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Abstract

Failure Assessment Diagram (FAD) is constraint modified
using the assumption that the constraint T stress is propor-
tional to the non-dimensional loading. The constraint modi-
fied FAD has been used to compute safety factors associ-
ated elliptic defects.

FRACTURE TOUGHNESS AND CONSTRAINT

Critical CTOD is a measure of fracture toughness /1/. As
other measures of fracture toughness, critical CTOD is sen-
sitive to ligament size, loading mode and thickness. Han et al.
/2/ have shown that the critical CTOD of a pipe steel API
5L X65 decreases when the thickness increases and reaches
an asymptotic value for specimen of 18 mm thickness. The
effect of constraint is attributed to one of the following param-
eters: the plastic constraint factor L, the stress triaxiality f,
the O parameter, T stress, and A, /3/. In this case the authors
use the stress triaxiality defined as the ratio of the hydro-
static stress over the equivalent von Misses stress,

(o2
p=—", (1
Oym
o, to,,6 +0
where: oy :W, 2)

and: oy, :%\/(0'1 ~03)* +(01-07)* +(0y-03)* . (3)

The critical stress triaxiality distribution at the crack tip
increases until it reaches a maximum, which for the critical
event is called fmax. and corresponds to the distance Xpmax.c-
Afterwards, it decreases, then sometimes increases again, and
finally falls to zero when the distance is far from the crack tip.

Evolution of the critical CTOD versus the stress triaxial-
ity fis presented in Fig. 1 for the API SL X 65 pipe steel.
Parameter ¢. decreases linearly with b and reaches an asymp-
totic value for f* = 2.5.according to:
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Kljuéne reci

* FAD

* T napon

+ greske u cevima
* stepen sigurnosti

Izvod

Uvedena je modifikacija ogranjicenjem dijagrama ocene
loma (FAD), pod pretpostavkom da su ogranicavajuéi T
naponi proporcionalni bezdimenzionom opterecenju. Modi-
fikovani FAD je upotrebljen kako bi se izracunali faktori
sigurnost vezani za elipticke greske.

O, =60t af, O]
where: . is the reference CTOD for high constraint (5 >
2.5); and « is a constant.
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Figure 1. Evolution of critical CTOD versus the stress triaxiality £
for API 5L X 65 pipe steel, /2/.

NUMERICAL ANALYSIS

A finite element code called Ansys APDL has been used
to model the pipe geometry Fig.2(a), according to the
symmetry we have illustrated only a half of the pipe. A
SOLID186 element used in this finite element analysis with
16 node quadrilateral elements has been adapted to meshing
the pipe, and we have refined the mesh near the crack tip
which represents the critical zone of the pipe, Fig. 2(a). The
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pipe of diameter D =219 mm and thickness ¢ = 6.1 mm, the
semi-elliptical crack dimensions are presented in Fig. 2(c)
with a as the crack depth, and ¢ as the crack length. An
example is shown of opening stress distribution at the semi-
elliptical crack tip for P =20.1 MPa and a/t =0.5 and a/c = 0.2.

@

(b)

(d)

Figure 2. Semi-elliptical crack in pipeline with a/t = 0.5 and a/c =
0.2. (a) Pipeline geometry and meshing, (b) meshing type, (c)
crack dimension, (d) opening stress distribution at crack tip.
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Figure 3. Semi-elliptical defect at pipeline with a/f = 0.5, a/c = 0.2
and p= 2.5 mm. (a) Pipeline geometry, (b) opening stress
distribution at defect tip.

In Fig. 3(a) a semi-elliptical defect geometry with notch
radius is shown, and the opining stress distribution is
presented in Fig. 3(b). The maximal stress is localized at the
defect tip with a stress ratio between crack and notch of
3.66. In this work; we have studied the effect of pressure
and crack radius on the triaxiality f. Firstly, we have stud-
ied the effect of loading pressure on triaxiality £. Non-
dimensional stress L, is described as the ratio of the gross
stress o, over flow stress (chosen as yield stress o;, ultimate
stress o or classical flow stress Pr). The result of loading
pressure effect is presented in Fig. 4. The applied pressure
has no effect on the value of triaxiality £. It is submitted to
internal pressure p until limit pressure P;. The limit pres-
sure is given by the ASME formulae, /4/:

P_2(1-1<‘fy)tX 1-(2/3)alt) )
L~ 1+0.8(2/3)a/t)M |’
2
M= 1+0.8(£j (2). (6)
D)\t

The value of the limit load is in this case P, = 20.1 MPa.
The triaxiality £ has been computed assuming elastic behav-
iour for different L, values.
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Figure 4. Stresses and triaxiality distribution at ligament of
cracked pipeline with different pressure values.

In the second part; we have studied the effect of crack
radius on triaxiality S, the crack length a/t = 0.5, the pres-
sure P= 20.1 MPa, and the radius p= 0 to 2.5 mm. The
results are presented in Fig. 5.
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Figure 5. Crack radius effect on triaxiality . (a) Triaxiality distri-
bution at crack ligament, (b) maximal and medium value variation
for p=0to 2.5 mm.

FAILURE ASSESSMENT DIAGRAM

The FAD methodology replaces three fracture mechanic
parameters relationship (fracture toughness, defect size and
loading) by two parameters, one in order to have a plane
representation where non-dimensional crack driving force
k- and non-dimensional applied stress L, are the coordi-
nates. The non-dimensional crack driving force &, is defined
as the square root of the ratio of applied CTOD &, to the
fracture toughness of the material o,

Sup
5.

Non-dimensional stress L, is described as the ratio of
gross stress oy over flow stress (chosen as yield stress oy,
ultimate stress oy, or classical flow stress oy = (o; + ov)/2,

®)

The failure assessment curve is obtained from fracture
toughness data measured from specimens tested under high
levels of constraint and with an unknown £ value, but prob-
ably close to 2.5.

The modified constraint FAD /5/ is obtained by taking
into account that the material fracture toughness is sensitive
to constraint and therefore, the failure assessment curve is
modified. Here, one assumes that the triaxiality is propor-
tional to non-dimensional load:

B=psL; . ©)
In Fig. 1 and Eq.(9) a= -0.27 and fs= 1. Combining
Egs.(4) and (9), one gets:
O, :50,0 (1+a(ﬂ5l‘r,c ) - (10)
The failure curve for the basic level and for the reference
fracture toughness (8= 2.5) is given by Eq.(11):

k:

%

(7

]

0.3+o.7exp(—yL§)] for 0< L, < Lyma (11)
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The failure assessment curve for any value of constraint

is given as:
Kr,c :f(Lr)ﬂl-’-a(ﬂTa 7Lr,c) . (12)

The failure assessment curve is then modified according

to Eq.(12) and compared to the reference failure assess-
ment curve, called f{L,)s- 25. Both curves are plotted in
Fig. 6. The failure assessment curve f{L,)sucr lies above the
reference curve. The maximal difference is obtained from
L,=0.7 and is about 21%.

0,11

0,0 T T T T T T T T T T —-
0,0 0,2 04 0,6 08 1,0 12
L

"

Figure 6. Failure assessment curves f{(L,)s=2.5 and f{L:)struct.

SAFETY FACTOR DETERMINED BY MODIFIED FAD

The assessment point is defined by following coordinates:

) (13)

where: ¢, is the applied notch stress intensity factor; and o
is the fracture toughness of the material.

In traditional approach, the fracture toughness is deter-
mined according to standard with a high constraint speci-
men. This value can be identified as k.. = k°.. Therefore, a
reference value of k." is given by:

9,
* ap
k. ,r= |—2. (14)
c,ref 56
In order to reduce the conservatism induced by the use of
the high constraint specimen, and taking into account the
increase of fracture toughness by the loss of constraint, we
define the coordinates of the assessment point devoted to a

structure by:

* §ap
¢, struct = g . (15)

The safety factor is therefore computed from the relative
distance of the structure assessment point from the origin to
the intercept with the constraint modified failure assessment
curve. Table 1 presents non-dimensional crack driving forces
in the longitudinal direction (service pressure 70 bar), for
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three defects considered: central semi-spherical crack-like
defect with depth d = #/2; central semi-elliptical defect of
length L (d = #/2, d/L = 0.1); and central long blunt notch of
notch radius p (d =#2, d/L = 0.1, p=0.15 mm), Fig. 7.

Table 1. Non-dimensional crack driving forces in the longitudinal
direction with 70 bar as the service pressure.

Orientation of defect Defect type K eref | K costruct
semi-spherical (ss) | 0.16 | 0.12
longitudinal direction semi-elliptical (se¢) | 0.18 | 0.14
long blunt notch (In) | 0.25 | 0.19

(@) _'{-__:-:‘.f:‘: - td

> /1t_d

(b)

Figure 7. Defect types: (a) central semi-spherical; (b) central semi-
elliptical.

The applied notch stress intensity factor is obtained
using the volumetric method, /6/. The stress distribution at
the notch tip is computed by the finite element method and
is extracted from /7/.

The reference fracture toughness is J,0= 0.54 mm and
the structure fracture toughness &.,0 = 0.61 mm correspond-
ing to a critical effective constraint 3, = 2.1.

The safety factor, defined as the relative distance from
the assessment point to the interception of the loading path
with the failure assessment curve is computed for three
types of defects. The safety factor relative to the reference
failure curve is called f;, 7= o, while that relative to the struc-
ture failure curve is f;,suer. Results are reported in Table 2.

Table 2. Safety factors of three types of defects (ss), (se), (In);
service pressure is 70 bar.

Defect type 5 T=0 | fsstruct Difference (%)
(ss) 3.16 | 3.36 6.4
(se) 3.3 | 3.29 48
(In) 3.04 | 3.02 2.8

The use of the constraint modified failure assessment
curve provides higher safety factors for the three kinds of
defects and gives the possibility of reducing conservatism.
The longitudinal long blunt notch shows the most severe
defect. In any case, the safety factor is higher than 2, which
is considered in the deterministic approach as the required
value for safe design.
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CONCLUSION 3. Pluvinage, G., Capelle, J., Hadj Meliani, M. (2014), 4 review
of fracture toughness transferability with constraint and stress
In order to take into account the increase of fracture gradient, Fatig. Fract. Eng. Mater. Struct., 37(11): 1165-1185.
toughness with the loss of constraint, the failure assessment doi: 10.1111/ffe.12232
diagram is modified. It is assumed that the effective stress 4. American National Standard Institute (ANSI)/American Soci-
constraint is proportional to the non-dimensional loading ety of Mechanical Engineers (ASME). Manual for determining
parameter. This assumption introduced into the material strength of corroded pipelines, ASME B31G (1984).

5. Bouledroua, O., Hadj Meliani, M., Pluvinage, G. (2017),

failure master curve allows us to know the fracture tough- ] X 4 ; !
Assessment of pipe defects using a constraint-modified failure

ness for any constraint. The considered fracture toughness 4 .
. . . . assessment diagram, J Fail. Anal. and Preven., 17(1): 144-153.
is therefore introduced to modify the failure assessment doi: 10.1007/s11668-016-0221-z

curve and the coordinates of the assessment point. These ¢ Pluvinage, G., Gjonaj, M. (Eds.)., Notch Effects in Fatigue and

modifications slightly increase the safety factor (by less Fracture, Springer Netherlands, 2001. doi: 10.1007/978-94-010
than 10 %); however, the fracture toughness is increased by -0880-8

30 % for the specific case described here. The minor 7. Adib-Ramezani, H., Jeong, J., Pluvinage, G. (2006), Structural
increases in the safety factor obtained by using a constraint integrity evaluation of X52 gas pipes subjected to external cor-
modified FAD probably do not justify its use. rosion defects using the SINTAP procedure, Int. J Press. Ves.

Piping, 83(6): 420-432. doi: 10.1016/j.ijpvp.2006.02.023
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