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MpuMeHeHMEe MeToAa 06bEMHbIX WU3MEPEHWUI A/ OLEHKWN MOBPEXAEHUIA,
BbI3BaHHbIX BO3/ENCTBMEM WHOPOAHbLIX Te/l Ha ras3oBble TPY6bI

P. Agn6, C. WLmuTT, . MntoBuHaXx

NaGopaTopusi MeXaHUYeCKOl HafeXHOCTY, YHMBepCUTET I. MeTl, ®paHuus

M3BeCTHbI TPM OCHOBHbIX TWNa NOBpe>KAeHUs Tpyb rasonpoBofoB. Hambonbliy onacHOCTb C
TOYKM 3PEHMA HAJEe>KHOCTW rasoBbix TPybONpOBOAOB NPeACTaBNf0T MOBPEXKAEHUS, BbI3BaHHbIE
BO3EACTBMEM WHOPOLHbIX NpeamMeToB. [MpefnoXKeH O00bEMHbIA MeTOA, KOTOpPbIA MO3BONSET
YyunTblBaTb BANSHUE FEOMETPUYECKOro 3PheKTa NosBNEHNS BbIGONH U KOHLEHTPATOpOB Hanps-
>KEeHWii B Tpybax Ha xapakTepucTUKW XPYnKOro WA ynpyronnacTUYeCcKOro paspyleHus Tpyo,
NOABEPrHYThIX BHYTPEHHEMY [aBfeHuio. PacCMOTPEHO npuMeHeHMe O06BEMHOro meToga npu
HaMuNM BHELLHEro NPOAONLHOIO MOBEPXHOCTHOMO KOHLEHTpaTOopa Hanps><eHus B rasoon Tpyobe.
OnucaHa cneunanbHas meToanka SINTAP, ¢ NoMOLbO KOTOPOA MOXKHO BbIYUCANTbL 3HA4YeHue
KoadhhmumeHTa 3anaca NpPOYHOCTN.

Kniouesbie cnosa: TPy60NpoBOA, paspyLieHne, Haapes, 06beMHbIA MeTod, onpe-
JeneHne AuvarpaMm MoBPeXAEHHOCTM, 3anac NPOYHOCTY.

Introduction. Pipelines have been employed as one of the most practical and
low price method for large oil and gas transport since 1950. The pipe line
installations for oil and gas transmission are drastically increased in last three
decades. Consequently, the pipeline failure problems have been increasingly
occurred. The economical and environmental and eventually in human life
considerations involve the current issue as structural integrity and safety affair.
The explosive characteristics of gas provide high wakefulness about the structural
integrity. Therefore, the reliable structural integrity and safety of oil and gas
pipelines under various service conditions including presence of defects should be
warily evaluated. The external defects, e.g., corrosion defects, gouge, foreign
object scratches, and pipeline erection activities are major failure reasons of gas
pipelines. A typical example of a corrosion defect is given in Fig. 1. According to
numerous design codes, this kind of defects is considered as a semi elliptical
crack-like surface defect of aspect ratio a/c. This aspect ratio varies in range
[0.1-1] depending on corrosion rate anisotropy. Another example of dents
produce by impact of foreign object (IFO) is presented in Fig. 2.

Dents or gouges are considered as one the major reasons causing pipeline
defects. These defects contain complex geometries and they are mostly assumed
as semi-elliptical crack shape in some well-known codes.
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Fig. 1. Example of corrosion defect on pipe.
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The failure assessm ent diagram accounts any kinds of failure: plastic collapse
as w oell as brittle fracture and elastic-plastic failure. T he failure assessm ent
diagram ex hibits a failure curve as the critical non dim ensional stress intensity
factor versus non dim ensional stress or loading param eter and has been applied
into several codes in conjunction w ith the structural integrity o f cracked
structures. T he m ain objective of the present study is to im ply the interpolating
curve and FAD concept into notch problem because the fracture m echanics s
based on crack and not on blunt defects such as dents. For that, the non
dim ensional stress intensity factor Kr s replaced by the non dimensional stress

intensity factor kr,p. The SINTAUP procedure [2] is divided into several distinct

levels. A default level w ithout yield stress assum ptions is used according to
lim ited know ledge of the mechanical behavior of the m aterial (A P11 X 52). The
m athem atical expressions o f SINTAP default level procedure w ith the

aforem entioned assum ption can be w ritten as below [1]:

SR
12

f(Lry-= 1+_ [0.3 + 0.7exp(-0.6L2)] for 0< Lr< 1, (1)

w here
17 x _ , + M 25
ta Y
f(Lr),Lr,Lr ,and aY are respectively interpolating function, nondim ensional

loading or stress based param eter, the m axim um value ofnondimensional loading
or stress based parameter, and yield stress, respectively.
In the present study, dents are considered as notches and not considering as

crack like defects and in this case, the interpolation function f (Lr) given by

E q. (l) is taken as sim ilar because we use non dim ensional param eter and the
notch stress intensity factor (SIF) is affected sim ilarly than the SIF.

2. Volumetric Method and Notch Stress Intensity Factor. rne criticar
notch stress intensity factor is a local fracture criterion that assumes that the
fracture process requires a certain fracture process volum e. T his volum e is

assum ed as cylinder w ith diam eter called effective distance. D eterm ination o f this
effective distance is based on the bi-logarithm ic elastic-plastic stress distribution
because th e fracture process zone is the highest stressed zone. This zone is
characterized by an inflexion point on the stress distribution allhelimitofzonell
and zonelllin Fig. 4. Justification o f this m ethod has been given in reference [1]
The determ ination ofthe effective distance is accom plished using the m inim um o f

the relative stress gradient % w hich corresponds to this inflexion point. T he %

value is given by
1 dayy(r)
T (2
a yy () 57
w here %(r) and ayy are the relative stress gradient and m axim um principal

stress or crack opening stress, respectively.
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Fig. 4. Schematic elastic-plastic stress distribution along notch ligament and notch stress intensity
virtual crack concept.

The effective stress is considered as the average value ofthe stress distribution
inside the fracture process zone. This stress distribution is corrected by a w eight
function in order to take into account the distance from notch tip of the acting

point and the stress gradient at this point

1 x
<xef - ~Y~ \{]f" yycrys cr)dr, (3)
Xef O

w here of‘ Xf oyy(r), and O(t‘) are

opening stress and weight function,

effective stress, effective distance,

respectively.

In Table 1, some proposed weight functions are shown.

The notch stress intensity factor describes the stress distribution in zone I111.

By extension the notch stress intensity factor can be defined as a function of the

effective distance and effective stress [2]:

Kp=ow 2nXef

At failure, the notch stress intensity factor reaches the

critical value KpC

The non dim ensional param eter kr is denoted for a notch as

li< K P
r = (5)
K p,c

The loading param eter in FA D can be written as follow s:

Lr- ‘ 6
/0f (@S]
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stress (o f = (o Y + OU)/2)‘

w here o g and o f are the global stress and flow

respectively. Ig{ lh; plane [Lr‘kr], th e assessm ent point is defined by the

coordinates [Lr‘kr].

Table 1
Different Proposed Weight Functions for Calculating Effective Stress around Notch Tip
Weight function D(r) Qef
Unit weight function o) =1 1 Xef

Qef = § eTf fOOy>(r)dr

Peterson’s D(r) = 6(r —Xef)

weight function [3] g

el

Qylafku’s ®(r) = 1—HIY 1 x/

weight function [4] Oef = ;'\f f Oyy(r)[1—\r)]dr

ef o
Kadi’s d(r) = exp[HAH/2] 1 Xef

weight function [5] Oef = X ef f OY(r)exp[rNrV2]dr
ef o

Modified Qylafku’s ®(r) = 1—r x(r) 1 x/

weight function [6] Oef = ’)‘( " f OW(r)[1—HX(r)\]dr
ef o

A's shown in Fig. 3, the safety factor SF is defined by the radial distance

ratio betw een interpolating failure curve and assessment point according to the

SINTAP procedure (SF:OC/OA).

By divided the FA D parameter by a conventional safety factor (a value of 2

is m ostly used for practical engineering applications), we defined the security

curve. Sim ilarly, the security factor SF obtained according to the procedure

(SF = 0B/OA).

of API X52. The API X52 was the m ost com

3. M echanical Properties
gas pipelines m aterial for transm ission of oil and gas during 1950-1960. The
chem ical com position of API X 52 is showwn in Table 2
Table 2

Chemical Composition of APl X52 (wt.%)

C Mn Si Cr Ni Mo S Cu Ti Nb Al
0.22 1.22 0.24 0.16 0.14 0.06 0.036 0.19 004 <0.05 0.032

In Table 3, m echanical properties of APl X 52 are presented. T his m aterial
ex hibits a large elongation and ductile behavior is expected.

In Fig. 5a, the true stress-strain curve ofA P11 X 52 including above hardening

exponent and coefficient is illustrated. T he fracture toughness has been obtained
by experimental studies w hich are presented in Fig. 5b This special device and
specim en have been developed due to im possibility to get flat specim en from
sm all-diam eter pipes.
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Table 3
Mechanical Properties of APl X52
E, GPa ay, MPa au, MPa A % n K, MPa Kng MPavm
203 410 528 32 0.164 876 116.6

Note. E, Oy, au, A, n, K, and Kpc are the modulus of elasticity, yield stress, ultimate stress,
relative elongation, hardening exponent, hardening coefficient, and fracture toughness, respectively.

Fig. 5. Simple tension test results as true stress-strain curve for APl X52 material (a) and
experimental test setup for extracting the fracture toughness (b).

From this test, the critical load is extracted. T hen stress distribution is
com puted by FEM . The values of effective stress and distance are introduced in
Eg. (4). W e note that fracture toughness w hich depends on notch radius and pipe
curvature is obtained w ith the sam e constraint that in pipe

4 Pipe and D efect G eom etries In Fig.6‘lhe geom etrical configurations of
pipe and defect are presented. Pipe has an external diameter of 219.1 m m and a wall

thickness of 6.1 m m . The service pressure ofthe gas pipe is atm aximum 70 bars.

6.1

1000

Fig. 6. Pipe geometry (all dimensions in mm) (a); central semi-elliptical defect (a = t/2,
alc =0.1) (b).
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The defect depth for all m odels is equal to one-halfofpipe thickness and the
defect aspect ratio is considered as O.l(a/c: 01)
5. FEM A ssessm ent of Stress D istribution. To analyze the stress distribution,

one-fourth sym m etry consideration including 8-node solid elem entm esh has been

@

m ployed. In Fig. 7, the geom etrical and m esh density around the sem i-elliptical

a

efect s shown for considered pipeline. T he m ain goal in this stage is to

determ ine and evaluate the stress distribution pattern and corresponding param eters

such as effective stress and effective distance. To tease out the boundary
conditions side effects and obtain pure induced stress distribution due to the
defects existence, it is assumed that the m entioned defects are m athem atically
positioned into an infinite pipeline. It is necessary to rem ind that the present
assum ption can be physically fulfilled by sufficient pipe length w hich can be

found via trial and error procedure. A n example ofthe computed stress distribution

is given in Fig. 7b.

a b

Fig. 7. Detail mesh density around the selected semi-elliptical defect (a); stress distribution
pattern (b).

6. A pplied N otch Stress Intensity Factor and Safety Factor. As discussed
in section 2, the notch stress intensity concept is im plem ented into the SINTAP
procedure (default level). To predict the structural integrity of the present
sem i-elliptical defect, it s required to acquire the opening stress along the
ligam ent. The finite elem ent analysis provides th e necessary param eters for
“N otch-B ased Failure A ssessm ent D iagram ” (N BFAD). I'n Fig. 8 the stress
distribution along ligam ent is show n as bi-logarithm ic and diagram . The
bi-logarithm ic diagram easily highlights th e three m entioned zones and the

effective distance, effective stress and other required param eters are calculated for

N B FA D
Table 4
Coordinates of the Failure Assessment Point

°efm Xfm Kpm aeem a0, kr Sr
MPa mm MPaVm MPa MPa

343 0.67 158 125 469 0.136 0.27

Note. agg = pD/It, ao=au+ Oy/2, md Sr =o0gg/a0.
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01

Distance (mm)

Fig. 8. Bi-logarithmic stress distribution and relative stress gradient versus ligament distance and
corresponding relative stress gradient (Xd = 0.6736 mm, ag = 343.45 MPa).

The notch-based failure assessm ent diagram or so called “N BFA D" safety

factor evaluation is presented in Fig. 9. The coordinates of the assessm ent point

are given in Table 4

Fig. 9. Structural integrity evaluation via SINTAP procedure according to the FEM outcomes for
semi-elliptical defects.

A's showwn in Fig. 9, the safety factor and security factor are elucidated by

radial distances ratio (OC or OB over OA). Therefore, the extracted assessm ent

point is positioned in safety and security zone.

Conclusions. The failure hazard for gas pipeline including sem i-elliptical

gouge defect is evaluated via SIN TA P and elastic finite elem ent m ethod outcomes.

SINTAP procedure has been m odified in order to take into accountthatthe defect

is not a crack like defect but has a finite tip radius. For that, the concept ofnotch
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stress intensity described by effective stress and effective distance has been used
and the corresponding fracture toughness m easured using a special specimen

called rom an tile.” The classical determ inistic approach leads to the conclusion
that the necessary engineering safety factor of a gas pipe ex hibiting a severe
gouge type defect (depth equal to halfthe thickness) and subm itted to an internal
service pressure of 70 bars w hich is norm al service pressure condition for gas

transm ission is w idely satisfy (SF = 3.4 > SF = 2) The security factor has been

found equal to 1.7

Pe3ome

BigomMo Tpu OCHOBHI TMURNMU NowW KOJX eHHSA Tpy6 rasonpoBopgiB. H aii6inbuw Heob6es-
nevYyHUM®n 3 TOYKM 3opy HapgihHoCTi rasoBswunx Tpy6onpoBoaais € MnMow KOJADX eHHSs

CTOPOHEHIX npeamerTiB. 3anponoHOBAaHDO 06 'eM HM I MeTOA, AKMWIR

Hacnipgok A

AO03BONSAE BpPaxoBYyBAaTW BN AWB reomMeTpuuyHoro edekTy nNoasBu BNWGOIH Ta KOHLUEHT-

paTopiB HanpyxXeHb y Tpy6ax Ha XapakTepucTMKN KpPpUXKOTFTo ab6o NpyXxX Ho-nnac-

TWYHOTO pyWHYyBaHHS Tpyo6, Wo 3a3Hat Tb Jiil BHYTpiw HbOro TUCKY. Po3rnasHyrTo
BUKOPUCTAaHHA 06'eMHOTO MeTopay 3a HAasBHOCTI 30BHIW HbOTO No3fO0BX HbOTO
noesepxHeEeBOro KOHUEHTpPAaTopa HanpyxX eHb y rasosBiii Tpy6i. O nucaHwo cneuyians-
HY M eToaAMnKY SINTAP, 3a gonomorotw AKOT M OX Ha 3HaikhTh Koed iyuieH T 3anacy

M iUy HOCTI.
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