the /-0 trajectories for the evaluated crack con-
figuration for different /M ratios. In these figures, the
pressurizations (loadings) are represented by solid lines.
while the depressurizations (unloading) are represented
by dotted lines. In all plots, @ is defined by equation
{9 at the normalized distance ahead of crack tip given
by ¢ 20, whereas J s normalized by Ao, where b
s the remaining crack ligament. W a. In these figures.
J(ho,) i plotted against =@ to maintain positive
scules. The material properties for these analyses were
described previously in section “Constitutive models™
corresponded to clastic plastic behavior and kinematic
hardening  model  defined by the parameters
Chaboche’s model.

Consider the evolution of @ with normalized J for
the beam model with ¢/ W = 0.2 displayed in Figure 7.
With increased loading (as characterized by the J-inte-
gral in this study) corresponding to the first loading
cyele. the O parameter is positive at very low J-values
(note that the corresponding curve crosses the vertical
axis of the plotat J/(he,) = 0.001) and gradually takes
negative values with increased  J-values, These
results are similar to the /-Q trajectories for conven-
tional fracture specimens given by
Dodds™ and Cravero and Rugygier.®

On
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Figure 7. Evolution of parameters —
(a/W = 0.20).

Q and J/bur, for Model |

the peak load at termination of the first pressure test
(marked by the arrow indicated in the plot), unloading
takes place accompanied by development of reversed
plasticity. Here. parameter @ falls rapidly, even with
shightly decreased levels of /. in the wake of the reduced
opening stresses that develop  following unloading.
While the next loading unloading sequences vield qua-
litatively similar patterns associated with the J-Q trajec-
tories, we note that the subsequent peak loads are
described by different conditions in terms of the scalar
parameters (J, Q). In particular. the peak load for the
second pressure test is deseribed by the scalar para-
meters (/. Q). which differ significantly from the corre-
sponding J-Q values defining the peak load for the st

pressure test. Now. direct attention to the variation
ol @ with normalized J for the beam model with
a W= 0.5 1s displayed in Figure 8. The key leatures

associated with the evolution of parameter 0 with the
loading unloading cycles remain essentially unchanged.
However, note that because of the dependence of J on
crack size. the levels of Ji(her,) attained in the beam
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Figure 8. Evolution of parameters ~Q and /b, for Model 2
(a/W = 0.50).

W/W =050

Figure 9. Stress distribution for crack opening at the end of
pressurization steps.
MBL: modified boundary layer.

model with /B = 0.5 are higher than the analyses
with @/ " = 0.2,

Figure 9 shows the crack opening stress distribution
at the end ol cach pressurization for the high-constraint
level condition («/ 147 = 0.5). 1t may be observed that
the curves are upproximately parallel to MBL solution.
Such feature confirms one important assumption of a
two-parameter fracture mechanics approach based on
the J-@ methodology: an uniform hydrostatic stress dis-

tribution in the interval Jio, <5< Slie,

The effect of shakedown on the fracture behavior of

a crack subjected to pressure load cycles is amply
demonstrated by the evolution of J-Q trajectorics with
load cycles displayed in Figures 7 and $. The preceding
results indicate that the plasticity development associ-
ated with loading. unloading and reloading actually
increases the material’s resistance against brittle frac-
ture. This can be understood in terms of the role played
by parameter @ in relation to the amplitude of the
near-tip stresses. As discussed previously by O Dowd
and Shih, """ in a highly construined condition corre-
sponding to nonnegative Q-values. the tensile (opening)
crack-tip stresses are high and follow closely the stress
distribution described by the MBL solution provided in

Figure 10. Evolution of parameter | and level of triaxiality
factor h (a/W = 0.50).

section “High-constraint reference ficld based on the
MBL model.™ as well the HRR stress ficld. However,
as the crack-tip constraint is relaxed with increased neg-
ative Q-values, the tensile near-tip stresses fall gradually
below the high-constrained MBL values. thereby mak-
ing it more difficult for the crack to propagate unstably.
Note that this is exactly the conclusion that can be
drawn from the analysis of the peak load attained at
termination of the second pressure test in both plots.

Figure 10 shows the triaxiality parameter defined by
= Ol where o, is the hydrostatic stress and
18 the equivalent stress (Von Mises). 1t s seen that
the triaxiality parameter, /. remains approximately
constant after applying cycles ol lToading, which con-
trasts sharply to the J-Q behavior previously discussed.
Thercfore, it can be concluded that the triaxiality para-
meter. /o has limited utility to characterize constraind
variations in the present analyvses, mainly due the lim-
ited number of cveles applicd on the model.

Another important [eature arising rom this work is
associated with the contribution term to the increase in
the crack driving force as characterized by the J-inte-
gral. A numerical evaluation of results shown in
Figure & indicates an increase of 20.4% in the crack
driving force (J her,,) when the first pressure test and
second pressure test are compared. Indeed. for all load
cases, similar results may be observed. especially after
application of second pressure test which induces a
higher percentual variation of Jiber, (32.4%), il the
third operational load and the second operational load
are compared. Here, it 15 not fully evident whether the
crack is critical or not critical for initiating subcritical
tearing alter upplication of a number of pressurization
cycles and strain accumulation. To explain how the
J-integral increases in a cycle-by-cyele manner, the indi-
vidual contributions of the previous cquation (11) were
determined as follows: the first term. named here as J »
deflined by

Fop & rl_}'m W ldl
g ] :

!
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Table 4. Values of J, and [, along cycles of loading {a/W = 0.50),

Load condition Identification Ja (k)im?) I {ig/m?) 1= 04— Jn (K)fm?%)
First pressure test First pressurization 18.7 ~199.9 2186
Second operatianal load Second pressurization 260 1292 {55:2
Second operational load Third pressurization 34.1 -130.0 164.1
Second pressure test Fourth pressurization 46.9 = 95,1 2420
Third operational load Fifth pressurization 55.1 —130.5 185.6
Fourth operational load Sixth pressurization 63.3 ~{31.5 194.8
is related to plastic level, while (he second term. named - 7
i Sy defined by 0.35 CTOD [mm] (a/W = 0.50)
T | 030 .“.”'_"_.......;ﬁ:;;.....-..n...... :}M
o fim | [ i " B L . |
s . . x . 020 49 0L J
1s related to clastic energy variaton. Table 4 shows the ;
computed results where it may be observed that the first 0.15 T f
term increases due to plastic strain accumulation near =L« e 2o Ut |
the crack tip. while the sccond term remains propor- b 5 7 ‘l
tional to the loading level, 0.05 PT . Prosara st poas ot S %""Mw J !
QL - Operational Load / [Il’j/”lz] |
.00 T v ¥ —-‘ |
Evolution of crack-tip constraint with load history | oo SO0 10D see 20 2500 ge0n
based on CTOD Figure 11. Evolution of parameters [ and CTOD for Mode 2
Much previous research work has demonstrated® that {a/W = 0.50).

until farge-seale plasticity develops in cracked struc-
tural components, the evolving crack-tip stress field has
essentiadly the structure of the plane-strain, SSY stress
ficlds. ™™ While such SSY conditions prevail, the J-inte-
gral provides a single-parameter characterization of the
near-tip stress and strain ficlds. Furthermore. by relat-
ing ./ and the CTOD'4 44

&

o,

CTOD

(14)

it becomes clear that a similar conclusion also holds
true when the CTOD iy adopted to characterize the
crack-tip driving force. However. under cyelie load and
reversed plasticity, such as d uring a shakedown process
addressed in the previous section. the above relationship
between ./ and CTOD given by equation (14) may not
necessarily hold true. Because the CTOD is a geometric
crack-tip parameter rather than a measure ol crack-up
strain energy upon loading such as the J-integral. the
variation of crack driving force in terms ol parameter
CTOD with the loading unloading sequences may rellect
load history effeets in a different manner.,

Figure T displays the relationship between para-
meters of fracture J and CTOD along 5% cycles of
loading. While the parameter J goes to zero during
depressurization. the CTOD remains consistently above
a minimum value, which is most likely related to resi-
dual stress developed during shakedown process. It is
interesting to observe that curve slope for the first logd-
e s approximately the samie lor other loadings indicat-
ing that, in spite of changes in constraint and cveles of

CTOD: crack-tip opening displacement.

unloading, the CTOD-value defined by cquation (14) is
not significantly altered at the end of the loading steps.

Concluding remarks

Itis possible to conclude based on the results presented
in this work that » two-parameter fracture mechunics
approach based on J-Q provides a consistent [rame-
work Tor evaluating cracks located in geometrical dis-
continuitics ol pressure submitted 10 fow
pressurization and depressurization cycles representing
actual operational conditions {pressure tests and opera-
tional loadings). Relevant changes in crack driving
forees and levels of constraint for crack-like flaws sub-
mitted to alternating membrane and bending stress
were also observed. even Jor global stress range inside
shakedown limits. Such behavior is related to higher
levels of plastic strains close to the crack tip and
increased accumulated deformation cnergy. The analy-
ses enable capturing this effect by describing the mate-
rial behavior in terms of a kinematic hardening model
defined by Chaboche parameters. Finally, it may be
observed that a lower probability of unstable fracture
may be assumed (or ductile and high-toughness materi-
als alter applied few cycles of  pressurization and
depressurization. However. due to the increase in the
crack driving force. it is not completely evident whether
the crack is critical for initiating a subcritical tearing.

vessels
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Assuming that the material toughness is high cnough
to avoid any crack ductile tearing during pressurization
and depressurization cycles. the observed phenomena
close to the crack tip may be compared to strain
mstability when shakedown is not guaranteed.
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