Journal of Ocean, Mechanical and Aerospace
-Science and Engineering-, Vol.27

January 20, 2016

Failure Assessment Diagram Constraint Used for Integrity
Analysis of Cylindrical Shell with Crack

Musthafa Akbaf” and Rachman SetiawAn,

¥Mechanical Engineering, Universitas Riau, Indonesia

b)Mechanical & Aerospace Engineering, Institut Teknologi Bandung, Indonesia

*Corresponding author: musthafa.akbar@Iecturer.acit

Paper History

Received: 23-November-2015
Received in revised form: 17-January-2016
Accepted: 20-January-2016

ABSTRACT

During its operation time, cylindrical pressure sels could
experience cracks. If this happens, the questioaised whether
the pressure vessel could still be used or notec@rer whether
further treatment is required. In process and p&iro industry,
an integrity analysis using Fitness For Servicehogdlogy is
common, for instance referring to APl 579/ASME FES007
Code. Level 3 assessment within the Code requirdmite
element simulation in order to generate both theuation point
and the Failure Assessment Diagram (FAD) that sea® an
acceptance criteria. Here, a parametric study basedthe
methodology given by the Code has been carriedoogenerate
such result for the cases of internal longitudirakk defect in a
cylindrical shells for a number of common casestdmms of
thickness-to-radius ratio, crack size ratio, arackraspect ratio.
The evaluation of Stress Intensity Factor is deteechthroughl-
integral parameter found using a finite elementlyais with a
specially-meshed strategy incorporating the crddie result of
the model is first verified with that of the Cod® fa number of
cases, before being used for parametric study.nmdael yields a
relatively close comparison with that of the Codenumber of
regressed equation was derived for several casdraposed to
be used in integrity assessment of cylindrical Iskelprocedure
of using the parametric study result from this stigation is also
outlined here.

KEY WORDS: Integriy analysis, failure assessment diagram,
J-integral, cylindrical shell.

NOMENCLATURE

API American Petroleum Institute
K; Elastic-Plastic Stress Intensity Factor
K; Elastic Stress Intensity Factor
E Modulus Elasticity

] Energy Release Rate

v Poisson Ratio

Oref Reference Stress

oy Yield Strength

o, Circumferential Stress

K, Brittle Fracture Ratio

L, Plastic Collapse Ratio

Py Collapse Pressure

P Internal Pressure

a Crack Depth

c Crack Length

t Thickness

R; Internal Radius

1.0INTRODUCTION

Cylindrical shells are a common geometry of theicdtrre that
usually used in static mechanical equipment, egsqure vessels,
tank, boiler, and pipe. This geometry is used widelindustry
due to excellence in rigidity, easy to manufactarel has a
simple design. In design, cylindrical geometry cooniy
categorized as a thin shell. It means cylindricabrgetry has a
very large radius when compared to the thicknesthefwall.
Cylinder with radius to thickness ratio greaternth20 usually
considered as a thin shell. Once shell assumptimasused in
design and analysis, stress distribution alonghfiekness of the
wall can be considered to be uniform.

During its operation time, mechanical equipment | wil
encounter deterioration due to mechanical damage,crack,
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corrosion, pitting, laminations, shell distortiorand weld
misalignment. Such damage will decrease the irtegi its
equipment and further analysis is required to na@inteliability
of equipment. Integrity analysis is an urgent isespecially in
industries with high safety and has a major impaxtits
surroundings.

Crack or crack-like flaw emerge in a cylindricakefildue to
imperfection of material during production, fabtica, or in
service. Excessive loading in the form of fatiguéngpact gouges
can be a trigger of crack initiation. Failure vattcur when stress
intensity factor along a crack tip is greater thhe ability of
material to sustain a stable crack.

20METHODOLOGY

2.1 Failure Assessment Diagram

Dowling and Townley [5] was introduced the concepFAD in

1974. They introduce the relationship betweenlbritacture and
ductile fracture. The original concept this diagramas derived
from the strip-yield plastic zone correction [6]hd strip-yield
model has some limitations, for example, it doesawzount for
strain hardening and residual stress. A generaatemu of this
diagram was developed based on interpolation of bases,
namely linear elastic fracture and plastic collapse good
agreement was shown when the result of their reseampared

Numerous investigations were made by researchers to to laboratory experiment.

develop methods for integrity analysis of cylindtistructure that
contains crack. In 1982, Raju and Newman [1] sththeir
work to find out stress intensity value of craclattemerge in
cylindrical vessels. In this research, they useahéofce-method
applied to surface crack at inside and outside ydindrical
vessels subjected to various loading conditionsetg uniform,
linear, quadratic and cubic. Good agreement is shahen their
result compared to another
researchers. Unfortunately, this paper, limited yonto
determination of stress intensity value, discussairout the
integrity of cylindrical shell did not provide.

The most famous method used in integrity analy$ishe
structure contains crack is a failure assessmemigraiin
constraint. Tipple and Thorwald [2] using this nutho evaluate
the end-of-life critical crack size for a fatigueack growth
analysis. The benefit of-Integral method is used here to
calculate stress intensity factor along the craoktfunder linear
elastic and elastic plastic condition. This papeo @escribes two
methodologies for generating Failure Assessmergraia (FAD)
based on Code and using numerical method. Botheofitethod
are shown in a graph and used to evaluate theritytef nozzle-
cylindrical shell junction with a single corner cka

Not only for crack, FAD approach also used for hett
structural components. These are usually analyzederuthe
assumptions that notches behave a crack, providingr
conservative results [3]. In this case, some mcalidns are
needed to use the diagram for notched structurghéunore,
Ainsworth [4] using FAD approach for high temperataefect
assessment. The assessment method using procesbarébds in
this paper is straightforward to apply in pressediplant.

The procedure of use and generate FAD slope alrstdgd
in some Code, e.g. API 579, BS 7910, SINTAP, artil R-these
Codes, FAD slope is generated based on given eguatihe
equation can be used for all types of material wilhious size
and type of crack. This condition tends to resgltinver
conservative results and further analysis needetadnducted.
Specific FAD which depends on the specific crade smaterial
and geometry of component need to be generatedlysising
finite element method.

The use of finite element method to generate FAIpesland
assessment point of certain crack, need a hardt.effs a time
consuming and high cost process for modelling anehte
meshing of a large number of crack dimensions specified
geometry of the shells. The main purpose of thigepare to
provide an equation of FAD slope for certain sie coack
dimensions, i.e. thickness ratio, aspect ratio, aratk depth
ratio.

methodology used by rothe

A new concept of FAD was developed based on energy
method. In this method, FAD was derived from Eafiastic
Fracture Mechanics (EPFM) analysis using J-Integaltion.
This diagram was constructed with account an eféécstrain
hardening and plasticity. There are some types AD,Fas
reported by Ainsworth [7] in his paper. The mosinfas and
universal model is the Option 3 Curve. In this mpdegeneral
equation was derived based on curve fitting of atsgitypes of
material and crack dimensions. Therefore, this eunill give an
over conservative result. It means, in some cdsesurve is safe
to use, but in other case a further and detailyaisaheed to be
conducted.

The result of curve fitting that has been derivgdAinsworth
[7] is shown in Equation (5). This equation is usedely in
industry and accommodate in AP1 579 Code to budsdl 1 and
2 FAD curve. In this curve, x-axis is Load Rafio) and y-axis is
Brittle Fracture RatidKr). Load Ratio is the reference stress of
certain crack compared to yielding point of the enal, whereas
Brittle Fracture Ratio is the stress intensity éaaif elastic load
compared to plastic loa&r andLr is determined using Equation
(3) and (4). Relation betwednm andKr is given in Equation (5)
and (6). These equations can be used to generddesiope. In
order to carried out analysis in both region ofgtaand plastic,
collapse pressure of cylindrical shell need to dlewdated using
Equation (7).

4= 1o @

K] = \/]_E (2)
K, = S

r = E (3)

L, =2 4
Oy

fi(Lg) = [1 —0,14L,][0,3 + 0,7exp(—0,65(L,)°)] (5)

_1 -
Kopos = [1 | 0-002F 1(1 N 0.0025) ©)
Oy Oy
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ot 2.2Finite Element Modelling
P, = ) Analytical method is used when simple crack problerad to be
R; solve, whereas when complicated geometry is eristerical
method is a solution. In general, there are twcegmies of
numerical methods; one is based on displacementotiret on
energy. Displacement method only applicable foedinanalysis,
whereas later method can be used for elastic plastlysis.J-
| Integral is one of energy method that widely usé adopted in
_ _ Ketastis commercial finite element software. Finite elemerudelling of
K™ Ketastis-plastis crack geometry tend to difficult and need specittrdgion on
o meshing strategy around crack tip. Mesh desigrtHfercrack tip
K Mﬁ_l“ - region is a spider web mesh with elements conceutrat the
Pret = ?  laeeeiKrjira) « ot crack tip, as shown in theigure 2 The first ring of elements is
Neaeet i made up of quadrilateral degenerated to triangléh several
nodes coincident at the crack tip. Isoperimetricks elements
with 27 node is used here. A typical 3D finite el@mmodel of
crack geometry is shown figure 3

LEFM+EPFM

0.002E 1( 00025)"]
. B

T

i Lri1
,,,,, > e LI’=P|oan/Pref

Figure 1: Scheme diagram to generate specific EADg finite
element simulation

Based on scheme diagram in Figure 1, Load Ratio is
calculated using an equation which compare theevafunternal
pressuréPload) which is simulated using finite element method to
internal load wherLr=Kr=1 (Pref). There are two type of finite
element analysis were used here, namely Lineati€lBsacture
Mechanics (LEFM) and Elastic Plastic Fracture Meita
(EPFM). In this diagram, the value of Brittle Fraet Ratio(Kr)
are results of LEFM analysis compared to resuleBFM for
variations of increased load, from elastic untigtic region.

In this research, 10 variations of cylinder dimensi and
crack size were modelled and simulated. All of niodee
cylindrical shell geometry containing semi-elligticcrack with
internal longitudinal position. This type and pasit of crack has
a major impact to integrity of the shell. Lengthegfindrical shell
is chosen quite long to prevent effect of its lénigt the value of
stress intensity factor. Shells with cylinder léngp crack length
ratio (L/C) > 10 is considered to be used in this simulations [9].
Dimension of the models as shownrible 1.

Figure 2: Spider web mesh design with elementseanated at
the crack tip [6]

Table 1: Variations size of crack and cylindricabls geometry
in finite element simulations

No Ri t a 2c tRi alc alt
Lo 2 2 ooow o 02
;om0 2% oom 9B 02
S w0 22 oo o o2
Do 2 %oes os oo
ZC 10 g gj 1 8:;25 0(?('52 Figure 3: Typical 3D finite model surface crack [6]

Dimensions are in mm. L.
In some Code, it is recommended to use a more aecur

stress intensity factor calculation usidgntegral. This method
provided a solution to determine value of stregenisity factor
either in elastic or elastic-plastic condition kwhsen energy
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J
release rate. Another solution is based on displaoé method front. The position of each nodal and meshing tred in this
and only available in elastic manner. In two dinmenal case,)- simulation is shown in Figure 6. The results ofrggeelease rate
Integral is define as follow [8]. of semi elliptical crack along crack front can leeis in Figure 7.

ou Figure 8 show the comparison between the valué§ oésulting
] = f (Wdy _T— ds) (8) from finite element simulations tK, provided by the API 579
r ox Code. A good agreement was shown with the valu&wh

Square Error (SSE) equal to 0.62 (Table 1).
where

~N

£

W = W(x‘y) = W(s) = f O'ijdé‘ij (9)
0

I in equation (8) is a close contour with countesckl wise
direction, T is traction,T; = o;jn; , u is displacement in x-axis
direction, andis is an element of. Based on above equations,
close contour will havd value equal to zero. The position Jf
contour along crack front is shownfigure 4andFigure 5

(a) (b)
Figure 6: Typical mesh of crack front: (a) nodakition along
crack front, (b) spider web mesh near crack tip.

0.8

§ 0.5
Figure 4: Definition ofl-integral method [8] 204
30.3
n I
U 0.2
0.1
A s 0
[} 0 0.2 0.4 0.6 0.8 1
Crack Angle ( n Radian )
Figure 7: Results of finite element simulationdorm of energy
release rate){Integral) along crack front.
. @ (b) 450
Figure 5:J-Integral contour around crack front: (a) closetoan a
; : ; 2 400
with zero value, (b) two contour with same integral 2
value [8] E 350
@ 300
2 250
3.0RESULTSAND DISCUSSION 2 200
N $ 150
3.1Validation of the Results £ 0
The results of finite element simulations were donéhis paper ﬁ
and compared directly with the Code. API 579 Coudlg provide g 30
required tables and an equation to calculate theevaf Stress 0
Intensity Factor(K,) for certain geometry of crack and shell. 0 0.2 0.4 0.6 0.8 1
Therefore, the value adl-Integral resulting from finite element Crack Angle ( 1 Radian )
simulations need to be converted into Stress litteRactor(K)) o
using Eq. (1). Validation was take for a case ohiselliptical _ | % CodeAR 528 —= “FiRitelementiesiits
crack with position at inner wall of the shell. Aiadrical shell Figure 8: The results of finite element simulatiar@mpared to
with thickness ratiqt/R)=0.0167, and a crack wia/t)=0.2 and solutions from AP 579 Code.

(a/c)=0.125 was modeled here. Finite element softwareused
to solve thel-Integral solution of 45 nodal position along crack
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Table 2: The value oK, as results of FE simulations and API

579 Code
Crack Angle FEM Results API 579 SSE
(mrad) (ksi.in”0.5) (ksi.in”0.5)
0 4.3555 3.9447 0.1688
0.027: 4.488¢ 4.570¢ 0.006¢
0.052¢ 5.088¢ 5.213. 0.015¢
0.0765 5.6603 5.8100 0.0224
0.0978 6.1486 6.3448 0.0385
0.1157 6.590° 6.782¢ 0.036¢
0.1321 6.9938 7.1682 0.0304
0.1470 7.3295 7.5074 0.0317
0.160¢ 7.867: 7.807¢ 0.003¢
0.198: 8.399° 8.557: 0.024¢
0.2300 8.9671 9.1236 0.0245
0.2587 9.4050 9.5725 0.0280
0.285( 9.849( 9.937¢ 0.007¢
0.3098 10.1426 10.2400 0.0095
0.3333 10.3845 10.4920 0.0116
0.3558 10.5897 10.7022 0.0127
0.3776 10.7621 10.8765 0.0131
0.3988 10.8968 11.0189 0.0149
0.419¢ 11.006: 11.132¢ 0.015¢
0.4399 11.0896 11.2188 0.0167
0.4601 11.1480 11.2799 0.0174
0.4800 11.1829 11.3174 0.0181
0.t 11.194¢ 11.332° 0.019:

SSE=0.6241

3.2 Parametric Study of FAD

Parametric study with variations of crack size dimdension of
cylindrical shell also simulated here. There areva@ation of
models to be investigated, as shown in Table 3ofAthodels are
semi elliptical crack and internal longitudinal . In this
position, crack face will be subjected to hoop sdrérom shell
and it consider to be the most serious threat tegity of the
cylindrical shell.

Table 3: Models of cylinder made a specific FADveur

No Ri t a 2c tRi alc alt
Lo § % oonw 9F %
I S AT
S om0 2 %o O %2
Dom 2 % es o 02
L N R T T

Dimensions are in mm.

In FAD procedures, iteration process were condutdeiihd
out collapse pressure of cylinder under elastic eladtic-plastic
conditions. Using both of assumption, the valuerudrgy release
rate increase with variations of internal pressi.all of cases,
it can be seen in Figure 9 and Figure 10, maximatuevof either
J-Integral or Stress Intensity Factor always at @éegmsition of

crack (crack angle=0& Rad). It can concluded that the failure of

structure will started at this position. Therefore, depth
investigations need to be carried out at this posit

7
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Figure 9: Results of finite element simulationdanm of energy
release rateJ{Integral) along crack front.
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Figure 10: Results of finite element simulations form of
energy release ratd-[ntegral) along crack front.

Failure Assessment Diagram can be created for epasiion
along crack front. But then, maximum criteria ispkgd to
anticipating the worst cases. In this study, twadkof simulation
were taken separately. Under elastic condition, tiaelels are
subjected to variations of internal pressure whitelow its
collapse pressure. Collapse pressure of the maderddicted
using Equation (7) and then validated using thelteof finite
element simulations. In the procedures of FAD, tRriEracture
Ratio (Kr) is calculated based on the value of Strintensity
Factor under elastic condition {(jKcompared to the value of
Stress Intensity Factor under elastic-plastic doomli (K;), as
shown in Eq. (3). To use this equation, the valtid-tntegral
either in elastic or elastic-plastic assumptiondnebe converted
into K, and Ky using Eq. (1) and (2). The value of Stress Intgns
Factor under elastic condition jKis calculated using 5 step of
increased pressure. The value of internal predsuited only up
to calculated collapse pressure, therefore angottion formula
need to infer the value of Stress Intensity Faabpve its
collapse pressure, as shown in Figure 11- Figure 15

For elastic-plastic assumption, large deformatitgorthm
involved within the software. Nonlinearities of reaal data in
the area of plasticity generated using the RambBegpod
equation. In this kind of simulation, internal pese increased
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gradually up to 20 step. A close iteration stepdnieebe refined
in the area of nonlinearities, as shown in the Fadul- Figure 15.

40 - J-elastic

—a—J-elastic plastic

Extrapolation eq. for J-elastic
30 | f(x)=0.1366x2 + 2E-09x - 1E-09
R?=1

J-Integral (N/mm)

Internal Pressure (MPa)
Figure 11: J-Integral results of cylindrical shell with t/Ri€IL67
under two kind of simulation, elastic and elastic-
plastic assumption

140 =&~ J-elastic i J-elastic plastic

Extrapolation Eq. for J-elastic
100 £(x)=0.0383x2 - 1E-07x + 6E-07
RZ=1

J-Integral (N/mm)

Internal Pressure (MPa)

Figure 12: J-Integral results of cylindrical shell with t/RiIb
under two kind of simulation, elastic and elastic-
plastic assumption

- J-elastic —— J-elastic plastic

Extrapolation Eq. for J-elastic
f(x) = 0.0052x2 + 3E-09x - 2E-09
RZ=1

J-Integral (N/mm)

El 3 7 1 15 19 23 27 31 35
Internal Pressure (MPa)

Figure 13: J-Integral results of cylindrical shell with t/Ri=D.
under two kind of simulation, elastic and elastic-
plastic assumption

=4~ J-elastic ——J-elastic plastic

1400

1200 Extrapolation Eq. for J-elastic

f(x) = 0.0004x? - 3E-10x + 4E-09
R?=1

[y
o
o
o

800
600
400

J-Integral (N/mm)

200

= == & 4=
100 150 200 250
Internal Pressure (MPa)
Figure 14: J-Integral results of cylindrical shell with t/Ri=D.
under two kind of simulation, elastic and elastic-
plastic assumption

0 50

=4~ J-elastic ——J-elastic plastic

160
140
Extrapolation Eq. for J-elastic
f(x) = 0.0002x? - 3E-10x + 4E-09
100 RZ=1

120

J-Integral (N/mm)

0 50 100 150 200 250 300
Internal Pressure(MPa)

Figure 15: J-Integral results of cylindrical shell with t/Ri=1
under two kind of simulation, elastic and elastic-
plastic assumption.

The ordinate axis of FAD is Load Ratih,). This ratio is
calculated based on reference stress and yieldiimg pf material,
as shown in Eq. (4). Another derived equation &mo be used
based on simplified methodology as provided in Fegu

3.3 Comparison of FAD

In order to obtain more rigorous analysis, faillesessment
diagram were generated to build specific shell aratk-size
Failure Assessment Diagram. This diagram can bé tsassess
feasibility operation of cylindrical shell contamgy crack with
various size of crack and shell dimension. FailAssessment
Diagram then are generated for 10 configurationsybhder and
crack dimensions as shown in the Table 3.

The Failure Assessment Diagrams were generatedg usin
abovementioned methodology then compared with oeated
based on given equation in some literature and Cbde given
equation (Eq.(4) is applied generally. It means #guation
acceptable to be used for all type and size ofkcvéth various
dimension and geometry of shell. In this study, parisons were
made to measure the validity of the equation wheplied to
certain size of crack and cylindrical shell. Figalthe result of
simulations then plotted together with FAD whichngeated
using general equation as shown in Figure 16.
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o
- - In this research, finite element study with assuomst of
p Smlel . - % Lio 1 linear elastic and elastic plastic fracture meoteniere carried
’ ot out systematically to develop slope equations oDFAhe finite
os9f- X 1 element model is first verified with that of the d&ofor a number
ol Y i ] of cases, before being used for parametric studye model
_ o AN yields a relatively close comparison with thattod Code. Then, a
< o7} 8 E total of 200simulations were conducted for 10 medelf
Z O VRI=0,0167; a=02; alc=0, 125 v‘°‘ cylindrical shell containing crack. Based on thésearch, the
| el e S ] following conclusions can be made:
3 osf URi=0,05; at=0,6; 8/c=05 ¥ i 1. Failure Assessment Diagram (FAD), which is generate
fr ¢ URI=01 aN=02; a/c=0,125 5\’% using equation that given in Code, generally temd t
B0M] o oS w02 w125 DE% 1 over conservative when compared to specific FAD
o okl ¥ ;z--c:.salan-os, /=05 TS| where the solutions resulted from finite element
e analysis. | |
02} FAD Level 2 AP1 579 . 2. Failure Assessment Diagram (FAD), which are
generated using finite element simulations, tenkaee
. a limited acceptance area in elastic-plastic region
0 ; ; ; (0.4<Lr<1). Meanwhile, in the area toward plastic
¢ e b 15 collapse region (Lr>1), this curve tend to more
Load Ratio (Lr) optimistic or wider acceptance area.
Figure 16: Comparison of FAD Level 2 in code with\DF 3. For practice purpose, the proposed equations & thi
generated based on FEM simulation results paper can be used for integrity assessment ofdrydial
shells containing crack.

Based on above diagram (Figure 16), there is dagities or
a close agreement between those slopes. FAD wtedergted
using general equation given in the literature témdelatively
more conservative when compared to FAD which gesdra REFERENCE
manually using finite element simulation. The comagsm
degree is relatively higher in area with Load Rdtio) greater 1 I. Raju and J. Newman Jr., “Stress-intensitytcic for
than unity. It means, when assessment point okquainted out internal and external surface cracks in cylindrical
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