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Abstract

The importance of the two-parameter approach igalirelastic fracture mechanics analysis is inongasibeing recognized for fracture
assessments in engineering applications. The aenagidn of the second parameter, namely, the el@stiress, allows estimating the level
of constraint at a crack or notch tip. It is im@ort to provide T-stress solutions for practicalrgetries to employ the constraint-based
fracture mechanics methodology. In the presentrele T-stress solutions are provided for a V-stlap#ch in the case of surface defects
in a pressurised pipeline. The V-shaped notch &yaad using the finite element method by the coroiakCastem2000 software to
determine the stress distribution ahead of themtipc The notch aspect ratio was varied in theofdhg range a/t = 0.1, 0.2, 0.3, 0.4, 0.5,
0.6 and 0.7. The notch-tip radius was fixed forgalbmetries and equal 0.25 mm. In contrast to eékciawas found that the T-stress is not
constant and depends on distance from the notcTdipestimate the T-stress in the case of a nataigvel method, inspired from the
volumetric method approach proposed by Pluvinage,deen developed. The method is based on averthgirigstress over the effective
distance ahead of the notch tip. The effectiveadist corresponds to the point with a minimum ofstiness gradient in the fracture process
zone. This approach was successfully used to dyahg constraints of notch-tip fields for variogsometries and loading conditions.
Moreover, the proposed T-stress estimation createssis to analyse the crack path under mixed roadiéng from viewpoint of the two-
parameter fracture mechanics.

keywords: Constraint, T -stress, effective distance, notdfitdielement analysis.
Résumé :

L'importance de I'approche globale & deux paraméiems l'analyse de mécanique linéaire élastiqula depture est de plus en plus
reconnue pour des évaluations de risque de ruptares des applications d'ingénierie. La prise ensidération du deuxiéme parametre, a
savoir la contrainte élastique T, ou T-stress aglas permet d'évaluer le niveau de confinemelat @gointe de la fissure ou d'entaille. Il
est important de fournir des solutions de la comteal pour une géomeétrie donnée pour employardaanique de la rupture associée a la
contrainte de confinement. Dans la présente rebbermous fournissant des solutions de la contrdirgeur une entaille en forme de U
dans le cas de quatre éprouvettes : CT, DCB, SENTiiket Romaine. L'entaille en forme de U est analygdisant la méthode d'élément
finie par le code de calcul Castem 2000 pour détemia distribution de contraintes a la pointe 'datdille et le long du ligement. Le
rapport du profondeur du défaut sur I'épaissevaré : a/w = 0.1, 0.2, 0.3, 0.4, 0.5, 0.6 et Q& rayon de l'entaille a été fixé pour toute la
géométrie a 0.25 mm. Contrairement aux fissur@sété trouvé que la contrainte T n'est pas corestrdépend de la distance de la pointe
de I'entaille. Pour évaluer cette contrainte dansas d'une entaille, une nouvelle méthode, a sdaométhode de la ligne, inspirée de
I'approche de méthode volumétrique proposée pairRige a été développée. La méthode est baséa détdrmination d'une contrainte
moyenne T sur une distance effective en avant deoiate de l'entaille. Ainsi, I'approche a deuxgmagtres a été adoptée pour la
mécanique de la rupture a deux parametres po@ntadles en termes du Facteur d'Intensité de @mtérs d'entaille [ et la contrainte
moyenne (effective) k. La courbe de transférabilité de ténacité a laungp(Kpc -Teff) dans l'acier de pipeline X52 a été étalliette
approche a été utilisée avec succés pour évaluattitptivement le champ des confinements a la paiet I'entaille pour des différentes
géomeétries et conditions de chargements.

Mots-clefs: contrainte de confinement T, la distance effestentaille, Analysis Numérique
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1 Introduction

allow the representation of near tip events. Therpaint,
though, is to establish trends and so contributest low-
order asymptotic expansions. Under such conditiand,in

Many researchers have long advocated more pragmaticorder to correlate the higher term effects to aprepriate

engineering approach to assess the fracture itfegfi
cracked structures [1]. This approach
constraint in the test specimen approximate thathef
structure to provide an “effective” toughness f@eun a
structural integrity assessment. The appropriatestcaint
is achieved by matching thickness and crack degtivden

specimen and structure. Experimental studies [2,3] k :Uij,lzn_fij(g)_'r,lzna‘ﬂalj

demonstrate the validity of this approach. Thesgliss
show that the use of geometry dependent fracturghizess
values allows more accurate prediction of the tnact
performance of structures then it is possible toveational
fracture mechanics. However, the task of charatteyi

fracture toughness becomes more complex as tesfing

non-standard specimens is required, and diffenetifre
toughness data are needed for each geometry oéshte
Further, this approach cannot be applied econolyital
thick section structures, i.e., nuclear pressusseis or non
planar structures as pipelines. This limitation heivated
the development of theories which extend signifilsatine

range of geometry and loading conditions over which

fracture mechanics can be applied accurately taligre

structural integrity of components damaged by defec

Many of the research results were discussed irs¢cend
ASTM/ESIS symposium on constraint [4]. The conceft
relating the stress intensity factor to the craxtemsion

resistance is based on the assumption that K-dowéna

exists at a crack-tip; that is, in a region surding the
crack-tip; the stress fields can be characterizgdthe
mathematical solution

K =o0;v2m.f;(f).as r -0, (1)
where K is the stress intensity factor f)j(defines the

angular function. A polar coordinate systemf)(rwith
origin at the crack tip is used. Note that Equatfah is

derived from a linear elastic assumption and pisdic

infinite stress at the crack-tip. In practice, thes always a
region around the crack tip where plastic deforomti
finite strain and damage occur. Consequently, thesses
do not follow Equation (1) inside this region anehgrally
are levelled off due to damage of the material. Jize of

the K-dominant zone depends upon the specimen gegme

size, crack length, and loading configurationg#ds to the
apparent constraint effect in fracture.

For highly stressed material along the crack frahg
volume cited above plays a crucial role in drivitlge
fracture process. When plastic regions ahead oftthek
front stresses, stress distribution in terms of eaks
down. The most general way to study near tip festus
probably to construct a complete finite element etddr

the component or specimen, containing enough degail

physical parameter, some works [5-7] simplified kingher

requires thatterms and define the T-stress. The Txx-stressinaplg the

T in the direction xx is defined as constant strastng
parallel to the crack plane and its magnitude @poprtional
to the nominal stress in the vicinity of the crack.

as I - o, (2
The non-singular term T represents a tension
compression) stress. Positive T-stress strengttientevel
of crack tip stress triaxiality and leads to higlaak-tip
constraint; while negative T-stress reduces theellef
crack-tip stress triaxiality and leads to the loEshe crack
tip constraint. It was noted that T-stress charate the
local crack tip stress field for elastic linear evéal.
Various studies have shown that T-stress has gignif
influence on crack growth direction, crack growtabslity,
crack tip constraint and fracture toughness.

Although many works have carried out estimation tfo
stress intensity factor with the presence of Tsstref
pipeline, they have exclusively focused on clasdieature
mechanics with crack to estimate the toughness.
present notch fracture mechanics (NFM) princigleglied
to study stress distribution at the notch tip opgs
submitted to internal pressure.
presented by Pluvinage [8] is a meso-mechanicahadet
belonging to this NFM. It is assumed, accordingthe
mesofracture principle, that the fracture procesgpiires a
physical volume. This assumption is supported leyfttt
that fracture resistance is affected by loading eno
structural geometry, and scale effect. By usingvidlee of
the “hot spot stress” i.e. the maximum stress vatue not
possible to explain the influence of theses pararsetn
fracture resistance. It is necessary to take ictmant the
stress value and the stress gradient in all neigfiig
points within the fracture process volume. Thisuvoé is
assumed to be quasi-cylindrical with a plastic zafe
similar shape ahead of the notch tip. The diametehis
cylinder is called the “ effective distance “. Bgrmputing
the average value of stress within this zone, thetdre
stress can be estimated, this leads to a locaufi@stress
criterion based on two parameters, the effectivatadice
Xef and the effective stressef. The graphical
representation of this local fracture stress ddteis given
in Figure 1-(a), where the stress normal to themgiane
is plotted against the distance from the notch Epr
determination of Xef, a graphical procedure is usetas
been observed that the effective distance is relaiethe
maximum value of the relative stress gradigntThis
distance corresponds to the beginning of the psestréss
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gradient as it is indicated in Figure 1-(b). Theewipg
stress distribution at the notch was calculatedguSIEM
for elastic analysis of 2D model in plane straimaitions.
The effective distance Xef was determined usingrmadr
stress distributions. The relative stress gradi¢see
Equation 3) plotted in bi-logarithmic graph allows
obtaining an effective distance as follows

1 aayy(r)

awiri or 3)(

Here, X(r) and Py (r) are the relative stress gradient and
maximum principal stress or crack opening stress,
respectively. The relative stress gradient depitis
severity of the stress concentration around themaind
crack tips. However, the stress distribution effexctnot
solely a major parameter for the fracture procesezThe
minimum point of the relative stress gradient i thi-
logarithmic diagram is conventionally taken intcaent as
the relevant effective distance and signifies theual
crack length. The effective stress is defined asaterage
of the weighted stress inside the fracture prozess:

x(r)=

(4)

Log(r)

O

Log(e, (7)o,
o

Fic. 1 : (a) Schematic representation of the opesiress
evolution in a bilogarithmic scale and (b) proceduio determine
the effective stress and the effective distancthbywolumetric
method.

where”® | XEf, Uw(r)and o(r) are effective stress,
effective distance, maximum principal stress andghte
function, respectively. The unit weight function dan
Peterson’s weight function are the simplest dafing of
weight function of the effective distance. The uniight
function deals with the average stress and Peterson
weight functions gives the stress value at a sjgatiftance
and it is not required to compute numerical intégra

Therefore, Notch Stress Intensity Factor (NSIF) is

described as a function of effective distance difectve
stress, namely,

K, =0y 27Xy

In this case, NSIF is considered as a value aéifac

(®)

toughness with uniMPa‘/a, and the minimum effective
distance corresponds to the abscissa of the ujppieiof
zone |l (Fig. 1) and its distance from notch tipswa
suggested to be the effective distance Xef.

2 Determination of the T-stress in the case of a fch

Several methods have been proposed in literature to
determine the T-stress for cracked specimen. Tressst
difference method has been proposed by Yang §Jaln

this method, the T-stress is evaluated from stress
distribution on the line of crack extension, gefigra
computed by finite element method, as the diffeeenc
between opening stresy, and stres®y parallel to crack
plane. Chao et al. [10] computed and defined tietrdss

as the value of,, in directionB = 180 ° (in the crack rear
back direction) where this value is constant. Ajjalo et
al. [11] bhave determined the T-stress using
displacement method in finite element analysis @otdin a
stabilised T stress distribution along ligament.igy412]
has estimated the T-stress as a result of sup&gosif a
crack free specimen and a specimen with crack faces
submitted to a pressure distribution. T is then potad by

the sum of two contributions, one to crack pressure
distribution and the second to the differenog-o,,) at a
distance equal to crack length.

the

2.1 Calculation procedure

In this paper, the T-stress was determined in @&heat
body by stress difference method because it isntbet
simple and widely used approach which allows compar
of our results. The underlying idea is that theesiin the

numerically obtained values oqxx and Tyy near a crack
tip disappear with distance from the crack tip ahdir
difference must eliminate the errors effectivelyheTT-
stress is calculated alofig= 0.

The considerate geometry in this study is a présesiir
cylinder with a V-shaped longitudinal surface notah
shown in figure 2. The effect of three parametemtio of
inner radius of the cylinder to the thicknesgt,Rhe ratio
of the notch depth to the cylinder thickness, afhd
pressure P on T-stress and Stress Intensity Fa@4f3 is
systematically analysed. The wall thickness is 1@ and
the length of pipe is 40 mm. To cover practical and
interesting ranges of these three variables, fofferdnt
values of Ri/t= 5, 10, 20 and 40, were selectedurFo
different values of a/t were ranged from a/t =@.D.75 as
well as four different values of P ranging from gsere of
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20 bars to 50 bars. As a result, 84 different expental other order terms are non-singular. It is cleat the first

setups are considered in this investigation. term is dominant while the others are negligiblethe
vicinity of the notch-tip (for very small values 0f

The finite element method was used to determine the

notch-tip parameters T for the pipe specimens. The og-

specimen was modelled by CASTEM 2000 [13] code in ]

two dimensions under plane strain conditions usheg

meshed isoperimetric triangular elements only ol bf

the specimen. The elastic analyses comprise 31485

elements and 63526 nodes. A fan-like mesh focusédea

notch-tip was employed, because this yields moocairate

estimates of non-singular terms. Further, more ildeta

study of mesh sensitivity have shown that further

refinement of the mesh leads to only small charigé&%o )

in the pipe specimen geometry. Support and symemetri

Leexee
««

Zone Il

Zone Il

0,14

W o

Pressure‘ P=40 bars,
SRS RIts5,

log(o, /o ), Normalized Opening Stress

boundary condition are used in this model. oo L e _am0.10205075
1E-4 1E-3 0,01 01
A detailed stress analysis was carried out in fhiity of log(r/t), Normalized distance from notch-tip
the notch front to emphasize the characteristicheftwo
dimensional stress fields. The coefficients of thigher Fic. 3 : Typical variation of normalized opening sies with a
order stress terms represent one part of a largebdse distance from the notch tip for different notch estratios
which will also include information on various carasnt
parameters. As the distance from the notch-tip increases, tt®ero

terms have an important influence and the one-&ress
field approach is not valid anymore. This tendersy
illustrated in Fig. 3. It can be seen that the donensional
stress decreases in the region r/t > (r/t)due to the
influence of the second and higher order termsereHthe
value of (r/t) corresponds to the effective distanc

10

5 Notch-tip
(@)

increasing in Pressure
444U Cqqa €« €« €« < 4
oo ® —eo—0—0—

-oa -
-E-E-E-E-E-E-E e

U =0, Uy=0

Pressure P=20,30,40 and 50 bars
R/t =20
a/t=0.1

T-stress, (MPa)

B
e

FiG. 2 : Typical 2D finite element mesh and boundamgditions
used in the model of the cracked pipeline. 30 - : : : :
8

4 6
Distance from notch-tip, r(mm)

2.2 The T-stress distribution ahead of the notch i 300

The opening stresses versus a distances r fromoticé tip
is illustrated in Figure 3 for R/t=5. These resdtow the

200 H

T-stress, (MPa)

1009 Notch-tip

228858 & § § ;

AeoOm
N

- . g o .
variation of the opening stresse¥’ with increasing the
notch aspect ratio at the deep point of externajitadinal
surface notch. The calculated stress was construote 100
non-dimensional form corresponding to the series
expansion of Williams (1957) [14]. In this represdion, 200
the mode | opening stress ahead of the notch-tip bea Y Y Y

1,0 15 2,0 25

3 . .
. o, =A/NI+ r+Anr . i i
written as fO”OWS W Ai \/_ As\/_ A5 . |n thlS Ditance from notch-tip, r(mm)

the well-known r-0.5 singularity. The second, théneid the under different internal pressure

Increasing in Pressure

Pressure P=20,30,40 and 50 bars
R/t =20
a/t =0.75

-300

1=}

o ® 50 ey ‘m‘ﬁi\

o
«
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(P =20, 30, 40 and 50 bars) for (a) small andié&p notches
(R/t=20).

It was observed that the T-stress values are negati
(compressive stress) along the ligament when thehno

aspect ratio is less than a/t <0.5 for any presantepipe
diameter. On the other hand, the T-stress valuesrbe
positives (tension case) when the ratios a/t exx8es

The original Stress Difference Method does not poed
constant values of the T-stress, except for shotthes
[15,17]. Moreover, this method concerning its prctthn
of the constant values of the T-stress at a cedaitance
ahead of the crack tip was criticized by sever#hans.

2.3 Averaging the T-stress inside the effective dence

A maodification of the Williams formula has been posed
by taking into account the effects of several paimns

observed in the evolution of the T-stress along the

ligament.

Figure 5 illustrates a schematic representation thof
evolution of the T-stress distribution along thgalnent
calculated by the Stress Difference Method. Theathing
the curve of the T-stress distribution is descrilbgdthe
following equation

T.(0)=Y ax @)

i=0

The gradient of the T-stress leads to Equation

X) = 8
X( ) T, (X) ax N | )
D ax
i=0
The weight function can be written as follows
xZ‘liai X
)=1-—=—
Zai X'
©

The effective distance in the vicinity of the notghcan be
obtained by the Taylor approach. It corresponadhédo
minimum point in the T-stress gradient

a3 _,
dx (10)
Substituting Eq. (9) in Eq. (10) gives the follogirelation
to calculate the effective distance

Averaging the T-stress inside the effective distatice
effective T-stress (Tef) can be defined in théofeing
form

3 a,i?x' 2 —aix?
dy
ay _ =
Zn:aixi
i=0

dx

11)

Xei
Ty =—— [ ()o()d
X ef 0
(12)
Here, T=T,= (JXX -0, )5:ois the  T-stress

distribution along of the ligament (r) in the xxelition and
o(r)

representation of the T-stress along the ligaméime,
gradient of this distribution and the techniquecédculate
the effective distanceXand the effective T-stressg.T

Geometrical defect

/ o Log()

T =Ar*

¥

T-Stress distribution along defect root

Relative stress gradient

%

i -Log(o, (-0, (1)

2

X0 = (W (1) * (AT, (/dr)

Fic. 5 : Schematic bilogarithmic diagram of the detieation of
the effective T-stress by averaging the T-stresslethe effective
distance

A detailed example of employing this method is give
Figure 6, 7 and 8. The T-stress distribution ispreed in a
bilogarithmic diagram for a pipe of a diameter gt R 20
and one longitudinal surface defect of depth a/b=xhder
internal pressure varying from 20 to 50 bars. Fegér
shows the distribution of the T-stress and theouexizones
along the ligament. A detail of the zone (ll) (Fig) is
presented in Figure 8. The polynomial approximatbthe
T-stress distribution according to Eq. (7) is presd in
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Fig. 7. The gradient of this distribution corresgsrio Eq.
(112) (see Fig. 8).

* P =20bars, Rt =20, a/t =0.5|
°  P=30bars, Rt =20, alt =05
& P=40bars, Rt =20, alt 0.5|
v P =50bars, Rt =20, alt =0.5|

*  P=20bars, RIt=20, a/t =0
°P=50bars, R/t =20, a/t =0.!

T-Stress, (MPa)
~(T-stress ), (MPa)

i 0 [0}

T + T T
001 01 1 10

T T T
0,01 01 1 e "
Distance from notch-tip, r(mm)

Distance from notch-tip, r(mm)

Fic. 6 : The T-stress distribution along ligamenttaf pipe under

pressure
1000

Ao«
T =AT

= P =50 bars, R/t =20, a/t =0.5|
— Polynomial fit

100 A

10

-(T-stress), (MPa)

0,01 01 1 10
Distance from notch-tip, r(mm)

Fic. 7 : Approximation of the T-stress distribution

1000 7 ey ——————r-2,40
Pressure P= 50 bars, R/t =20, a/t =0.5
--2,42
< T-stress along of ligament
& T-stress part to fit L -2,44
s Polynomial Fit of T-stress part
100 4 ° Relative T-stress gradient L 246
g g |
s -2,48
< |
) -2,50 |
9] i
= ]
@ F-252
= «
! “«"“44-’2,54
- -2,56
- -2,58
X
- LN Y 1260
0,01 0,1 1

Distance from nétch-tip, r(mm)

Fic. 8 : Gradient of the T-stress distribution acaugdo Eq. (11)
(P=50 bars, R/t =20, a/t =0.5)

2.4. Results of the effective T-stress estimationrfthe
Roman tile specimen

The method of averaging the T-stress has been gegbko
estimate the effective T-stress in a Roman tilecispen
with the V-notch of 0.25mm root radius. The notapect
a/t was varied from 0.1 to 0.7

100

-100 4

-200

¢ v A 4 > e 0=

T T T
0,01 01 1

Distance from notch-tip, r(mm }

Fic. 9 : TheT-stress distribution along ligament in a romae til

specimen

Similar to a pipe with a surface notch, the T-stres
distribution

is stabilised after some distance f&rort

notches. At the same time, the T-stress increasearly
with ligament for long notches, except in a regabose to
the notch tip (Fig. 9). Estimating the effectivesifess by
the proposed method is illustrated in Fig. 10.

It should be noted that the present results oeffertive T-
stress estimation is consistent with the resultsinbd by
the method proposed by Maleski et al. [18]. It was
suggested that the T-stress can be representechéby t
following relationship:

T(x)=T, +A(x/a))

(13)

By extrapolation to r > 0, the TO stress can baiokd and
considered as the acting T-stress. Comparison ef th
effective T-stress obtained by procedure of avegghe
T-stress inside the effective distance and the tTéss are
shown in Fig. 10. It can be seen that the diffeeenetween
TO and T is small for the case of a roman tile specimen

T-Stress (MPa)

-100 +

-150 4

-200 o

-250

50

fel -P=150 N

T
N
S

1 Jojuaipels

10

X,,=0.2762mm

A

T T
0,01 0,1 1

Distance from notch-tip, r(mm)

wH KK KK % & . O
T

Fic. 10 : Determination of gtress from Maleski [17] and
comparison with the effective T-stress
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3 Conclusion

The Williams's type solution has been employedrtalgse
the stress distribution ahead of the notch tipvds shown
that the T-stress is not constant along ligameaadtof the
notch tip for pressurised pipes and Roman tile ispers. It

[7] Betegon C, Hancock JW (1991).Two-parameter chaiaat®n of
elastic .plastic crack tip fields. ASME J Appl Me&8:104 .10.

[8] Pluvinage G. (2003). Fracture and Fatigue Emagdtiom Stress
Concentrators, Kluwer, Publisher.

[9] Yang, B. Ravi-Chandar, K. (1999). Evaluation ofséia T-stress by
the stress difference method. Engng Fract Me¢i#®89-605.

was also found that the non_singu'ar terms are not[lo] Chao YJ, Reuter WG (1997) Fracture of surface «aokder

negligible for a notch as the distance from thechdip

increases. To avoid this difficulty, it has beeogwsed to
use the effective T-stress. The effective T-stréss
suggested to be the average T-stress inside tleetigé

distance ahead of the notch tip. Thus, the conckfite T-

stress in the case of the crack stress distribuies been
extended to the notch stress distribution.
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