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Abstract 
 
For the purpose of failure risk assessment in 
load-carrying structure under fatigue conditions 
a methodology is offered for incorporate 
probabilistic fracture mechanics with 
quantitative non-destructive evaluation (NDE). 
The characterization of the failure risk of 
structural components is made in the context of 
the general approach of structural consistency 
with a discussion of the sources of uncertainties 
and inconsistency encountered in the assessment. 
The main focus is placed on the presentation on 
the fatigue failure risk assessment in 
combination with the quality and timing of the 
predicted non-destructive assessment. On the 
base of Fitness-For-Service (FFS) Code BS 7910 
and API 579, a foundation have been developed 
encompassing the fatigue crack growth under too 
short and too shallow crack regime, thus 
addressing the entire fatigue life. For this 
purpose, the concepts of “initial fictitious crack” 
size and “equivalent initial flaw” size are 
discussed and implemented in the analysis. 
Finally, the probability of failure, at a specific 
region during the fatigue life, is estimated by 
Fitness-For-Service (FFS) Code BS 7910 and 

API 579 of the failure on the base of Failure 
Analysis Diagram (FAD) approach.  

1. Introduction 
 
In the field of Failure analysis, finding the 
physical root causes of problems is an acute 
process. In this process involves many different 
technical disciplines, and uses a variety of 
observation, assessment, and laboratory practices. 
Teamwork with other professionals is necessary 
in certain situations to integrate the analysis of 
the indication with an assessable understanding 
of the activity and background information on 
the design, manufacture, and service history of 
the failed product or system. Correctly executed, 
failure analysis and root cause analysis are acute 
steps in the general problem-solving process and 
are basic requirements for modifying and 
avoiding failures, accomplishing higher levels of 
quality and consistency, and finally improving 
customer contentment. 
 
The failure assessment diagram (FAD) approach 
has been widely used to assess the safety of 
defects in engineering structures such as pipeline, 
piping system and steel structures etc. It is 
exceptionally essential to establish a Failure 
Assessment Diagram for carbon steels since 
carbon steels are the main fundamental materials 
of pressure vessels, piping and tanks. 
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This paper briefly presents the ideas of failure 
analysis, root-cause analysis, and the part of 
failure analysis as a general engineering tool for 
improving failure prevention. The discipline of 
failure analysis has grown and developed, as it 
has been employed and dignified by means of 
failure prevention. Reliable with the recent 
development toward improved responsibility and 
accountability, be they loss of production, 
property damage, injury, or fatality, its 
determination has been drawn-out to include 
determining which party may be liable for losses. 
For new or less experienced engineers the 
discipline has been used effectively as a teaching 
tool. The significance and assessment of failure 
analysis to safety, reliability, performance, and 
economy are well documented.  
 
In recent years, the subject of remaining life 
assessment has drawn considerable attention in 
the oil and gas industry. In piping and pipeline 
systems a variety of structural components, such 
as process pipes, pumps, compressors and heat 
exchangers, typically operate at high 
temperatures and high pressures. Thus a life 
prediction methodology accounting for crack 
and rupture is increasingly needed for these 
components. For accurate failure assessment, in 
addition to the first parameter Load Ratio Lr 
used in traditional fracture mechanics, the 
second parameter like Toughness Ratio Kr 
describing the constraint is needed. The most 
critical defects in such structures are generally 
found in the form of semi-elliptical inner surface 
cracks in the oriented axially pipeline.  
 
The aim of this report is to provide 
recommendations and gain understanding of 
structure integrity assessment of pipeline 
containing cracks by adopting Failure 
Assessment Diagram (FAD) based concepts. 
Failure happens in several ways for several 
reasons and does not always result in rupture. It 
should be measured that some non-fracture 
failure situations may ultimately lead to severe 
disaster. For instance, wear processes can 

eventually lead to fracture by fretting fatigue. 
Further instances hold cyclic loading in stress-
corrosion fatigue, fatigue crack initiation at 
surface depths from corrosion and elastic 
collapsing. Elastic collapsing may cause parts to 
contact, causing attack of a rotating structure, 
but it may also lead to plastic collapsing and 
finally to fracture.  
 
Fitness-For-Service technique, pressure 
equipment offering a structural ruin can be 
maintained in operation, with close monitoring. 
This study illustrates the application of the 
design code for FFS according to API 579 and 
BS 7910 in the case of an internal surface crack 
like flaw in a cylinder, oriented axially on a 
pipeline is subjected to a uniform internal 
pressure conditions Figure 1. Fitness for service 
assessment consists of many concerns with 
evaluation of structural flaws, material loss, 
destruction due to creep, fatigue and plasticity 
and the overall effect on the residual life of 
structural components. Codes of use such as API 
579 and BS 7910 give detailed assessment 
techniques and may involve detailed and time 
consuming FE analyses.  
 
In the early 1950s, fracture mechanics 
approaches have advanced and include 
metallurgical, structural and computational 
aspects. For estimating further accurately 'safe 
design life' of the structures, new developments 
and further understanding in each of these areas 
has moved us ahead. In the pipeline industry, 
methodologies described in BS 7910, and API 
579 are accepted by most operating company. 
The FAD consists of two elements one is the 
failure assessment curve (FAC) and the other 
one is the failure assessment point (FAP). The 
comparison is carried out using both codes in 
order to assess the stability of the defect.  
 

2. Basic idea and advantages as regards 
Fitness-for-service 
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Fitness-for-service (FFS) assessment is a multi-
disciplinary approach to determine, as the name 
suggests, whether equipment is fit for continued 
service. The equipment or system in question 
may contains flaws or other damage, or may be 
subjected to more severe operating conditions 
than anticipated by the original design. The 
outcome of a fitness-for-service assessment is a 
decision to run as is, repair, re-rate, modify, or 
withdraw the equipment. A remaining life 
analysis may also be performed as part of the 
assessment, which can be used to set future 
inspection intervals and to budget for capital 
expenditures when existing equipment is to be 
replaced. 
 

 
 

Fig. 1 Inside surface crack, longitudinal direction and semi-elliptical 
shape in pipe. 

 
A typical FFS assessment may involve several 
engineering disciplines, and it requires collecting 
data from a number of sources. Although one 
person may take a lead role in performing the 
assessment, he/she must rely on others to 
provide crucial data and expertise. Some of the 
areas of expertise that may be part of an FFS 
assessment are specified as Stress Analysis, 
Metallurgy / Materials Engineering, Non-
Destructive Examination (NDE), Corrosion, 
Plant Operations, Fracture Mechanics and 
Probability and Statistics. 
 
It goes without saying that safety is an important 
goal of any nuclear plant. Although there is an 
inherent risk in processing, transporting, and 
storing radiated liquids & gases under pressure, 
it is important to reduce this risk to minimal 
levels. Design codes and standards are intended 

to ensure reliable operation of newly-constructed 
vessels, tanks and piping system. FFS standards 
such as API 579 and BS 7910, can be used to 
assess whether or not it is safe to operate aging 
equipment that may have degraded in service. 
While improved safety is an obvious benefit of 
FFS assessment, there are substantial economic 
benefits to this technology that may be less 
apparent. For example, unplanned shutdowns are 
extremely costly in terms of lost production. FFS 
assessments performed on key assets during a 
scheduled shutdown can greatly reduce the 
likelihood of unplanned outages. 
  

3. Historical Background of FAD 
 
First failure assessment diagram (FAD) has been 
proposed by the United Kingdom Central 
Electricity Generating Board (CEGB) based on 
the two criteria approach of Dowling and 
Townley [1]. The CEGB approach [2, 3, and 4] 
talked post-yield fracture by an interpolation 
formula between two limiting cases these were 
linear elastic fracture and plastic collapse. The 
interpolation formula is known as the failure 
assessment or R6 curve and later AD 6493, 
developed from the Dugdale solution for a 
cracked, infinite plate. After a significant 
historical period of world experience, alliance 
and review, British Standards recognised the 
standing of fitness for service assessment and BS 
7910 [6], the successor to PD 6493 [5], 
combines a 3-level FAD principle using crack 
tip opening displacement as the characterization 
of both crack-driving force and fracture 
toughness. 
 
Joint industry project was structured by materials 
properties council concentrated the program on 
the development of technology for FFS and the 
conclusion of this program was the development 
of API RP (American Petroleum Institute 
Recommended Practice) 579 in 1990. In 2000 
API promoted API RP 579 [7] for FFS 
assessment to evaluate defects or damage in the 
in-service equipment. Generally it was 
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recommended to refining & petrochemical asset. 
In 2007 API joined forces with the American 
Society for Mechanical Engineers (ASME) to 
publish an updated and recommended practice 
code with the title of API-579-1/ASME FFS-1. 
 
4. Basic theory of analysis based on the FAD 

approach 
 
Typically, a fracture mechanics FFS assessment 
is performed after a defect or crack has been 
found following routine inspection, maintenance 
or safety checks, or when the effect of an 
undetectable crack needs to be considered. Two 
approaches are used to check integrity 
assessment; one is failure assessment diagram 
(FAD) and the other is crack driving force 
(CDF). It is patent that both approaches are 
complementary and give identical result. A 
deterministic FFS assessment is necessary for 
structural integrity evaluation before a 
probabilistic analysis. In the FAD methodology, 
an apparent failure assessment curve (FAC) is 
built in terms of the load ratio (Lr) that represents 
a measure of proximity to plastic collapse and 
the toughness ratio (Kr) that denotes a measure 
of proximity to brittle fracture, in order to 
separate the unacceptable and acceptable 
regions. This paper describes the detailed failure 
assessment diagram procedure for the evaluation 
of flaws in Mild Steel piping. The procedure 
involves: 
 
 the choice of the Failure Assessment 

Diagram curve 
 the calculation of the failure assessment 

points coordinates 
 the evaluation for flaw acceptance 

determination.  
 
Fig. 2 shows the typical Failure Assessment 
Diagram procedure for both API 579 in Section 
9 and BS 7910 in Section 7. The equation 
describing the FAC is as follows: 

 

 

where  is the cutoff line, defining 
the plastic collapse limit of the component. If the 
assessment point (Lr , Kr ) representing the 
crack’s present status lies within the acceptable 
region bounded by these two axes and FAC, the 
crack in the component is designated as 
“acceptable”; Otherwise, it is regarded as 
“unacceptable”. 
 
However, the obtained results are too 
conservative to give a reasonable safety 
evaluation, due to the conservatism accumulated 
by the safety factors that are adopted in the FAD 
approach. Correspondingly, the FAD assessment 
method is currently implemented, taking the 
input parameters, e.g. crack geometry (size, 
shape, location of the crack), material properties 
(yield and ultimate strength, fracture toughness) 
and service loadings. A high pressure pipe 
containing an axial internal semi-elliptical 
surface crack is employed as an example to 
validate the improved reliability analysis method 
proposed in the present research, as shown in 
Fig. 1. 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 2 Schematic illustration of the FAD methodology 

 
5. Fracture Assessment on API 579 in 

Section 9 and BS 7910 in Section 7 
 
Level-1 FFS assessments are known as 
Simplified Assessment offer conventional 
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screening criteria that need the least amount of 
inspection and component information; usually 
do not require extensive calculations. Level-1 
procedures for the FFS assessment in the in-
service equipment, for API 579 based on 
maximum allowable length of defect associated 
to the minimum design temperature whereas for 
BS 7910 use of simple FAD and fracture 
mechanics analysis.  
  
Level-2 FFS assessments are recognized as 
Normal Assessment contains a more detailed 
calculation of components and generally require 
a precise measurement of cracks or damage, and 
most assessments contain calculation of the 
required in-service equipment thickness or of in-
service equipment stress. Level-2 measures for 
the FFS assessment in the in-service equipment, 
API 579 use a simple FAD like to BS 7910 
Level-1 with developed fracture parameters, on 
the other hand BS 7910 practice common and 
material specific FAD like R6. 
  
Level-3 FFS assessments are familiar as Ductile 
Tearing Instability imposes detailed evaluation 
of in-service equipment. In-service component 
cracks or loss must be precisely governed, and 
calculation techniques frequently include 
numerical analysis such as the finite element 
method. Level-3 procedures for the FFS 
assessment in the in-service equipment, further 
developed FAD like to BS 7910 Levels - 2 and 3, 
while BS 7910 permits for ductile tearing and 
plasticity effects through a direct computation of 
J-integral.  
 
API 579 and BS 7910 are the most frequently 
used techniques for FFS evaluation for non-
nuclear pressure equipment. Both are recognised 
as demonstrating best practice and safe, although 
they may not always give the same results. 
Nevertheless, both API 579 and BS 7910 code 
will be appropriate in many FFS assessment. The 
choice may depend on several factors such as 
company policy and the attitude of the national 
regulating authority and access the necessary 

data and sources of information, training and 
support. The industry survey shows FFS 
assessment of non-nuclear pressure equipment 
having flaws and damage is now well recognized, 
although there is still a degree of refusal to trust 
on FFS assessment among some companies and 
regulators. The explanations for this are not 
strong; however the authorization of FFS 
assessment by the American Petroleum Institute 
and British Standards should give its use more 
confidence and impulse. Further practice of FFS 
assessment can be anticipated as plant owners 
prolong the life of ageing equipment and mark 
risk based inspection. 
 

6. Combination of API 579 and BS 7910 
 
API 579 is maintained by a number of 
organizations founded in the United States where 
most experience resides, API 579 maintains a 
wide range of fracture types typically found in 
refining and petrochemicals industry, and gives 
techniques for different types of metal loss, 
physical damage, low and high temperatures, 
and crack like defects. API is also recommended 
for element designed by the ASME design code 
and offers reliable outcomes with the original 
ASME design safety perimeters. 
 
BS 7910 was established in the United Kingdom 
where TWI is the main source of proficiency, 
training and software; BS is applicable to all 
metallic structures and materials and is written in 
a more generalized method without reference to 
a certain industry, design code or material thus 
permitting users to agree safety perimeters and 
involves technical expertise in fracture 
mechanics and access to fracture constraint 
solutions and toughness data at all levels. 
 

7. Case Study and Circumstances 
 
The case study has been carried out for as defect 
classified as an axially oriented internal surface 
semi-elliptical flaw on a pressurized pipe. In this 
study consider two different situations; first one 



International Journal of Scientific Engineering and Applied Science (IJSEAS) – Volume-05, Issue-02, February 2019 
                              ISSN: 2395-3470 

www.ijseas.com 

6 
 

is too shallow condition where crack depth is 
constant however crack length is growing. 
Second situation is too short state whereas crack 
depth is growing but crack length is fixed up to 
fracture. Mild steel was chosen for the material 
input to the analyses. Fig. 1 illustrated the pipe 
geometry and all the mechanical properties and 
input parameters are specified in table 1 and 2. 
 

Table 1: Pipe geometrical and mechanical data for Code API 579 

 
API 579 (Mild Steel) Case 1 Case 2 Case 3 
Pipe Diameter (NSP) 

(mm) 
863.60 762.00 304.80 

Wall Thickness, T (mm) 7.14 6.35 6.35 
Maximum Operating 
Pressure MOP, (MPa) 

4.59 4.30 9.89 

SMYS (MPa) 358.53 358.53 358.53 
SMTS (MPa) 455.05 455.05 455.05 

%SMYS 0.72 0.72 0.72 
Maximum Allowable 
Operating Pressure 

MAOP, (MPa) 
4.27 4.30 10.76 

Initial Flaw Depth, a (mm) 1.00 1.00 1.00 
Initial Surface Flaw 

Length, 2c (mm) 
30.00 30.00 30.00 

Depth Increment 15E-05 13E-05 13E-05 
Length Increment 0.003 0.004 0.0035 

 
Table 2: Pipe geometrical and mechanical data for Code BS 7910 

 
BS 7910 (Mild Steel) Case 1 Case 2 Case 3 

Pipe Diameter (NSP) (mm) 863.60 762.00 304.80 
Wall Thickness, T (mm) 7.14 6.35 6.35 

Maximum Operating 
Pressure MOP, (MPa) 

4.59 4.30 9.89 

SMYS (MPa) 358.53 358.53 358.53 
SMTS (MPa) 455.05 455.05 455.05 

%SMYS 0.72 0.72 0.72 
Maximum Allowable 
Operating Pressure 

MAOP, (MPa) 
4.27 4.30 10.76 

Initial Flaw Depth, a (mm) 1.00 1.00 1.00 
Initial Surface Flaw 

Length, 2c (mm) 
30.00 30.00 30.00 

Depth Increment 0.0001 0.0001 0.0001 
Length Increment 0.003 0.002 0.0013 

 
In a FAD, an assessment is represented by a 
point or a curve on a diagram and failure judged 
by the position of the point or curve relative to a 

failure assessment line. The result of this 
procedure is information whether the actual or 
postulated flaw will cause failure of the structure 
or it is possible to continue with its exploitation. 
The main principle is that failure occurs if the 
applied crack driving force exceeds the 
material's fracture resistance. 
 
It is exceptionally essential to establish a Failure 
Assessment Diagram for carbon steels since 
carbon steels are the main fundamental materials 
of pressure vessels, piping and tanks. 
 

8. Preparation through code API 579 
 
For the resolve of synchronizes of the 
assessment curve, it is necessary to calculate the 
Load Ratio (Lr) and Toughness Ratio (Kr) with 
use of the following equations: 
 

 
 
and 

 
For  is defined as follows in the code: 

 

 
 
where  and  are the Primary bending stress 

(it is assumed that no primary bending stress so 
) and Primary membrane stress, and  

and  are dimensionless coefficients affected 
by crack size. 
 
Here,  

 , value of  delivers 

optimum fit to the data, 
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,      ,  

 
,          

For  is defined as follows in the code: 
 

 
 

, the influence 

coefficients  and  for inside surface cracks 
can be determined by the following equations: 
 

 
 

 
 
where  and the parameters  are 

provided in Table C.12 for an inside surface 
crack. Here  so, . The influence 

coefficients for the surface point of the crack 
( )   ,  and  can be computed using 
the following equations: 
 

 
 

 
 

 
 
where 

 
 

 
 

 
 

 is determined by the following equation: 

 

 
 

 
For  or fracture toughness for lower bound 
estimate is determined by 
 

,  
 

 
 

9. Preparation through code BS 7910 
 
For  is defined as follows in the code: 

 

 
 

where  and  are the Primary membrane 

stress and Primary bending stress (it is assumed 
that no primary bending stress so ) 

respectively, and  is a function used to 

determine the collapse stress, and  are 

dimensionless coefficients affected by crack size. 
 is also known as stress magnification factor. 

 is calculated using the following equations: 
 

 
 

 is the stress magnification factor, equal to 
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Here,  (Fig. 1),  
 

,   

 
and . 

 
According to BS 7910 code Stress Intensity 
Factors are calculated from the following 
equations: 
 

 
 

, 

, and 

. 

 
 are calculated from the following 

equations: 
 

 
 

 
 

 
 

Here,  

 
Finally,  or fracture toughness for lower 

bound estimate is determined by 
 

 
where  
 

, and   

. 
 

10. Results and Discussion 
 
From fig. 3 to fig. 11 thick curved line indicates 
Failure Assessment Curve (FAC); it is also 
known as safe assessment curve. All zones 
below the blue line is safe zone on the other 
hand above blue line is risk zone as well as 
unsafe zone for any size of carbon steel pipe 
diameter. 
 
The acceptable defect analysis has been achieved 
at level 1, since level 2 takes into consideration 
the possibility that fracture may not be totally 
brittle and that some ductile tearing may take 
place. We should therefore take into account 
small plastic deformations at crack tip in the 
calculation especially for stress n which 
increase above the yield strength. 
 
According to this diagram, we notice a strong 
influence of crack length especially with 
increase in service pressure and the crack show 
very significant threat even more in the direction 
Kr. From this diagram we can select acceptable 
defects which should lie inside the admissible 
domain from those unacceptable ones. In this 
case study we can select those defects which are 
inside domain of level 2, because the yield 
strength has not been reached. 
 
From fig. 9 to 11 as it is possible to see, there is 
a certain differences between the two evaluations, 
in particular the coefficient is not the same for 
both standards. This difference is justified by the 
different assessment of the reference stresses for 
both standards. BS 7910 produces  values 
considerably higher than those estimated by the 
standard API 579. This result is influenced by 
the different methodology used to calculate the 
stress intensity factor of efforts in the two 
standards. A further reason of the difference 
between the two results is due to a different 
stress intensity factor, defined by the individual 
rules applied to the size of the defect. 
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Fig. 3 Assessment diagram using API 579 code in the state of Too 
Shallow and Too Short for Case 1 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 4 Assessment diagram using BS 7910 code in the state of Too 
Shallow and Too Short for Case 1 

 
 

 
 
 
 
 
 
 
 
 
 
 
 

Fig. 5 Assessment diagram using API 579 code in the state of Too 
Shallow and Too Short for Case 2 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 6 Assessment diagram using BS 7910 code in the state of Too 
Shallow and Too Short for Case 2 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 7 Assessment diagram using API 579 code in the state of Too 
Shallow and Too Short for Case 3 

 
 

 
 
 
 
 
 
 
 
 
 
 
 

Fig. 8 Assessment diagram using BS 7910 code in the state of Too 
Shallow and Too Short for Case 3 
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11. Concluding Remarks 
 
The risk management methodology allows a 
careful and continuous observing of the main 
factors that impact the maintenance and are 
proposed to reduce levels of risk. In summary, as 
the development from design methods based on 
analysis to methods based on rules, as similarly, 
the maintenance process today is based on an 
approach “Engineering Critical Assessment”.  
 
Since the publication of the original API 579 and 
BS 7910 procedure, fitness-for-service 
assessment has seen widespread application in a 
range of power industries that rely on pressure 
equipment. This technology has enormous 
advantages, both in terms of safety and 
profitability. The usage of codes API 579 and 
BS 7910 has formed consequences in contract 
that focus in particular the stability of the crack. 
As the well-defined equation for the curve of the 
Failure Assessment Diagram is the identical for 
the both standards, it is likely to design the 
consequences on the same diagram presented 
from fig. 9 to 11. 
 
There are significant differences between the 
two standards for their application to the specific 
case; however, API 579 has a wider range of 
applications than the one of BS 7910. Based on 
case study data, it is clear that API 579 code is 
best suitable for failure assessment with FAD. 
 
Nevertheless, the American standard API 579 is 
feasibly the code that better analyze the best 
combination of damage mechanisms for specific 
crack size. API 579 not only contains all the 
appropriate computational tools to support at the 
described analysis (formulas for the calculation 
of the efforts residual stress intensity factors, 
shown by the NDA crack etc.), but also it is the 
only procedure which offers many reference 
curves for the properties of materials used in the 
FFS analysis. 
 

The margin of safety and hence the modeling 
uncertainty varies around the failure assessment 
diagram (FAD) with the highest margin in the 
elastic region and the minimum around the knee 
(i.e. elastic-plastic) region. However, the data is 
characterized by a large amount of scatter. 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 9 Comparison between API 579 and BS 7910 in the state of Too 
Shallow and Too Short for Case 1 

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 10 Comparison between API 579 and BS 7910 in the state of Too 
Shallow and Too Short Case 2 

 

 
By establishing a diagram of defect admissibility 
(FAD), we have been able to decide rapidly, 
given a simple level of investigation, about 
acceptability of a type of defects in any piping 
system pipes and thus seek maximum security. 
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Fig. 11 Comparison between API 579 and BS 7910 in the state of Too 
Shallow and Too Short Case 3 

 
This diagram can be used as a tool for decision 
making about repairing or not of the damaged 
section of piping system. It makes it possible 
therefore to minimize piping system exploitation 
costs. To be more precise in the decision, it is 
preferable to extend investigation to other types 
of defects which require analysis at level 3 
according to recommendation or other 
recommendations. 
 
An improved reliability analysis method in the 
API 579 and BS 7910 procedure is presented to 
further develop the structural integrity 
assessment methods. The improved reliability 
analysis method proposed is appropriate for the 
integrity evaluation of critical structures. 
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