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Abstract

This diploma thesis studies the behavior of crack-like flaws in pressure
vessels. Firstly, crack-like flaws on pressure vessels may lead fracture without
a warning ,releasing vast amounts of mechanical energy. So, the detection
and the examination of the cracks are essential. There are many standardized
procedures for assessing crack-like flaws, such as the API-579 Part 9 which
specializes in cracks on pressure vessels. Linear elastic fracture mechanics
sometimes are not applicable on pressure vessels due to extended plasticity.
The API-579, however, uses the Failure Assessment Diagram (FAD) Approach
which takes into account the plasticity and includes both brittle fracture and
plastic collapse failure. Furthermore, it provides three levels of assessment
that differ in difficulty and are applied depending on the circumstances. If the
crack-like flaw is acceptable by the standard, then the pressure vessel can
continue operating. If the flaw is not acceptable then the production line
should stop in order to repair or to replace the vessel. So, the standard should
carefully be applied as it is a matter of safety and has a substantial economic
impact.

Key words: crack-like flaws, pressure vessel, standard procedure, API-579,
fracture mechanics, linear elastic fracture mechanics, plasticity, safety,
economic impact

Institutional Repository - Library & Information Centre - University of Thessaly
11/09/2026 20:42:50 EEST - 216.73.216.250



AZIOAOINHzZH PQIrMQN 2E AOXEIA NIEZHZ ME BAZH TON KQAIKA API-
579

MIXAHA AATANHZ
TuRua MnxavoAdywv Mnxavikwy, Mavemmothuio O@scoaliag, 2025

EmBAETTwy KaBnyntig: Ap. I'pnydpng XaideuevOTrouAog
KaBnyntig ,MnxavoAdywv Mnxavikwyv MNavetmioTnuiou Oscoaliag

MepiAnyn

H SITAWUATIKA AuTh TTPAYMATEUETAI TV CUUTTEPIPOPA PWYHWY € doXEia
MECEWS. APXIKQ, Ol pwYUES OTa doxEia TTiEoNG UTTOPOUV Va 0dNynRooOUV O¢
OAIKR} Bpalcon Xwpig TTpoeIdoTToinon, ATTEAEUBEPWVOVTAG UEYAAT TTOCA
MNXAVIKNAG EVEPYEIAG. ETTOPEVWG ,Eival onUavTIKO va eVTOTTICOVTaI KAl vV
aglohoyouvTal he BAcn KATTOIOV KWOIKA. YTTAPYXOUV TTOAAOI KWOIKEG TTOU
XPNOILOTTOIOUVTAI YIa TNV AZIOAOYNON PWYHWY ,CUYKEKPIYEVA OpwS 0 API 579
Part 9 e€eidikeueTal o pwypéG o€ doxeia METEWS. H ypaupikr Bswpia
MNXAVIKNG Twv Bpavcewy OeV UTTOPEI VO EQAPPOCTEI O€ TTOAAEG TTEPITITWOEIS
Aoyw ekTeTapévng TAaoTikOTNTOG. To API-579 xpnoipotrolsi Tnv uéBodo FAD
(Failure Assessment Diagram) n o1roia I0XUEI KAl VIO EKTETAUEVN TTAQOTIKN
TTEPIOXT KAl CUMTTEPIAQUBAvVEI BUO KPITAPIa aoToxiag, TNG wabuphg Bpauong
Kal NG TAAOTIKAGS Siappong. Emiong, mapéxel Tpia etmireda agloAdynong
,OI0QOPETIKAG DUCKOAIOG ,TTou epapudlovTal avaAoya PE TNV KABE TTepITITwon.
Av TEAIKA N pwyUN Eival ATTOOEKTN) TOTE TO DOXEIO PTTOPEI VO OUVEXIOEI VO
AEITOUPYEI KAVOVIKA. AUa N pwydn Ogv gival ATTOOEKTN TOTE ICWG XPEIAETAI VA
OTOMATACEI N YPOAUMI TTAPAYWYNS WOTE va EKTEAEGBOUV OI ATTaPaiITNTES
EVEPYEIEG ATTOKATACTAONG N} ETMIOKEUNG. ETTOPéVWG ,0 KWdIKAg Ba TTpETTEl va
eKTEAEOOEI pE TTpOOOXT], KABWG gival {ATNHUA ACPAAEIOS KAl £XEI HEYAAO
OIKOVOMIKO QVTIKTUTTO.

NECEIG-KAEIBIA: pWYNEC, doxeia TTiEONS ,KWAIKAG, UNXavikr Bpavcewv,API-
579,ypaupIKA EAAOTIKN Bewpia Twv BpalcewVY ,TTAACTIKOTNTA, AOPAAEIX
EPYACONEVWYV, OIKOVOMIKO QVTIKTUTTO.
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Chapter 1: Introduction

Inspection plans have a crucial role in modern industry. Firstly, industrial
components such as pipes, tanks and pressure vessels are exposed to
service for long periods. During time some unfavourable flaws may appear.
Structural flaws usually reduce the lifespan of the component and may cause
unexpected failure with devastating consequences. For this reason, it is
essential the industrial components to be examined regularly.

Usually, non-destructive examinations (NDE) are used due to their
efficiency, accuracy and low-cost operation. The most popular examination
methods are the Dye Penetrant (PT), magnetic particle (MT), ultrasonic (UT)
and the Time-Of-Flight-Diffraction (TOFD) examination method. Dye
Penetrant method uses a liquid that it is drawn into surface defects and makes
the flaw visible. Secondly, the magnetic particle examination method uses
small magnetic particles that are placed on the surface and magnetized by an
electromagnet. If the magnetic field is disrupted, that means that there is a
discontinuity near the surface. This method is only applicable only to
ferromagnetic materials. Finally, Ultrasonic and Time-Of-Flight-Diffraction uses
high-frequence acoustic waves to detect the flaw.

During inspections programmes, multiple categories of flaws may be
detected. Every flaw is related to a certain damage mechanism such as metal
loss from corrosion or erosion, plastic deformation, metallurgical changes and
the existence of cracks. This study focuses on cracks, which may lead to
fracture without any warning.

Multiple NDE methods are used to locate the crack and to measure its
length, depth and the angle. For example, surface cracks are located usually
with Magnetic Particle or dye Penetrant. On the other hand, Ultrasonic method
is useful for both surface and embedded cracks, so some of the examination
methods are not always applicable. Advises for the measurement and the
characterization of the crack can be found on standardized codes for
assessing crack-like flaws.

API-579 s fitness-for-service standard that provides guidance for assessing
structural flaws on pressure vessels for chemical and power generation
industries [1]. It was created by the American Petroleum Industry and the
American Society of Mechanical Engineers, and the 9™ part is about the
assessment of crack-like flaws. API-579 uses the Failure Assessment
Diagram (FAD) procedure that is applicable both to small- and large-scale
plasticity. It includes two different failure mechanisms, the brittle fracture and
plastic collapse. Eventually, the assessment procedure leads to a fitness-for-
service decision, to continue operation, to repair, or to reject the component.
Most times, the component is still operating when the crack-like flaw is
detected by NDE methods and stopping the production line would be very
expensive. The other solution is to do an assessment that will reveal if the
component is still capable of working properly.
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Thesis Organization

This thesis is organized in such an approach that it helps the reader to
understand the assessment of crack-like flaws. The following chapter
discusses the beginning of the fracture mechanics and analyzes the basics
principles that will be used in the assessment, such as the stress intensity
factor, the J-integral and the fracture toughness.

The third chapter is a summary of the assessment of crack-like flaws based
on the API-579. More specifically, it analyzes the three different levels of
assessment and explains the main steps. This chapter also discussed the
limiting conditions that must be satisfied for each level of assessment.

The fourth chapter presents an example of an assessment of a crack-like
flaw. The crack-like flaw is located on a pipe near to a weldment, so the effect
of the residual stresses should be considered. Eventually, the flaw is
acceptable to level 2, so the pipe can continue to work properly. Furthermore,
the assessment procedure is repeated for larger flaw in order to define a
critical size of the flaw that leads to brittle fracture. Other case studies can be
found on the FFS-2 [2] which provides multiple solved problems for the better
understanding of the standard.
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A typical curve-fit to CVN data is
(T-D)

C, = A+ B X tanh[ ]

Where,

_ Cv_ys + Cy_is

B = CV—US ; CV—LS
Cy is the Charpy’s V Notched Value
Cy_ys is the upper shelf value of V Notched Energy
Cy_.s is the lower shelf value of V Notched Energy
T is the temperature
D, C parameters from Charpy’s Test

In low temperatures, the material has more brittle behavior and loses the
ability to resist crack growth. This explains why the most accidents with the
Liberties ships happened in the winter. The pressure vessels also should not
operate at a very low temperature. More specifically, during the start-up
process, pressure vessels should not be fully pressurized until the
temperature of the vessel is high enough.

2.3 Basic parameters for assessment of crack-like flaws.

Fracture mechanics is the field of mechanics that studies the crack’s
behavior. Some useful parameters that describe this phenomenon are the
stress intensity factor, the J integral, the material toughness and the load ratio.

a) Stress intensity factor

The stress intensity factor (Ki) describes the magnitude of the stress on a
linear elastic material near the crack tip. It differs with the geometry of the
flaw, the geometry of the component and the loading condition. The ffs
provides a variety of intensity factors, usually for plates, cylinders, and
spheres, however the are many handbooks that can be used for more specific
occasions.
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The API-579 uses an equivalent stress intensity factor that derives from J-
integral.

JXE
1—v2

K]:

¢ Kjequivalent stress intensity factor derived from J integral
e Jis the J-integral

e v is the Poisson’s ratio

¢ E is the Young's modulus at the assessment temperature

c¢) Fracture Toughness

Another critical parameter is the fracture toughness, which describes the
resistance of the material to crack initiation and propagation. The parameter
that corresponds to fracture toughness for linear elastic materials is the critical
stress intensity factor Kic . An indication for the K,c is predicted from the
Charpy ‘s test.

An equivalent K\c, denoted as Kc, can be computed from the following
equation.

JXE
1-v2

K]C ==
e Kyc is the fracture toughness established by converting Jeiit to an
equivalent K
e Joit is the critical J-integral value
e v isthe Poisson’s ratio

e E is the Young's modulus at the assessment temperature

It is not always easy to find the fracture toughness of the material. Some
metallurgical changes that happen due to the environmental condition may
affect the fracture toughness of the metal. It is of paramount importance to
detect any metallurgical changes such as aging, degradation or hydrogen
embrittlement.
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Chapter 3: FFS assessment using APl 579 —
Part 9

The API-579 fitness for service assessment has fourteen different parts. The
first part is the introduction and describes the responsibilities of the inspector,
the engineer and the owner of the pressurized component. The second part
provides some useful information that is common in many parts, such as
tensile strength of different materials. The 9t part discusses the crack-like
flaws assessment and provides three different levels of assessment. Level 1
is the easiest assessment; however, it is very conservative and has many
limitations. The second assessment has more calculations, has less
limitations and it is less conservative than level one. The third level of
assessment is more sophisticated and should be used only by an engineering
specialist, as it includes numerical techniques such as finite element method.

a) Applicability of Level 1 and Level 2 of part 9

Firstly, the component must be constructed with a recognized code.
Furthermore, phenomena such as creep range or dynamic effects such as
earthquakes are not considered.

In addition, the first and second levels of assessment should not be applied
when the crack is expected to grow in service.API-579 provides another
assessment for growing crack which includes corrosion, fatigue, stress-
corrosion cracking and crack growth by hydrogen assisted cracking. The
reader has to understand first the assessment for no-growing cracks.

b) Additional limitations of the level 1 assessment.

Especially, the first level of assessment has more limiting conditions about the
material, geometry and loads. Firstly, the material is carbon steel, and the
component must be a plate, sphere, or cylinder with a wall thickness less than
38 mm and at least five times smaller that the radius (R/t>=5). Furthermore,
level 1 does not examine the effect of other discontinues, for this reason the
crack-like flaw must be located at a distance greater than or equal to 1.8V(Dt)
where D is the diameter and t the thickness of the vessel. As for the loading
conditions, the loading on the component is from pressure that produces only a
membrane stress field. These are the most important limitations for the first
level.

The level two assessments have less limitations and it is applicable for more
complicated geometries and stress fields. This is succeeded by introducing more
parameters such as stress intensity factor, fracture toughness, the plastic factor,
the reference strength and the load ratio.

These are the most important limitations for level one and level two assessment.
The reader should have read all the limitations from API-579 before starting an
assessment of any level.
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Stress intensity factor K|

Firstly, stress analysis of the uncracked component’s geometry is needed
for the calculation of the stress intensity factor. The stresses are divided into
two categories primary and secondary, so there are two stress intensity
solutions. If the stress distribution is highly un-linear, then it can be
represented by a 4" degree polynomial.

o(x) =0, + 0y X (E) + 0, X (f)2 + g3 X (£)3 + g, X (f)4
t t t t

Equivalent membrane and bending stress distributions for the fourth order
polynomial stress distribution are usually used to find the stress intensity
factor.

0, O, 03 Oy
O'm—0'0+2+3+4+5

0, Oy 03 Oy
=——=_=_ X—— 6 X —
% 2 "2 "9 %507 0%

All these stress parameters are used for the calculation of the stress intensity
factor. For example, the below stress intensity factors are for

4 a a a
K, = [GO(UO + pc) + 0101(?) + Gzaz(?)z + 6303(?)3 + 0404(?)4] viia

(Plate — Surface Crack, Infinite Length, Through-Wall)

e G: influence coefficient, it is function of geometry, crack dimension and
the power law exponent n.

Load ratio

The load ration and the reference strength were introduced to normalize the
horizontal axe of the failure analysis diagram and be geometrically indented.

L =n
T_Ply

e P is generalized loading parameter, such as pressure
e Py value of the generalized loading parameter evaluated for the
component with a crack-like flaw at the yield stress.

An equivalent equation for the load ratio is
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Figure 3.7 Cylinder — Through-wall Crack,
Longitudinal Direction, API-579
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Ramberg-Osgood stress-strain law
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K A Linear elastic fracture mechanics (LEFM)
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E X &rer (L7)? x Oys \-1/,
LE X0y 2XEX&,p

Kr(Lg) = (

All these steps lead to the determination of the FAD curve that distinguishes
the safe and the unsafe zone. If the assessment point is underneath the
curve, then the component can continue to operate.

Y coordinate of the assessment point
_ K+ @ x KPR

r =

Kmat

e KPis the stress intensity factor for primary stresses. It was calculated in
previous steps

e @ is plasticity factor, it is function of the intensity factor of residual
stress, the load ratio and the crack depth (table 9.3 from API-579). It is
calculated with the same process as level two assessment.

e Knat is the fracture toughness

e KR is the stress intensity factor for secondary stresses that derives
from a separate elastic analysis.

X coordinate of the assessment point

a.
Lr:ﬂ

Gyield
The crack-like flaw is acceptable when the assessment point is below the
curve. For only primary loads and provided that Lr<Lrmax then,

K, K, X E

y
Krassesment me < K <—=K, <K =
f point r,curve ] mat 2
Knat K 1—v
] crit X EY
1 2 = ] < ] crit
-V

That means that there is no substantive difference between the FAD method
and a conventional J analysis [6].
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Residual Stress Perpendicular to the Weld Seam
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The plastic factor is calculated easily from API-579 equations (9.12), (9.13),
(9.14), (9.15), (9.16), (9.17) and Table 9.3. Therefore, the plastic factor ® is

® =1.1562 At the deepest point of the crack
® =1.2185 At the free surface of the crack
Finally, the y-coordinates are

¢ At the deepest point of the crack
_KP+ @& x KPR 40343 +1.1562 x 12 481

= = (0.5269
i Kimat 103 952
e At the free surface of the crack
Kf +® x K% 13280+ 1.2185 X 24 446
= = = 0.4143

2 Kpat 103 952

So, the lasts steps that remains are to find the x-coordinate and draw the
failure analysis curve.
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x-coordinate of the assessment point

The x-coordinate of the assessment point is the load ratio, and it is defined as

P

LP — Uref

=

Oys
Where

* 0, is the yield strength of the material
* o/, is called reference stress, API-579 Annex C provides reference
stress solutions for many geometries and loads

The following reference stress intensity solution is named RCSCLE1
(Cylinder, Surface Crack, Longitudinal Direction — Semi-Elliptical Shape,
Internal Pressure)

g X Py + [(g X Pp)? + 9(Ms X P X (1 — ap)?)?]"°

Tref = 3x (1 —a,)?
Where,
e Pnis the equivalent membrane stress and it is equal with
p, =P X B _ 5500 kPax =222 = 15 010KP
= = *k ——— =
m t @ 0.0254 4

¢ Py is the equivalent bending pressure for internal crack
Py :g: 1250 KPa < B,
e The following parameters are correction factors for cells due to local
bulging.
0.0813
_1818xc  1818x—

- JRixa V1525x0.0102
1.02 + 0.4411 x 1,° + 0.006124 x 1,*

= 1.1871

(24

M, ,, = 05 = 12627
-2« = (502642 x 1,2 +1.533 x 1076 x )la4)
1
MYS = —————— =1.0908
S ey 7
_ Y
a2 = ;- = 03048

a
9=1-20)"7 x a3 = 0.9292

a is the depth of the flaw

c is the half length of the flaw

t is the thickness of the pipe

Ri is the inside diameter of the pipe

G is a reference stress bending parameter
Aa is surface correction parameter for shells
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Limiting flaw size

Sometimes, it is useful to calculate the limiting flaw size of the crack-like flaw,
which is the largest possible flaw that does not lead to brittle fracture. This
size can be calculated by repeating the level two assessment for different
sizes until the assessment point is on the fad curve. If the assessment point is
underneath the curve, then the limiting flaw size is larger and if the
assessment point is above the curve the limiting flaw size is smaller.

There are two methods to calculate the new depth and the length of the
crack during the limiting flaw size assessments. The first method is to
increase the flaw size based on the flaw aspect ratio and the second method
is based on the ratio of the stress intensity factor values at the surface and
deepest part of the crack

a=ag+4a; + 4a, ...
C=C +AC1 +AC2

Where
¢ Qp is the initial depth of the cracks
¢ Cop is the initial length the crack
¢ a and c are the new dimensions of the crack

da  a Aa K, at the deepest point

—=—0r —=
Adc ¢ Ac K, atthe free surface

¢ K: is the toughness ratio

For the case study the second method will be used. For the first increment
Aa = 0.2 x t =0.0051 where t is the thickness of the vessel, then

Kr free surface

Ac = X da = 0,004 m

Kr deepest point

The depth of the crack is

a=ay+A4a =0.0102 4+ 0,0051 = 0.0153 m
And the new length of the crack is

¢ =cy+4c =0.0813+0.004 = 0.0853m
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Failure Analysis Diagram

unsafe zone

0.8

Toughness Ratio Kr

— (1-0.14 (Lrp)?) (0.3+0.7 exp(-0.65 Lrp®))
safe zone O at the deepest point of the crackfirst case
at the deepest point of the crack,second case

021 O at the deepest point of the crack, third case
#  at the free surface of the crack first case
+  atthe free surface of the the crack,second case
#*  atthe free surface of the crack.third case
0 | L L | | \ |
0 0.2 04 0.6 0.8 1 1.2
Load Ratio Lr

Institutional Repository - Library & Information Centre - University of Thessaly
11/09/2026 20:42:50 EEST - 216.73.216.250



Institutional Repository - Library & Information Centre - University of Thessaly
11/09/2026 20:42:50 EEST - 216.73.216.250




Institutional Repository - Library & Information Centre - University of Thessaly
11/09/2026 20:42:50 EEST - 216.73.216.250



Chapter 5: Conclusions

The crack-like flaw, that is found on the longitudinal direction of the pipe,
is eventually acceptable. Firstly, it was examined with the level one
assessment from API-579. This assessment is easy, and it requires the
minimum time. However, it is very conservative and can only be applied in
specific cases, such as simple geometries. The maximum permitted
length of the crack per level one assessment is less than the pipe’s crack,
which leads to level two assessment.

The level two assessment is more complicated and time consuming than
the level one. However, it is less conservative. It uses the Failure Analysis
Diagram approach, and the crack-like flaw corresponds to an assessment
point. The coordinates of the point derives from stress analysis, stress
intensity factor and limit load solutions, and fracture toughness. The
assessment point of the pipe’s crack is underneath the fad-curve, so the
flaw is acceptable per level two criteria.

The examination of the crack usually ends when the flaw is
characterized as acceptable, but further examination may be useful.
Firstly, the level two assessment was repeated at lower temperatures. The
temperature, as it is well known, affects the yield strength ,the fracture
toughness and the residual stresses. The assessment’s temperature was
decreased from 40 to 21 Celsius, and the flaw was still acceptable,
however the assessment point got closer to the fad curve which means
that the safety factor decreased.

Furthermore, the crack like flaw is not expected to grow as there is
neither fatigue nor corrosive environment, however it useful to calculate
the limiting size of the flaw. The level two was repeated another two times
using MATLAB software. Each time the depth and the length of the flaw
was increased based on the stress intensity factor on the deepest point
and at the free surface respectively. The limiting depth of the flaw is
between sixty and eighty percent of the thickness of the pipe. If the crack
was expected to grow, then smaller increments of the size would be
necessary for better determination of the limiting size.
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