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Preface 

Failures and accidents in industries have been repeatedly reported in the course of rapid 

development of national economy in China. As the Chinese saying goes, failure is the mother of 

success. The failure can advance our engineering knowledge than all the successful machines and 

structures in the world. Many theories were actually developed based on the lessons learned from 

failures. Fracture mechanics, as an example, were developed after a series of fracture failures in 

ships, aircrafts, pressure vessels and so on, which in turn has supported the successful development 

of many new products of high reliability. New failures in current extreme engineering will surely 

give birth to a new generation of theories. The 2012 International Symposium on Structural 

Integrity (ISSI2012) is thus held in Jinan, China during October 31-November 4, 2012 with the 

theme From Failure to Better Design, Manufacture and Construction. 

This book presents the proceedings of ISSI2012. As the successor of Fracture Mechanics 

symposium series (from 2003 to 2009), ISSI2012, continues the tradition of small scale but of high 

quality in discussion and exchange. Various sessions are planned for presentations and discussions 

on theoretical aspects and practical applications in the area of structural integrity in general. 

The symposium (ISSI2012) is co-organized by member organizations of China Structural 

Integrity Consortium, including Shandong University, East China University of Science and 

Technology, National Engineering Research Center of Pressure Vessel and Pipeline Safety 

Technology (Hefei General Machinery Research Institute), MOE Key Laboratory of Pressure 

Systems and Safety, Nanjing University of Technology, Zhejiang University, Zhejiang University of 

Technology, Zhengzhou University, Changsha University of Science and Technology, Southwest 

Jiaotong University, Beihang University and co-sponsored by China Pressure Vessel Institution, 

China Materials Institution, National Natural Science Foundation of China, General Administration 

of Quality Supervision, Inspection and Quarantine of China, Engineering and Technology Research 

Center for Special Equipment Safety of Shandong Province, MOE Key Laboratory of High 

Efficiency and Clean Mechanical Manufacture (SDU), MOE Engineering Research Center of 

Large-scale Underground Cavern Group (SDU). 

On behalf of the organizing committee, we would like to thank the above co-organizers and 

co-sponsors who made ISSI2012 possible. We also wish to thank Professor George C. Sih and 

Professor Zhengdong Wang for their passion to the symposium and efforts made to ensure the 

success of the event. 
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Abstract 

The failure problem remains undefined without specifying the multiscaling or multi-dimensional aspects of the system. 

Three requirements, dubbed as “where-when-how”, are needed. They refer, respectively, to the spatial (location), temporal 

(time) and failure mode (how). The absence of any one of the three can be interpreted as solution generation without a 

problem.  

Failure is a preconceived notion referring to a threshold, deviating from the norm. Anomalies and ambiguities, however, 

can arise when criteria based on the presumption of monoscaling are applied to multiscale systems. Micro-macro effects 

when analyzed using the monoscale fracture criterion of energy release rate (ERR) or the equivalent of the path inde-

pendent integral can give negative results violating the First Principle. The surface energy density (SED) can reflect mi-

cro-macro effects simultaneously and remains positive. The invariant property of SED is usable for relating the micro-

structure properties at the different scale ranges to explain the evolution of failure. The sustainable and reliable time to 

assure the microstructure stability have not received the attention it deserves, particularly for the manufacturing of ultra 

high strength materials. This is also true for high temperature resistance nanomaterials. 

Keywords: Failure; Energy release; Surface energy density (SED); Monoscale; Dualscale; Multiscale; Nanomaterial; 

Sustainable; Reliable; Stability; Compatible; Surface-volume effects.  

 

 

1. Introduction 

 

Costly lessons were learned during World War 

II when large structures failed suddenly without 

warning. Monoscale energy release infers the 

coincidence of local and global fracture, tradi-

tionally known as brittle fracture, where fracture 

initiation and rapid propagation are assumed to be 

one of the same event. That is the stored energy 

in the material microstructure dissipates instantly 

at the macroscopic scale. Strength elevation was 

the design criterion handed down from the 18
th

 

century. Microstructure effects were left out and 

monoscale design set foot in the arena of design 

that led to one disaster after the other. Conven-

tional high strength materials lower the energy 

absorbing capability of the material. This should 

be distinguished from the nanomaterials where 

energy is absorbed by the nano grain boundaries. 

The trade-off between fracture toughness and 

                                                        
*Corresponding author. 

E-mail address: gcs@ecust.edu.cn (G. C. Sih). 

strength for the conventional alloys was not 

known at the time. Special task groups of the 

American Society of Testing Materials (ASTM) 

were established to find the limits of brittle frac-

ture, referred to as the ASTM Plane Strain Frac-

ture Toughness Value, qualified by a trade-off 

relation between the yield strength and the KIC. 

Plane stress is a global average that is not rele-

vant to the ASTM treatment of fracture that is 

strictly local. The fracture toughness pertains to 

local energy release. KIC refers to a go-no-go sit-

uation such that local and global failure or frac-

ture occurs simultaneously.  

The recognition that material microstructure 

can affect the macroscopic fracture introduced the 

term ductile fracture where the crack can grow 

slowly before rapid propagation. The inference is 

that the material has increased its toughness. The 

fact is that the material microstructure has been 

altered to dissipate energy at both the micro and 

macro scale, a dual scale proposition. Again the 

term elastic-plastic fracture has added to the al-
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ready confused notion of fracture toughness. 

Keep in mind that there are distinct difference 

between the description of micro and macro 

properties. Their connection are still not known. 

This period of confusion between the material 

science (microscopic) and mechanics (macro-

scopic) lingered on for decades. Reconciliation 

via dual scaling of the micro and macro occurred 

only in the past 20 years. 

In passing, justice will not be done without 

mentioning the effects of the atomic structure on 

the macroscopic properties of materials. After all, 

failure is a multiscale process. There were visions 

that the theories of discrete and continuous dislo-

cations could be the mechanisms behind elasto-

plasticity, a shoot first and aim later approach.. 

Elastic-Plastic Fracture Mechanics (EPFM) were 

devised and voted into the codes and standards 

for adoption by the nuclear vessel industry. They 

replaced the monoscale codes of Linear-Elastic 

Fracture Mechanics (LEFM). In essence, nothing 

was changed except for some arbitrary parame-

ters to alter the appearance of the energy release 

rate or the equivalent path independent integral 

that is confined to monoscale application. A con-

vincing message of the inability of dislocation 

theory to support elastoplasicity was made by E. 

Kröner, a pioneer of dislocation theory in the 

1980s [1]. In his later years, he recognized the 

importance of multiscaling and segmentation in-

volving the micro, meso and macro scales. To 

quote [1]: “The discovery of dislocations led to 

an euphoria lasing several decades and to the 

hope that theoretical mechanics of elastoplastic 

deformation of crystalline solids on the basis of 

dislocation theory could be created”. The time 

span for recognizing multiscaling in contrast to 

monoscaling is nearly 20 years. Moreover, scal-

ing entails not only size but also time. A discus-

sion of the spatial-temporal scaling effects ap-

plied to material science can be found in [2].  

The concept of dual scaling in material failure 

implicates the interaction of space-time. It is no 

less sophisticated than the unification of space 

and time at the speed of light as proposed by Al-

bert Einstein. Material science delves on a small-

er size scale and slower time scale. The material 

atomic or microstructure behavior is unstable. 

The behavior of nanomaterials differs from the 

ordinary alloys, starting from their making. Crys-

tal nucleation for polycrystals controls the grain 

size in the bulk or volume. The smaller grains 

near the boundary are removed from the test 

specimens. Nanomaterials pay attention to the 

surface or grain interface. Polycrystalline alloys. 

concentrate on the bulk and nano crystal materi-

als on the surface or interface. By tradition, sur-

face effects have been treated separately from the 

bulk or volume. Interaction of surface energy 

density (SED) and volume energy density (VED) 

can be found in the open literature for decades 

[3,4].  

The advent of nanomaterial of the 

20
th

-21
st
century has showed why monoscale 

fracture criteria such as the energy release rate 

(EER) and the equivalent path independent inte-

grals G (same as J) are not applicable for dual 

scale systems associated with micro-macro 

cracking that occurs in creep and fatigue. The 

surface energy density (SED) can reflect micro 

and macro effects simultaneously and remain 

positive, without change of sign. Furthermore, 

SED remains invariant and can be used to trans-

fer the results to other scale ranges. This is vital 

to understand the sustainability and reliability of 

material microstructure that determines the mul-

tiscale aspects of the evolution of failure, without 

which no realistic “failure criterion” can be found 

and validated.  

Recognized only recently is the sustainable 

time of maintaining stable nano grain boundaries. 

The nanomaterials can degrade to the ordinary 

alloys, if the nano grain sizes failed to meet the 

sustainable time requirement. Nano grain struc-

ture stability must be qualified and validated in 

time. The one-month test results cannot be as-

sumed to remain valid for years. Accelerated 

testing cannot be validated [5] by using 

mono-dimensional criterion, such as a 90% con-

fidence interval level, a highly controversial pro-

cedure. The dependable life span of a system 

cannot be evaluated from a statistical probability 

nor an average. A system can fail below the av-

erage. It is the useful life that should be found.  

 

2. Vulnerability of failure prediction 

  

Failure criterion is inherently axiomatic in 

character. It is a proposition to anticipate future 

events that are subject to changes. The approach 

presupposes a condition and find the results by 

logical deduction. The risk involved in the axio-
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matic approach consists  of uncertainties of 

change. Instead, changes can be observe and ex-

trapolation can be made for limited short-time 

interval prediction. The latter approach is still not 

trivial. The underlying philosophy of I-Ching [6], 

expounded in [7], however, should not be over-

looked. Both approaches of prediction are used at 

present, but not free from contradiction and vio-

lation of the First Principle. .Frequent misgivings 

can be found for analyzing the release energies at 

the micro and macro scale while using the mono-

scale failure criteria.  

A real crack releases energy at both the macro 

and micro scale. The former away from crack and 

the latter near the crack tip. The path independent 

integral was given as J in 1958 without derivation. 

A derivation based on the conservation of energy 

was given [9] for a moving macrocrack pointing 

out the kinematic and thermodynamic restrictions. 

A review could clarify some of anomalies that 

arise in the application of path independent inte-

grals referred to elastoplastic, viscoelastic, creep 

and nonlinear fracture mechanics.  

Path independent integrals for a moving mac-

rocrack can be deduced directly from a corollary 

of the First Law of Thermodynamics. Without 

going into details, refer to Fig. 1 as a reference of 

the physical model of Eq. (1). A verbal statement 

of energy balance can be stated as 

The rate of work done across C is balanced by 

the rate at which energy is stored in A plus the 

rate of kinetic energy of the crack and energy 

release G of the macrocrack moving at velocity c. 
 

d d
d d d

d d
i i i

A A

1
u s= U A u u A cG

t 2 t
ρ ρ+ +∫ ∫∫ ∫∫� � �

n

i
T

C

 (1)
 
 

 

Note that is ρ the density, U the internal en-

ergy,
i
u� the displacement rates and

n

iT the tractions. 

Solving for G, it is found that 

 

2

2

1
( )d d

2

n

i i i

i

u u u
U x T s

x x x
G= ρ ρ ∂ ∂ ∂

+ −
∂ ∂ ∂∫
� � �

C

 (2) 

 

For a non-linear but non-dissipative material, G 

reduces to  

2
d d

n

i

i

u
W x T s

x
G=

∂
−

∂∫
C

�

 (3) 

The use of ρU=W, with W being the elastic 

energy density function, implies no energy 

dissipation. For a stationary crack 0c = , Eq. (3) 

reduces to 
 

2
d d

n

i

i

u
W x T s

x
G=

∂
−

∂∫
C

�

 (4) 

 

which is identical to J in [8] along with the 

restrictions: 
 

• Material is non-dissipative 

• Crack path is straight 

• Energy is released at the macroscale only  
 

The aforementioned restrictions are by no 

means apparent unless Eq. (4) were reduced step 

by step from Eq. (1). Energy release at the 

microscale has been excluded from the derivation 

of G. It also turns out that G is a component of 

the energy momentum tensor introduced by J. D. 

Eshelby to characterize the generalized forces on 

the dislocations in elastic solids (1949), 19 years 

prior to its presence in fracture mechanics. 

Regardless of the nature of application, the 

physical limitations stated above are the same. 

Refer to the discussions [10] of J. D. Eshelby and 

G. R. Irwin in 1989 related to the derivation of 

Eq. (4).  

The inclusion of micro energy dissipation can 

change the sign of Eq. (4), a condition that is 

disallowed by First Principle. Examples of this 

can be found in [11,12], just to mention a couple 

of references. 

Path independency is a monoscale concept that 

excludes micro effects which are inherent in 

creep and fatigue. 

 

 

Fig. 1. A constant velocity macrocrack in non-dissipative 

material. 
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3. Micro-macro energy release incompatible 

with mono-scale fracture criterion 

 

Stress-strain solution and failure criterion can 

always be contrived without revealing apparent 

contradictions. However, when micro-macro 

stress strain data are fed into monoscale failure 

criterion, obvious violation of the First Principle 

can result. This will be demonstrated for the 

application of the energy release rate G given by 

Eq. (4) for the problem [11] of a crack of length 

2a in a piezoelectric material subjected to both 

mechanical stress σ∞ and electric field E∞ as 

shown in Fig. 2. The condition
x y

eEσ ∞ ∞= prevails 

in the transverse direction, where e stands for the 

piezoelectric constant of the material. Poling is 

normal to the crack. 

 

3.1. Dual scaling 

The problem depicted in Fig. 2 pertains to dual 

scaling, where the mechanical stress induce 

macro effects and the electric field induces micro 

effects. This is equivalent to near crack tip 

plasticity induces micro effects, while macro 

effects are found away from the crack. The 

axiomatic distinction of macro and micro effects 

in elastoplasticity, however, is invoked on the 

“yield criterion” that remains dubious [1]. 

Micro-meso-macro effects of multiscaling are not 

considered in elastoplasticity as stated in [1]. 

Hence, elastoplasticity is inherently a monoscale 

proposition. Monoscale elastoplastic solution will 

not change the sign of the monoscale energy 

release rate G. This does not mean that two 

wrongs can make a right. The form of G in Eq. (4) 

is not valid when both micro and macro cracking 

effects are present.  

Displayed in Fig. 3 are plots of the normalized 

energy release rate (ERR) /( / )2

G a mσ∞ and en-

ergy density factor (EDF) /( / )2

S a mσ∞ as a func-

tion of the electric field to stress ratio /E σ∞ ∞ .The 

negative portion of the ERR curve implies that 

the crack is absorbing energy instead of releasing 

energy. This unphysical result shows that the 

ERR criterion cannot be used for systems when 

both micro and macro effects are present. The 

EDF curve remained positive for all values of the 

applied electric field and stress. Curves similar to 

those in Fig. 3 for other values of applied electric 

or displacement fields and stresses or strains can 

be found in [11]. Fig. 4 exhibits a plot of normal-

ized EDF versus ERR. The positive definiteness 

of EDF reflects its ability to treat both micro and 

macro effects. 

The normalized energy density factor remains 

positive and reflects the energy released by both 

micro and macro effects. It is a multiscale crite-

rion. 

 

 
Fig. 2. Line crack in piezoelectric material. 

 
Fig. 3. Normalized energy release rate and energy density 

factor versus electric field to stress ratio. 

 
Fig. 4. Normalized energy density factor versus energy 

release rate. 
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3.2. Scale shifting 

The evolution of failure is a gradual process 

with the direction of arrow from small to large 

involving at least two sizes. Refer to the 

measurement standard of scaling of the Système 

international d'unités or simply the SI system. In 

Tables 1 and 2, the standard prefixes for the SI 

units of measure will be used with some 

modifications for establishing the scale shifting 

law [3,4] based on the surface energy density. 

The interval between any two successive scales 

as shown in Tables 1 and 2 are very coarse. 

Smaller intervals may be introduced using meso 

scale ranges [13]. Fig. 5 illustrates the scaling of 

the volume energy density (VED) W
 

versus the 

length r. The curve suggests a relation between W
 

and r
 

that would provide a way to transfer the 

results from the pico to the macro scale, referred 

to as scale shifting. This concept was originated 

in the 1970s with reference to the “scale shifting 

factor” [14].  

The area under the
 

W versus
 

r curve is in fact 

the surface energy density (SED) S independent 

of any constitutive relations or theories in 

continuum mechanics or the geometry of the 

system. It applies to problems with or without 

discontinuities. Discovery of the W=S/r was 

borne [14] when fracture mechanics embarked on 

the effects of the microscopic entities. A general 

scale shifting law can be stated as Invariant of the 

surface energy density S
 

relates the volume 

energy densityW and characteristic length r of 

any two systems, determined within a coefficient 

of non-homogeneity” denoted by .m   

Here,
 

the scriptm should not be confused with 

the symbol for meter m. A mathematical 

statement of the scale shifting law follows 

immediately:  
 

/ 1 1 1j j j j j j
m W r W r+ + +=

 

 (5) 
 

The subscripts j and j+1 can stand, respectively, 

for micro and macro, nano and micro or pico and 

nano. In Eq. (5),
/ 1j j

m + stands for the coefficients 

of inhomogeneity, the determination of which 

will not be discussed here for it will distract the 

essence of this work on the anomalies of failure 

prediction in the presence of dual- or multi- scal-

ing. A quick glance of the scale ranges estab-

lished by the SI system in Tables 1 and 2 show 

that 
 

/ / /
1

pi na na mi mi ma
m m m= = =  (6) 

 

This implies that the curve in Fig. 6 is a perfect 

hyperbola; That is the SI units refer to a “homo-

geneous” system. This is not surprising since 

classical treatments rely on homogeneity and 

equilibrium. This also explains the wide use of 

monoscaling that misrepresents micro effects. In 

general, it can be shown that the curve in Fig. 5 is 

non-hyperbolically shaped. The determination of 

mj/j+1
 

involves non-homogeneous and nonequi-

librium considerations [15,16]. Also, time rate 

effects, represented by the dot on
1
,

j j
W andW +
� �  

can be important: 
  

/ 1 1 1j j j j j j
m W r W r+ + +=� �  (7) 

 

Once the solution at the macro scale is known, 

the results may be transferred to the micro or 

other scales by means of Eq. (5) or (7). The sim-

plified condition in Eq. (6) may be used as a first 

approximation. Keep in mind that homogeneity 

and equilibrium are the rules rather than the ex-

ception for finding traditional boundary value 

problem solutions at the macroscopic scale. 

 
Table 1. Scaling of size or length in meter (m). 

Name Macro Micro Nano Pico 

Symbol ma-m mi-m nm pm 

Fractor 10-3 10-6 10-9 10-12

 
Table 2. Scaling of volume energy denity in Pascal (Pa). 

Name Mega Giga Terra Peta 

Symbol MPa GPa TPa TPa 

Multiple 106 109 1012 1015 

 

 
Fig. 5. Volume energy density versus characteristic length. 
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4. Reliability and sustainability connected with 

failure 

  

When the maintenance costs of an airplane and 

nuclear power plant can be several times higher 

than the cost of manufacturing, the finger points 

to the deficiency in life prediction. A conservative 

factor of 5 or more can be assumed over a period 

of less than 10 years for the difference between 

the cost of manufacturing (construction) and 

maintenance. The trade-off between manufactu- 

ring cost and that of maintenance should not be 

hidden from initial considerations. The seed to 

failure is sawn when the trade-off is ignored. 

The ultra high strength and light weight 

materials used to manufacture air transports will 

be used to illustrate the importance of material 

microstructure stability for high performance 

structures. This takes precedence for air 

transports where safety is of primary concern. 

The technology of holding tolerances for ultra 

high strength materials leaves much to be desired. 

Machining and assembling can change the 

dimension of the parts and sub-components in 

ways that cannot be accurately estimated. Trial 

and error during manufacturing can be expensive 

and over run the budget. The off-hand remedy 

does not cover the long run, where aging and 

fatiguing are additional factors that can further 

aggravate the situation. This is a new experience 

encountered by the manufacturers of Boeing 787 

and Airbus A380, before the structure even had a 

chance to experience extended service. Mitigation 

of over confidence and uncertainties may be 

summarized: Learn from failure to understand 

failure; anticipate uncertainties and unknowns to 

mitigate failure. 

However, similar vexing problems may remain 

in the long for the single aisle Airbus A340neo 

and Boeing 737 MAX that are already taking or-

ders for sale. Uncertainties remain with the deg-

radation of the material microstructure due to 

aging and fatiguing. These factors are more pro-

nounced for the new structural materials that 

make use of both micro and macro properties. In 

the language of fracture mechanics, both crack 

initiation and propagation must enter into design 

even for structural materials, which are distin-

guished from super-alloys for the engine. In a nut 

shell, the decision makers of air transports seem 

to have adopted the philosophy that Failure in 

manufacturing and potential risk of accidents can 

be compensated at the expense of maintenance. 

Some of the technical and managerial details re-

lated to manufacturing and failure will be dis-

cussed in an International Conference on Air-

worthiness and Fatigue: 7
th

 ICSAELS Series 

Conference, March 25-27, 2013. This event has 

been organized jointly by the Chinese Academy 

of Sciences, Institute of Mechanics and the Inter-

national Center of Sustainability, Accountability, 

and Eco-Affordability for Large and Small (IC-

SAELS) [17]. The foregoing issues related to the 

manufacturing of air transports are basically 

similar to those associated with chemical and 

nuclear power plants where failure and safety are 

of primary concern. The demand for higher effi-

ciency has required the use of higher temperature 

resistance materials, the reliability of which de-

pends on the stability of the material microstruc-

ture. This in effect calls for the sustainable time 

of reliable operation of the system.   

A few remarks with reference to failure and 

safety are in order. Failure cannot be predicted. It 

can be mitigated by anticipating the unexpected. 

The world environment, economy and govern-

ment policy change, all of which can influence 

the decision on manufacturing and failure. The 

consideration of these factors casts a different 

view on safety: Safety amounts to anticipating the 

uncertainties and unknowns.  

Technically speaking, safety is no more than 

the commitment to acknowledge the evolution of 

failure at the different scales, while the material 

microstructure and system components undergo 

changes. Philosophically speaking, safety can be 

used as a camouflage of the uncontrollable 

factors affecting the failure of a system. 

Pay more attention to maintenance and learn 

by hind sight within the shortest time interval, no 

more than one year. Do not wait for 10 or 20 

years!  
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Abstract 

The R5 and R6 structural integrity procedures are used to assess the fitness-for-service of operating nuclear plant in the 

UK. R5 and R6 continue to be developed and the developments lead to revisions to the procedures to increase their scope, 

reduce conservatisms in their applications, take account of worldwide developments to maintain the procedures up-to-date 

or provide additional validation, for example. This paper summarises revisions which are planned to be incorporated in R5 

and R6 in 2012. 
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1. The R5 procedure 

 

R5 was produced about 20 years ago in 7 

volumes. Volumes 2 and 3 were subsequently 

combined into a single procedure for assessing 

defect-free structures and Volumes 4 and 5 were 

combined into a single procedure for assessing 

defects. Thus, there are 5 volumes in the current 

Issue 3 of R5
 
[1]: 

 

Volume 1:  The overview. 

Volume 2/3:  Creep-fatigue crack initiation 

procedure for defect-free structures. 

Volume 4/5:  Procedure for assessing defects under 

creep and creep-fatigue loading. 

Volume 6:  Assessment procedure for dissimilar 

metal welds. 

Volume 7:  Behaviour of similar weldments: 

guidance for steady creep loading of 

ferritic pipework components. 
 

The R5 procedures are routinely used in safety 

cases for structural integrity assessments of UK 

Advanced Gas-Cooled Reactor (AGR) compo-

nents operating in the creep range. The proce-

dures are also relevant to high temperature plant 

outside the nuclear power industry. 

In 2012, a number of revisions to Issue 3 of R5 

are planned. These are: an update to Volume 1; in 

                                                        
*Corresponding author. 

E-mail address: robert.ainsworth@manchester.ac.uk (R. 

A. Ainsworth). 

Volume 2/3 a revision to the ductility exhaustion 

method and a revision to the method for assessing 

creep-fatigue initiation in weldments; and in 

Volume 4/5, a revision to the method for treating 

crack growth under combined primary and sec-

ondary loading and a revision to the σd method 

for assessing the creep-fatigue initiation time for 

defective components. These revisions are de-

scribed in Sections 1.1-1.5. 

 

1.1. Revision to R5 volume 1 

Volume 1 of R5 is an overview of the proce-

dure. It sets out the scope of R5 and restrictions 

on its use. The input materials data are discussed, 

as these are an important input to the application 

of R5, as are safety margins and loading condi-

tions including the distinction between primary 

and secondary stresses. The novel aspects of R5 

are the use of reference stress techniques for ap-

proximate stress analysis and ductility exhaustion 

methods for estimating creep damage and these 

are described in Volume 1. The volume also con-

trasts R5 and other codes. 

All R5 volumes have been revised since their 

first issue and Volume 1 provides a record of the-

se changes. The changes to be made to Volume 1 

in 2012 are largely to reflect the other changes to 

R5, which are described below. 
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1.2. Revised ductility exhaustion method for 

creep damage 

In R5 Volume 2/3, creep-fatigue initiation is 

conceded when the sum of the total creep damage, 

Dc, and the total fatigue damage, Df, reaches unity. 

The fatigue damage per cycle, df, is calculated as 
 

( )0
1 ,f Td N Tε= Δ  (1) 

 

where N0 is the continuous cycling fatigue en-

durance to create a crack of depth a0 at the total 

strain range, ΔεT, and temperature, T. The fatigue 

damage, Df, is the sum of df for the number of 

cycles. An empirical model for fatigue crack nu-

cleation followed by a short fatigue crack growth 

law is used to relate N0 to the total endurance, Nf, 

as a function of a0. This is unchanged in the revi-

sion to R5 and is described in [2]. 

The creep damage per cycle, 5R

c
d , is calcu-

lated as 

 

5

0

[ / ( , )]d
h
t

R

c c f cd T tε ε ε= ∫ � �  (2) 

 

where th is the dwell time, 
c
ε�  is the instantane-

ous creep strain rate and ( ),f c Tε ε�  is the uniax-

ial creep ductility at the temperature, T, as a func-

tion of the creep strain rate. 

The revision to R5 includes the effect of stress, 

σ, on creep damage by treating the ductility as a 

function of both strain rate and stress [2]. The 

method is referred to as the ‘stress modified duc-

tility exhaustion’ (SMDE) approach. The expres-

sion for the creep damage per cycle in Eq. (2) is 

replaced by dc

SM
, which is  

 

0

[ / ( , , )]d
h
t

SM

c c f cd T tε ε ε σ= ∫ � �  (3) 

 

where ( ), ,f c Tε ε σ�  is the inelastic strain at fail-

ure at the temperature, T, as a function of both the 

creep strain rate and the stress. The uniaxial creep 

ductility of austenitic and ferritic steels is repre-

sented by 
 

1 1
 1

, 1
exp

n m

f U c

P
MIN A

T
ε ε ε σ −⎡ ⎤⎛ ⎞= ⎜ ⎟⎢ ⎥

⎝ ⎠⎣ ⎦
�  (4) 

 

where A1, n1, m1 and P1 are material constants. 

The upper shelf ductility, εU, covers high ductility 

tests that fail by necking. 

Eqs. (2-3) are in uniaxial form. Multiaxial 

stress states are included by using the von Mises 

strain and strain rate and the maximum principal 

stress in Eq. (3) and by multiplying εf by a cavity 

growth factor, CGF, so that 

 

( ) ( )1 1
, , , , .f c f cT T CGFε ε σ ε ε σ=� �  (5) 

 

Expressions for CGFs are given in [2] and are 

included in the R5 revision. The current R5 pro-

cedure is a two level approach. The first level 

makes the conservative simplifying assumption 

that a lower shelf ductility is used in Eq. (2) at all 

creep strain rates. The second level permits the 

effects of creep strain rate on creep ductility to be 

taken into account. The SMDE approach of Eq. 

(3) does not replace the current ductility exhaus-

tion approach in R5 but provides a third level. 

The SMDE approach has been shown to give 

better predictions of creep damage than the cur-

rent R5 approach for low stress creep dwells, 

which are typical of plant cycles [2]. Therefore, it 

is likely to be of significant benefit to AGR life 

extension arguments. 

Another change to be made in incorporating 

the SMDE approach is to extend the validation 

data in R5 using the information summarised in 

[2] and some of this validation is illustrated in Fig. 

1. 

 

 
Fig. 1. Creep-fatigue interaction diagrams for austenitic 

steels using upper bound damage in the stress modified 

ductility exhaustion approach. 
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1.3. Revised R5 method for assessing 

creep-fatigue initiation in weldments 

In R5, a weldment is normally modelled as a 

single material for elastic analysis. For dressed 

weldments, an accurate model of the weld profile 

is used, but for undressed welds only the nominal 

geometry excluding the detail of the weld profile 

is modelled. Thus, the modelling includes peak 

stresses for dressed weldments but not for un-

dressed welds. 

Separate calculations of fatigue and creep 

damage are then performed as described in Sec-

tion 1.2. However, in calculating fatigue damage 

by Eq. (1), the total strain range from the elastic 

analysis is multiplied by a FSRF. The FSRF de-

pends on the type of weld, whether or not it is 

dressed and on the materials. Typical values in R5 

range from 1.5 to 4, with higher values for un-

dressed welds because the elastic analysis in this 

case does not include the local stresses. The fa-

tigue endurance curve for parent material is used 

in Eq. (1) so that the FSRF covers stress concen-

tration due to material property differences, dif-

ferences between weld and parent endurances and 

local geometric stress concentrations for un-

dressed weldments. 

For creep damage calculation, the 

start-of-dwell stress for dressed welds is calcu-

lated from a shakedown analysis using the elastic 

stresses from the single material analysis. If the 

position where creep damage is being calculated 

is in weld metal and the yield stress of the weld 

metal is higher than that of the parent, then the 

calculated start-of-dwell stress is multiplied by 

the ratio of the weld to parent yield stresses to 

account approximately for the effect of the in-

creased strength of the weld. The increased stress 

is then used with the weld metal creep ductility in 

Eq. (2). 

For undressed welds, the start-of-dwell stress 

must account for the local geometric peak stress-

es which are not included in the elastic analysis. 

This is approximated by multiplying the total 

strain range, in a Neuber construction, by a FSRF. 

The parent cyclic stress-strain curve at the fac-

tored strain range then leads to the start-of-dwell 

stress. If the creep damage is being calculated in 

weld metal and the yield stress of the weld metal 

is higher than that of the parent, then the calcu-

lated start-of-dwell stress is again multiplied by 

the ratio of the weld to parent yield stresses. 

Having calculated creep and fatigue damage, 

linear summation is assumed as already discussed 

above in Section 1.2. The current advice in R5 for 

creep-fatigue initiation in welds can be overly 

conservative as the FSRF which includes both 

material and geometric effects is applied to cal-

culate the start-of-dwell stress for undressed 

welds. Therefore, revisions to R5 Volume 2/3 are 

being made, in which FSRFs are replaced by a 

combination of a Weld Strain Enhancement Fac-

tor (WSEF), which takes account of material 

mismatch and geometry and a Weldment Endur-

ance Reduction (WER), which reflects the re-

duced fatigue endurance of a weldment relative to 

parent material. Local notch effects (for un-

dressed weldments where the elastic analysis 

does not include the local detail) are accounted 

for using a stress concentration factor (SCF). 

The WER is not included in the determination 

of the start-of-dwell stress, which results in lower 

calculated creep damage for undressed welds. 

However, both the WSEF and the WER are used 

for calculation of fatigue damage so that the 

overall calculation of fatigue damage is un-

changed, as illustrated schematically in Fig. 2. 

Values of WSEF have been derived for austen-

itic stainless steels and validation of the inclusion 

of the revised R5 methodology is illustrated in 

Fig. 3. 

 

1.4. Revised R5 method for crack growth un-

der combined primary and secondary loading 

R5 estimates the steady state creep crack tip 

parameter C
*
 from 

 

 
 

Fig. 2. Schematic of revised R5 weldment fatigue assess-

ment procedure: applying the FSRF to the total cycles 

leads to a similar result to applying the WSEF to the ap-

plied strain range followed by application of the WER. 
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Fig. 3. Analysis of reversed bend tests with new R5 

weldment route using mean creep ductility (Open sym-

bols are unfailed). 

 
* 2( ) [ ( ), ]( / )p c p c p p

ref ref ref ref refC a a Kσ ε σ ε σ= �  (6) 

 

where c

refε�  is the creep strain rate at the current 

reference stress and creep strain, c

refε , K
p
 is the 

stress intensity factor due to primary loads and 
p

refσ  is the reference stress for the primary load-

ing, P. This is related to the R6 parameter Lr (see 

Section 2) defined by the plastic limit load of the 

cracked component PL as 

 

/ /p

r ref y LL P Pσ σ= =  (7) 

 

For combined primary and secondary loading, 

if the response on loading is elastic, an initial ref-

erence stress, 0

refσ , is defined by 

 
0 ( ) /p p s p

ref ref K K Kσ σ= +  (8) 

 

where K
s
 is the stress intensity factor for the sec-

ondary stresses. The revision to R5 includes 

methods to determine the relaxation of the refer-

ence stress of Eq. (8) [3]. The rate of relaxation, 

due to both creep straining and crack growth, is 

given by 

 

/ ( / ) / ( / )

( )

/ ( / )
0

s p s
ref

p s p s

ref

p c

ref ref

p

ref ref

K K a w K a w

K K K K

a wa a

w w

σ
σ

σ ε
σ σ

⎧ ⎫∂ ∂ ∂ ∂+ −⎨ ⎬+ ⎩ ⎭

∂ ∂ Ε
× − + =

Ζ

�

�

� �

 (9) 

 

for a crack of depth a in section width w, where Z 

is the elastic follow-up factor and the creep strain 

rate is calculated at the current combined refer-

ence stress. 

Having determined the initial reference stress 

and its relaxation, the transient crack tip charac-

terising parameter, C(t), is generalised from that 

currently in R5 to the case of combined primary 

and secondary loading involving stress relaxation 

due to both creep and crack growth and plasticity 

on initial loading as [3] 

 
0 1

* 0 1 0 0

,

( / )( )

( / ) ( / )

c n

ref ref ref ref

p c n

ref ref p ref ref ref ref

C t

C

σ ε ε ε
σ ε ε ε σ ε

+

+

⎛ ⎞⎡ ⎤
=⎜ ⎟⎢ ⎥⎜ ⎟ − Ε⎢ ⎥⎝ ⎠⎣ ⎦

�

�

 (10) 

 

where n is the stress exponent in power-law creep, 
c

refε�  and 
,

c

ref pε�  are the creep strain rates at σref 

and p

refσ , respectively, εref is the total strain at 

σref , C
*

 refers to the steady state value evaluated 

for the primary loading only, and 0

refε  is the total 

elastic-plastic strain corresponding to the initial 

value of the total reference stress 0

refσ . 

Validation of the revised advice for combined 

loading is also included in the revisions to R5 and 

has been addressed by comparing predictions of 

C(t) by Eq. (10) with results from elas-

tic-plastic-creep finite element analyses. These 

have shown that the approach generally leads to 

conservative estimates of C(t), although predic-

tions are sensitive to the magnitude of the elastic 

follow-up factor, Z, in Eq. (9). Cases addressed 

have included
 
[3]: 

An externally circumferentially cracked cylin-

der subjected to combined residual stress and 

mechanical loading. 

An externally circumferentially cracked cylin-

der subjected to residual stresses, taken from a 

finite element simulation of a girth weld, both 

alone and combined with an axial primary load. 

Postulated extended shallow and deep reheat 

cracks in a plant weld. 
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Postulated semi-elliptical manufacturing de-

fects in an austenitic pipe butt weld containing a 

weld repair. 

 

1.5. Revised σd method for assessing 

creep-fatigue initiation time for defective 

components 

An appendix in R5 Volume 4/5 predicts the 

time for a crack to grow by creep, fatigue and 

creep-fatigue for austenitic stainless steels, based 

on the σd approach
 
[4]. The existing σd approach 

in R5 has been subject to a review
 
[5] which 

identified a number of potential developments in 

the approach. These were investigated by apply-

ing alternative approaches to the prediction of 

creep crack incubation times in tests on Type 

316H steel. The main findings were that the ex-

isting R5 approach for predicting the σd stress 

should be retained as it results in more accurate 

predictions of incubation time than methods sug-

gested in [5]. However, the investigations showed 

that the crack growth increment, Δa, used as the 

definition of the start of crack growth is greater 

than the distance “d” ahead of the crack tip at 

which the σd stress is estimated. If the σd stress is 

calculated using d=50μm, Δa=0.2mm should be 

conceded. 

A revision to the appendix in Volume 4/5 ex-

plicitly recommends that the incubation crack 

growth increment should be 0.2mm for d=50μm. 

Other changes include additional validation for 

Type 316H and Esshete materials as shown in 

Figs. 4 and 5, respectively. 

 

2. The R6 procedure 

 

R6 [6] was developed about 35 years ago and is 

a procedure for assessing defects. It uses a failure 

assessment diagram (FAD), equivalent to a com-

bination of a J-integral analysis and a check on 

plastic collapse. Assessments involve the evalua-

tion of two parameters Kr and Lr with failure 

conceded when Kr=f(Lr), where f(Lr) is a failure 

assessment curve or when max

rr
LL = , where max

r
L  

is a plastic collapse cut-off. R6 Revision 4 is made 

up of 5 chapters: 

 

Chapter I: Basic procedures. 

Chapter II: Inputs to basic procedures. 

Chapter III: Alternative approaches. 

Chapter IV: Compendia. 

Chapter V: Validation and worked examples. 

 

In 2012, there are three significant revisions 

being made to R6: a revision to the rules for flaw 

characterisation, a new section on strain-based 

fracture and revised guidance on probabilistic 

fracture mechanics. These are described in Sec-

tions 2.1-2.3. 

 

2.1. Flaw characterisation rules 

Flaw characterisation involves modelling ex-

isting or postulated flaws by geometrically sim-

pler ones more amenable to analysis. The process 

may involve merging separate defects if the in-

teraction between them is significant. Coplanar 

flaws which are in contact or are closely spaced 

may form a sharply-pointed geometric feature 

(Fig. 6 shows some examples). In such cases, 

characterisation of the defects using the rules 

previously set out in R6 has been found both ex-

perimentally and analytically to lead to a 

non-conservative assessment in some circum-

stances [7,8]. 

 
Fig. 4. Comparison of σd predictions for ex-service type 

316H parent material tested at 525°C and 550°C with 

smooth specimen creep rupture data (d=50μm, 

Δa=0.2mm). 

 

 
Fig. 5. Comparison of σd predictions for Esshete parent, 

heat affected zone and weld metal tested at 570°C with 

smooth specimen creep rupture data (d=50μm, 

Δa=0.2mm).  
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Fig. 6. Schematic of re-entrant feature geometries. 

 

 

Therefore, a revision to R6 in 2012 covers the 

interaction of close but non-contacting coplanar 

flaws. If failure occurs due to ductile tearing or 

fatigue, no changes are required. However, for a 

ferritic component where cleavage fracture can-

not be excluded, an analytical framework for 

contacting surface-breaking flaws has been de-

veloped based on the size of the plastic zone at 

the re-entrant corner [8]. 

The effective depth, h, of the feature (see Fig. 6) 

is determined and compared with an allowable 

depth hallow defined below. It is conservative to 

set h equal to the maximum depth of the adjacent 

flaws, in the case of surface defects, or the larger 

of the orthogonal flaw dimensions (see Fig. 6), 

for embedded defects. In practice, if the adjacent 

flaws interact according to the criteria in the cur-

rent standards then the new advice should be fol-

lowed with 
 

2

mat
1

π
allow

y

K
h

σ
⎛ ⎞

= ⎜ ⎟⎜ ⎟
⎝ ⎠

 (11) 

 

For defects with crack depth to wall thickness 

ratio a/t ≤ 0.4, and 
 

2

mat
0.4

π
allow

y

Kt
h

a σ
⎛ ⎞

= ⎜ ⎟⎜ ⎟
⎝ ⎠

 (12) 

 

for defects with 0.4<a/t≤0.8. If h<hallow, the cur-

rent assessment route can be followed but if 

h>hallow, non-conservatism cannot be excluded. 

Under these circumstances, a sensitivity analysis 

should be performed by increasing either the size 

of the flaw or the calculated stress intensity factor. 

For both surface-breaking and embedded flaws, a 

20% increase on the flaw dimensions a and c, 

from those of the flaw characterised according to 

current standards is proposed. Alternatively, the 

stress intensity factor may be increased by 5% or 

10%, from that obtained for the flaw character-

ised according to current standards for tension or 

bending dominated loading, respectively. 

 

2.2. Strain-based fracture assessment 

Recently, there has been development of a 

strain-based FAD [9]. In the strain-based FAD 

approach, the load ratio Lr is replaced by a strain 

ratio, Dr, defined by 

 

( )p s

r ref ref yD ε ε ε= +  (13) 

 

where εy is the yield strain (=σy/E), p

refε is the 

imposed strain and s

refε  is the strain due to the 

secondary or residual stresses. For small cracks 

which do not affect the overall compliance of a 

component, p

refε  may be taken as the un-

cracked-body equivalent strain at the location of 

the crack [9]. For residual strains following 

welding for example, s

refε  may be conserva-

tively taken as the strain at an appropriate proof 

stress corresponding to the peak welding residual 

stress. 

The strain-based FAD requires the input of a 

stress intensity factor which is deduced from a 

stress defined in terms of the imposed strain [9]. 

The strain-based methods to be included in R6 

for combined primary and secondary stresses also 

have a modified definition of Kr: 

 

mat

s

1

*p

1r /)( KKVKK +=  (14) 

 

t 
a h

t 
a 

t 2a2 h 

h

2a1 
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where V
*
 is similar to the V parameter used in R6. 

Having evaluated Kr and Dr, failure is conceded 

when 

 

)(
r

*

r
DfK =  (15) 

 

The shape of the strain-based FAD is defined 

in a new section to be included in R6, as is the 

method for evaluation of V
*
. Fig. 7 shows some 

validation results for the strain-based FAD in the 

absence of secondary strains and includes differ-

ent options for the function f
*
. 

 

2.3. Probabilistic fracture mechanics 

Section III.13 of R6 gives a brief outline of 

probabilistic fracture mechanics and how to per-

form probabilistic R6 calculations using a de-

tailed approach and a simplified approach. It also 

describes statistical distributions for the input 

parameters and discusses sensitivity analysis. A 

revision to this section includes completely re-

vised guidance on computing methods and new 

advice on partial safety factors and these revi-

sions are outlined below. 

In the Monte Carlo approach, the failure prob-

ability is given by an estimate of the integral 

 

1

1 1 1
...  ( )... ( )d ...d

n

f n n n

x x

P I f x f x x x= ∫ ∫  (16) 

 

where the variability in Kr and Lr arises from 

variability in a set x1, x2…xn of random variables 

each with a probability density function fi(xi), and 

 

0)(or     0  if   1

0)( and  0  if  0

max

max

≤−≤−=

>−>−=

rrrr

rrrr

KLfLLI

KLfLLI
 (17) 

 

The indicator function, I, may be considered to be 

a function of the variables xi.  

The number of calculations required to obtain 

an accurate estimate of the failure probability 

may be reduced by importance sampling. Revised 

advice for use with the R6 method has been de-

scribed in [10] and is summarised in the revision 

to R6. An alternative approach, or an approach 

that may be used with importance sampling, is 

also given to reduce the number of variables con-

sidered in the Monte Carlo simulations. For the 

calculation of failure probability using the R6 

procedures, this may be achieved by noting that 

the fracture toughness only influences the calcu-

lation of Kr and that Kr is inversely proportional 

to toughness. If fracture toughness is one of the 

variables, say x1 in Eq. (16), then that equation 

may be replaced by 

 

2

2 2 2
...  ( )... ( )d ...d

n

f n n n

x x

P I f x f x x x′= ∫ ∫  (18) 

 

The indicator function I in Eq. (16) has been 

replaced in Eq. (18) by I’ where 

 

0  if   

 0  if       1

max

max

>−=′
≤−=′

rr

K

f

rr

LLpI

LLI
 (19) 

 

where the calculations are performed for the 

mean fracture toughness, 
mat

K , and K

fP  is ob-

tained by integrating the tail of the distribution of 

fracture toughness up to K

mat
K F . Here F

K
 is 

the reserve factor on fracture toughness for the 

assessment point corresponding to the random 

values of x2,…, xn. The approach of Eqs. (18-19) 

reduces the number of variables by unity, by em-

ploying direct integration to cover variability of 

fracture toughness, and this can lead to a signifi-

cant reduction in the number of calculations re-

quired to estimate the probability of failure accu-

rately. 

 

 
 

Fig. 7. Validation of the strain-based FAD for a pipe under 

tension with a surface crack 20% of the pipe wall and 

various lengths, 2c. 
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In principle, the procedure of Eqs. (16-17) can 

be used with any option of the failure assessment 

curve. However, in practice it would be impracti-

cal to perform very large numbers of finite ele-

ment analyses to allow a Monte Carlo approach 

to be followed with an Option 3 curve. An alter-

native approach is described in [11-13]. Consider 

that there is a set x1,…xn of random variables and 

that it is required to evaluate the probability of 

failure from Eq. (16). A number of finite element 

analyses are performed with variations in these 

inputs and the output finite element values of J 

are represented by a response surface for the 

stress intensity factor equivalent values KJ: 
 

2

0

1 1 , 1( )

ln( )
n n n

J i i ii i ij i j

i i i j i j

K x x x xβ β β β
= = = <

= + + +∑ ∑ ∑  

 (20) 
 

where the coefficients β0, βi, βii, and βij are de-

termined from a regression analysis to the finite 

element results. Eq. (20) is a second order fit to 

the results but the type of fit may be guided by 

the nature of the problem: for example if the re-

sponse is largely elastic and load is a variable 

then the response surface would be chosen to be 

linear in load. A similar response surface is re-

quired for Lr. Then Eq. (16) is evaluated by using 

Eq. (20) to evaluate KJ in terms of the random 

variables (with a similar representation for Lr) 

with the indicator function defined by 

 

0or     0  if   1

0  and  0  if  0

mat

max

mat

max

≤−≤−=

>−>−=

Jrr

Jrr

KKLLI

KKLLI
 (21) 

 

As the probability of failure is generally gov-

erned by the tails of distributions, it is necessary 

to obtain confidence in the quality of the fit and 

its ability to address the extremes of distributions 

which contribute to failure. This may require ad-

ditional finite element solutions as input to a sen-

sitivity study. The response surface of Eq. (20) 

has been written for an Option 3 analysis using 

finite element analyses, but the approach could 

also be applied to estimation of Kr or Lr if calcu-

lation of these as functions of the variables xi is 

time-consuming. Again, however, sensitivity 

analysis should be performed to give confidence 

in the suitability of the fits for evaluation of the 

failure probability. 

The application of partial safety factors to the 

input quantities in a deterministic assessment 

provides a means of relating the deterministic 

analysis to a specific probability of failure. If af-

ter the inclusion of the partial safety factors a 

positive safety margin is still obtained on the re-

quired quantity such as operating pressure then, 

in principle, it may be inferred that the assessed 

failure probability is at least as low as the speci-

fied value. However the approach requires that 

the partial safety factors have been previously 

evaluated for the various input quantities such as 

defect size, fracture toughness, yield stress and 

applied stress for the specified failure probabili-

ties. 

It should be recognised that partial safety fac-

tors have been derived for specific distributions 

and specific geometries. Therefore, care should 

be taken in their use as they may not be valid for 

other cases. The values of partial safety factors 

tabulated in BS7910 [14], for example, were ex-

amined in [15] and found to be conservative but 

in many instances the assessed probabilities were 

several orders of magnitude smaller than the tar-

get reliabilities suggesting that the partial safety 

factor approach could be excessively conserva-

tive. More extensive comparisons of the partial 

safety factor approach in BS7910 with detailed 

calculations of the probability of failure have 

recently been performed [16]. Again, it was 

found that often the partial safety factor ap-

proach could be excessively conservative. 

However there were also cases where the par-

tial safety factor method was non-conservative. 

Given the existence of efficient probabilistic 

techniques, the non-conservatisms that have 

been found in the partial safety factor method, 

and the impracticality of completely removing 

the non-conservatisms and excessive conserva-

tisms, the revised advice in R6 is that a full 

probabilistic assessment is generally preferred. 

 

3. Conclusions 

 

The R5 and R6 procedures are well established 

and routinely used for plant assessments. The 

procedures continue to be developed to address 

complex plant issues and to improve their accu-

racy. This paper has described some of the revi-

sions of the two procedures being made in 2012. 
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Abstract 

We begin with a review of the fatigue design methodology for new pressure vessels and piping, based on both determi-

nistic and stochastic approaches.  We will then prove that the same methodology for estimating the remaining life of aging 

pressure vessels and piping (APVP) using a deterministic approach fails, unless nondestructive evaluation (NDE) data of 

crack growth from periodic inspection is available.  This leads to the introduction of a stochastic and local theory of fa-

tigue life of APVP using NDE data of the growth of a single crack in engineering materials (Ref.: Fong, Marcal, Hedden, 

Chao, and Lam, Proc. ASME 2009 PVP Conf., Paper PVP2009-77827), in which the standard deviation of the estimated 

fatigue life was derived in terms of the means and standard deviations of the initial crack length, final crack length, frac-

ture toughness, and other material property parameters.  We then introduce a more general theory of the remaining life of 

APVP using NDE data of the growth of multiple cracks.  This general stochastic theory will be known as the APVP 

MULTI-CRACK GROWTH THEORY. 

To illustrate the methodology for estimating the remaining life of APVP with multiple cracks, we introduce an open-

source Bayesian statistical analysis software named WinBUGS, and a Markov Chain Monte Carlo (MCMC) algorithm to 

calculate the mean and standard deviation of both the initial crack length and the initial crack growth rate from a set of 

NDE-measured multiple crack length data over many inspection intervals.  A numerical example using synthetic NDE and 

fracture toughness data for high strength steels is included.  Significance and limitations of this Bayesian approach to es-

timating the uncertainty of fatigue life prediction for aging pressure vessels and piping in nuclear industry applications are 

also presented. 

Keywords: Aging pressure vessels and piping (APVP); Crack growth theory; Fatigue design; Fracture mechanics; Nonde-

structive evaluation (NDE); Remaining life; Stochastic theory of crack growth; Uncertainty quantification. 
 
 
1. Introduction 
 

The problem of fatigue to estimate the useful 

life of new components or structures has been 

known for a long time (see, e.g., Ewing and 

Humphrey [1], Southwell and Gough [2], Ti-

moshenko [3], Peterson [4], Forsyth [5], Sines 

and Waisman [6], and Grover [7]). The large 

scatter of fatigue test data from small specimens 

have also been widely reported (see, e.g., ASTM 

[8], Grover [7], Jaske and O’Donnell [9], and 

Fong [10]). For aging components or structures, 

the same problem has a relatively young history.  

Beginning in the 1980s, advances in no less than 

five disciplines, e.g., fracture mechanics [11], 

                                                        
* Contribution of the U.S. Natl. Inst. of Standards & Tech. 

Not subject to copyright.   ** Corresponding author. 

E-mail address: fong@nist.gov (Jeffrey T. Fong). 

nondestructive evaluation (NDE) [12], computa-

tional methods [13], modern statistics [14], and 

fatigue-based materials science [15], have made it 

possible for engineers to address the problem of 

estimating the remaining life of aging compo-

nents in order to prolong the useful life of operat-

ing plants or to replace worn equipment in time to 

prevent premature failures. 

While the approach to fatigue modeling of new 

components is necessarily “global” in the sense 

that their estimated useful life is intended for any 

member of a set with the same design and manu-

facturing history, the addition of NDE-based im-

aging or measurement data to the fatigue model-

ing of an aging component makes the approach 

“local,” because each aging component carries its 

own history, and no two aging components are 

alike even though they were identical when new. 
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Recognizing the scatter phenomenon in both 

fatigue test and NDE data, we present in this pa-

per a stochastic and local approach to the model-

ing of the remaining life of aging components 

with a numerical example tailored for aging pres-

sure vessels and piping (APVP). 

In Section 2, we will first review the current 

fatigue design methodology for new components 

of both brittle and ductile materials, using either 

the classical stress-range- or strain-range-based 

approach [16-19], or the alternative fracture me-

chanics (FM)-based approach as recently re-

viewed in a 2009 article by Fong, et al. [20] on 

two distinct types of models, namely, the crack-

length-based, and the CTOD or crack-tip-

opening-displacement-based. 

In Section 3, we show that both of these two 

approaches fail for aging components, using a 

simple argument that the formulas or design 

curves are based on test data of specimens made 

of the then new materials that are no longer appli-

cable to aging components. 

To predict the remaining life of aging compo-

nents, we need not only their aging material 

property data but also the individually monitored 

NDE imaging or measurement data such as mi-

cro-cracks, porosities, and de-bonding. Since all 

measurement data are known to have uncertain-

ties, we need to develop a theory for estimating 

with uncertainty the remaining life of aging com-

ponents. This calls for a stochastic theory of fa-

tigue. In Section 4, we will describe such a theory 

for aging components based on the crack growth 

data of a single dominant crack [20]. 

In reality, the NDE monitoring of an aging 

component may yield growth data for more than 

a single crack. In Section 5, we present a gener-

alization of the single-crack to a multi-crack 

growth (MCG) theory. 

To illustrate the MCG theory for estimating the 

remaining life of APVP with multiple cracks, we 

introduce in Section 6 an open-source Bayesian 

statistical analysis software named WinBUGS, 

and a Markov Chain Monte Carlo (MCMC) algo-

rithm to calculate the mean and standard devia-

tion of both the initial crack length and the initial 

crack growth rate from a set of NDE-measured 

multiple crack length data over many inspection 

intervals. A numerical example using synthetic 

NDE data for an aging piping system is also giv-

en. In Section 7, we discuss the significance and 

limitations of our new fatigue design theory. 

Some concluding remarks, and a disclaimer ap-

pear in Sections 8 and 9, respectively. A list of 

references and a listing of a WinBUGS applica-

tion code are given in Section 10 and Appendix A, 

respectively.  

 

2. Review of fatigue design methodologies 

 

In spite of the existence of a well-documented 

data scatter phenomenon in all of the fatigue and 

fracture  literature known to us today (see, e.g., a 

1952 ASTM symposium [8], a 1966 report by 

Grover [7]
 
, a 1977 paper by Jaske and O’Donnell 

[9], and a 1979 paper by Fong [10]), little pro-

gress was made during the ensuing three decades 

in extracting a satisfying understanding of the 

basic principles involved in fatigue and fracture 

at the microstructural level, as shown in a 2009 

review article by Jones and Hollinger [16] regard-

ing the continuing use of safety factors in the fa-

tigue design of pressure vessels: 

“.  .  . The (fatigue) design curve is developed 

by applying two sets of factors to the failure 

curve, thus generating two new curves.  One fac-

tor is 2 on stress, and the other is 20 on cycles. 

“. . . The factor of 2&20 was based on engi-

neering judgment that recognized that test data 

were obtained from small, smooth specimens and 

were used to predict the fatigue behavior of large 

components.” 

Without a plausible or statistical explanation of 

how this factor of 2&20 for pressure vessel de-

sign came about, Dowling [17] extended this ap-

proach for fatigue and fracture design to all engi-

neering structures and components by declaring 

that “safety factors on stress are typically 1.5 to 

2.0 or more,” and “safety factors on life must be 

larger, typically 10 to 20 or more,” as shown on 

page 468 of the 1999 edition of his book [17].  

Historically, engineers have known for a long 

time that fatigue and fracture tests were accom-

panied by large scatter. To illustrate this, let us 

first adopt Dowling’s notation [17] in a simple 

one-dimensional cyclic loading test, as shown in 

Fig. 1, where the stress, σ , varies from a mini-

mum of zero (at rest) to a maximum of Δσ.  The 

so-called fatigue stress amplitude, or, stress range, 

to be denoted by either σa  or Sa, is defined as 

one-half of Δσ.  A more general case is shown in 
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Fig. 2, where the minimum stress, σmin, is non-

zero, and the fatigue stress amplitude, σa  or Sa, is 

still defined as one half of Δσ , where Δσ  =  σmax 

- σmin. In 1966, Grover [7, p. 44] showed a plot of 

Sa vs. log Nf  (log cycles to failure), as shown in 

Fig. 3, where a scatter of 10 to 50 existed for life 

cycle data of an unnotched aluminum alloy in a 

rotating bending test.  

Thus was born the notion of a fatigue design 

safety factor, namely, 2 on stress and 20 on life. 

For example, as shown in Fig. 4, Brecht [18] pre-

sented in 2009 a piping fatigue design curve with 

a safety factor of 2 on stress, that was based on 

Markl’s fatigue test data for steel piping [21] of 

the 1940s and ‘50s. In Fig. 5, we show some 

1977 data of Jaske and O’Donnell [9] for steel 

alloys in a Sa vs. log Nf plot that was used to jus-

tify an ASME pressure vessel fatigue design 

methodology [19] using the 2/20 safety factor 

approach, even though we note that the scatter 

factor in life testing data can be as large as 100. 

 
Fig. 1. Constant amplitude cyclic stressing, σmin= 0. 

 

 
 

Fig. 2. Constant amplitude stressing with a mean σm . 

 

 

Fig. 3. Scatter in fatigue test data (after Grover [7]). 

 

 

Fig. 4. Markl fatigue curve for butt-welded steel pipe (after Markl [21], and Brecht [18]). 
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Instead of stress vs. cycles plots, fatigue and 

fracture tests may also involve the measurement 

of crack length, a, vs. cycle, N, (or time-to-failure, 

tf ), and the estimation of a crack propagation rate, 

da/dN, with a new set of notation as shown in Fig. 

6 (see Dowling [17]).  

An example of the crack length vs. cycles ex-

periments for brittle materials was given by 

Wiederhorn [22], who showed in Fig. 7 a consid-

erable amount of scatter in crack velocity meas-

urements for soda lime glass at low relative hu-

midity (0.017) in all three regions of crack propa-

gation. Shaw and LeMay [23] showed in 1976 

and LeMay [24] discussed in 1979 a huge scatter 

in crack propagation rate measurements for AISI 

4040 steel at room temperatures and all relative 

humidity above 0.30 when the stress intensity 

range, ΔK, was fixed at 38.45 MPa·m
1/2

 (see Fig. 

8). Wang and Zupko [25] showed in 1978 and 

Michalske, Smith and Bunker [26] discussed in 

1991 a scatter factor of ten or more in a stress vs. 

log tf  plot for the so-called static fatigue behavior 

of high-strength silica fibers (see Fig. 9). 

 

 

Fig. 5. Fatigue curve for austenitic stainless steels and nickel-iron-chromium alloys 600 and 800 (after [9,19]). 

 

 

 

 

Fig. 6. Growth of a worst-case crack from the minimum 

detectable length ad to failure (after Dowling [17]). 
 

Fig. 7. Scatter in crack velocity measurements [22]. 
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Fig. 8. Scatter in crack rate measurements [23,24]. 

 

 

 

Fig. 9. Scatter in stress vs. failure time plot for static fa-

tigue of silica fibers (after [25,26]). 

 

3. Why does current fatigue design methodol-

ogy fail for aging components? 

 

The safety-factor-based fatigue design curves 

of Figs. 4 and 5 were developed to account for 

the well-documented phenomenon of scatter as 

shown in Figs. 3, 7-9 for both ductile and brittle 

materials.  

To show that the safety-factor-based approach 

is inadequate as a basis for fatigue life prediction 

of aging components, we introduce in Fig. 10 two 

plots of crack length vs. time (after Kanninen and 

Popelar [11, p.26]), where  three  types  of crack  

lengths  are  defined:  

a0= a hypothetical initial crack length not yet 

detected by NDE. 

ad= the minimum crack size that can be "re-

liably" detected.  

ac
= the critical crack length that causes a 

structure or component to fail and is related to a 

material property such as KIc. 

The above diagram also considers two time 

markers,  td  and  tc , where  td  is the time when a 

crack of the minimum size,  ad , is detected, and 

tc , the time a crack reaches the critical size,  ac , 

such that the structure or component fails. The 

time interval between  td  and  tc 
 

is called Δ t , 

which can be determined from a knowledge of 

ad,  ac , and the crack growth law without know-

ing  ao . 

An application of the crack-length-based ap-

proach to fatigue of both new and aged compo-

nents is shown in Fig. 11, where several plots of 

crack length a vs. cycle number N appear with 

two types of crack lengths,  ad  and  ac , as defined 

earlier. 

 

 

 

Fig. 10. Two plots of crack length vs. time for a crack-

length-based approach to fatigue (after [11]). 

 

 

 

Fig. 11. A deterministic formulation of a crack-length-

based approach to fatigue (after Dowling [17, p.49]). 
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Let us assume, as shown in Fig. 11, that a 

component in service was monitored by a NDE 

team and a very small crack of size ad was found. 

Beginning from the time or cycle, N= 0, when the 

small crack was found, let us also assume that the 

crack was carefully monitored without interrupt-

ing the service of the component, as shown by the 

solid curve in Fig. 11, until the scheduled time of 

the first inspection, when the component has 

gone through Np cycles of service. 

According to the theory of crack growth, if we 

do nothing when N = Np , the crack will grow, as 

shown by the dashed curve in Fig. 11, to reach 

the critical length, ac, at the failure cycle, Nif .  

It is common practice that, after the initial in-

spection, it is more cost-effective to repair the 

component by “removing” the crack and “restor-

ing” the damaged component to its initial undam-

aged state for continuing service, rather than to 

do nothing and let the crack grow to its ultimate 

failure state. 

Hypothetically speaking, as shown in Fig. 11, 

we have created an identical crack-length-vs.-

cycle curve for the component between the time 

the initial small crack was repaired and the next 

scheduled time or cycle of inspection, 2 Np. 

If we repeat this maintenance procedure, we 

are led to believe that the remaining life of an 

aging component, N
∧

, will always be given by 

the difference between Nif and Np, no matter how 

old the component becomes. 

In other words, the deterministic formulation 

of a crack-length-based approach for an aging 

component predicts that  

 

if pN N N

∧
= −  (1) 

 

Eq. (1) rests on five assumptions: 

Assumption No. 1: For a specific component 

with known material properties and a loading 

history given in Fig. 2, laboratory specimens of 

that material (when new) with an initial crack 

length of ai were fatigue-tested to failure for the 

same loading history such that the mean final 

failure crack length, af, and the mean cycles to 

failure, Nif, were found to be in good agreement 

with the following formula (after Dowling [17, 

pp. 519-520]): 

1 / 2 1 / 2

( * π) * (1 / 2)

m m

f i

if m

a a
N

C F S m

− −−
=

Δ −
 (2) 

where m is a material property constant that 

is determined empirically from the crack growth 

curve, is a dimensionless positive quantity (≥1.0) 

that depends on the specimen geometry, the ini-

tial crack length, ai, and the loading configura-

tion, Δ S  (same as  Δ σ  defined in Section 2) ,  

is the difference between the maximum stress, 

Smax, and the minimum stress, Smin, and C is a 

pseudo-material property constant given by the 

following formula due to Walker [27]: 

 

1
11(1 )

,
(1 )m

C
C m m

R
γ−= =

−
 (3) 

 

where R is the stress ratio ( = Smin / Smax ), and C1, 

m1, γ, are three material constants that are deter-

mined empirically from experimental data (see, 

e.g., Table 11.2 in Dowling [17, p. 506]). 

Assumption No. 2: The mean final failure 

crack length, af, is a material property, which, 

according to Dowling [17, p. 521, eq. 11.33] 

could also be estimated from the following equa-

tion if we assume brittle fracture: 

 

2

max

1
( )

π

c

f c

K
a a

FS
= =  (4) 

 

where Kc is the fracture toughness of the material. 

Eq. (4) needs to be modified if the material is 

ductile and af is much larger than ac due to a fully 

plastic yielding phenomenon. 

Assumption No. 3: The initial crack length, ai, 

is generally unknown until a small crack of 

length ad is found by a NDE team. For the pur-

pose of calculating the mean cycles to failure, Nif, 

we assume that ai ≌ad. 

Assumption No. 4: Np is the number of cycles 

from the initial discovery of a crack with length, 

ad, to the first scheduled downtime of the compo-

nent for inspection and repair. At the time of the 

repair, a larger crack was found with a crack 

length following the crack growth curve shown as 

a solid line in Fig. 11.  

Assumption No. 5: From the first downtime or 

cycles of service, Np, of the component for in-

spection and repair to the next downtime of ex-

actly the same length of service, 2 Np, the com-
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ponent is assumed to be monitored by a NDE 

team, who again detect a small crack of length, ad, 

that is assumed to grow according to the same 

growth curve as shown again as a solid curve in 

Fig. 11. This assumption holds indefinitely during 

the entire service life of the component. 

For an aging component, we argue that As-

sumptions 1 and 2 are false, because the material 

property constants of an aging material are dif-

ferent from those of the new material. Assump-

tion 5 on subsequent crack growth patterms is 

also false, because as the component ages, the 

crack growth pattern is likely to be different, and 

there is no guarantee that the crack length, ad, that 

is found by a NDE team during each downtime 

will be identical.  

The above arguments in proving the falsehood 

of the crack-length-based approach to modeling 

fatigue of aging components are also applicable 

to proving that the safety-factor- and judgment-

based approach to modeling fatigue of aging 

components is also false. 

In short, we have shown in this section that the 

current fatigue design methodology, whether 

safety-factor-based or crack-length-based, fails as 

a rational basis for modeling the remaining life of 

aging components or structures. 

 

4. A stochastic single-crack growth theory for 

estimating remaining life of an aging compo-

nent 

 

In a 2009 paper, Fong, Marcal, Hedden, Chao, 

and Lam [20] formulated a stochastic single-

crack growth theory of fatigue for aging compo-

nents and structures by observing that in Eq. (2), 

the final crack length, af (a material property con-

stant), and the initial crack length, ai  (a NDE-

based measurement quantity), are never determi-

nistic in reality, just as the three material con-

stants, C1, m, and γ, in Eq. (3), that are bound to 

have uncertainty due to their empirical derivation 

from experimental data.  

As noted by Dowling [17, p. 519, Eq. 11.30], 

the classical crack growth law due to Paris [28] 

can be specialized into the following form: 

 

d / d ( ) ( * * π )m m

i
a N C K C F S a= Δ = Δ  (5) 

 

The key ingredient in the 2009 theory was the 

introduction of a NDE-based measurable quantity, 

Qi,m, the initial rate of crack growth: 

 

,

d
[ ] ( * * π )
d i

m

i m a a i

a
Q C F S a

N
== = Δ  (6) 

 

Dividing both sides by the quantity, 
1 /2m

i
a

−
, we 

obtain, 

 

,

/ 2
( * * π ) =

i mm

i m

i

Q
C F S a

a
Δ  (7) 

 

Substituting Eq. (7) into Eq. (2), we obtain, 

 
1 /2 1 /2/2

,

*
(1 / 2)

m mm
f ii

if

i m

a aa
N

Q m

− −−
=

−
 (8) 

 

Let us introduce a simplifying notation on the 

crack lengths in order to reduce Eq. (8) further by 

defining: 

 

= /f ia aη  (9) 

 

and 

 
1 /2( 1)

'  =
(1 / 2)

m

m

ηη
− −
−

 (10) 

 

Using Eqs. (9) and (10), one can show that Eq. 

(8) is reduced to the following simple form:  

 

,

 = '
i

if

i m

a
N

Q
η  (11) 

 

The second key ingredient of the 2009 theory 

was to assume η' constant, and the other three 

quantities, Nif , ai, Qi,m, stochastic. This allows us 

to apply the law of propagation of errors (see, e.g., 

Ku [29]) to Eq. (11), and obtain the following 

equation on the variance of Nif: 

 
2 2

,

4 2 2

, ,

( )( ') ( )
( )= [ ]

( ) ( )

i mi i

if

i m i i m

Var Qa Var a
Var N

Q a Q

η
+  (12) 
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22 2

,

,4 2

,

( ')
 ( )= [ ( ) ( )]

( )

i mi

if i i m

i m i

Qa
Var N Var a Var Q

Q a

η
+  (13) 

 

In the 2009 paper, a numerical example for an 

exercise of estimating the fatigue life of an AISI 

4340 steel component yielded the following re-

sult: 

 
2

, -10

2
= 3.52 10

i m

i

Q

a
×  (14) 

 

Eq. (14) allows us to simplify Eq. (13) by dis-

carding the first term on the right hand side.  This 

gives us the first new result of the 2009 theory as 

follows: 

 
2 2

,4

,

( ')
 ( )= ( )

( )

i

if i m

i m

a
Var N Var Q

Q

η
 (15) 

 

or, 

 

,2

,

( ')
. .( )= . .( )

( )

i

if i m

i m

a
s d N s d Q

Q

η
 (16) 

 

The second result, based on the classical theory 

of tolerance limits (see, e.g., [30] to [34]), deliv-

ers the uncertainty intervals on Nif, and Nnf, to be 

denoted by qNif, and qNnf, respectively, as shown 

below: 

 

,2

,

( ')
=2 . .( )

( )if

i

N i m

i m

a
q ru s d Q

Q

η
 (17) 

 

and 

 

,2

,

( ')
=2 . .( )

( )p

d

N N m

i m

a
q ru s d Q

Q

η
 (18) 

 

where the two constants, r and u, given in tables 

such as those found in Natrella [32], Beyer [33], 

or Nelson, et al. [34, Table B12, pp. 476-477], 

depend both on sample size, and separate-ly on 

coverage and confidence level, respectively. 

Note that in Eq. (17) for estimating the uncer-

tainty interval of Nif, we have replaced the initial 

crack length, ai, of Eq. (16) by the detected length, 

ad, because, in reality, that is the measurement the 

NDE team can make. 

Similarly, in Eq. (18) for estimating the uncer-

tainty interval of Nnf, defined as the modified Nif 

due to aging after n time of inspection interval Np, 

we not only did the same by replacing ai with ad, 

but also replaced the initial crack growth rate, 

Qi,m, with the crack growth rate at the nth inspec-

tion cycle, QN,m, in recognition of the fact that for 

an aging component, the two crack growth rates 

are likely to be different. Note that in Eq. (18), 

we have used the upper case N and the lower case 

n interchangeably in the expression for  Qn,m  

for 

the sake of convenience, where  n = 1, 2, 3, …, N. 

In Fig. 12, we show how the crack growth rates, 

Q1,m, Q2,m, Q3,m, . . . , QN,m, could change as the 

component ages after the number of inspection 

cycles runs from  1 to N. 

From NDE data, it is also possible to estimate 

the uncertainty interval of the detected length, ad, 

from a knowledge of its standard deviation, i.e., 

 

=2 . .( )
ad d
q rus d a  (19) 

 

where r and u are again given in tables such as 

Nelson [34, Table B12, pp. 476-477]. A similar 

expression for qac, the uncertainty interval of the 

critical crack length, ac, which is a material prop-

erty constant, can also be derived, as shown in 

details by Fong, et al. [20, Eqs. 24,25]. 

 

5. A stochastic multi-crack growth (MCG) the-

ory for estimating remaining life of aging pres-

sure vessels & piping (APVP) 

 

As shown in Eq. (7), the stochastic single-

crack-growth theory presented in Section 4 de-

parts from the classical fracture mechanics ap-

proach of Eq. (2) in one crucial aspect, i.e., the 

replacement of C, a pseudo material property 

constant defined by Eq. (3), F, a dimensionless 

quantity depending on the crack specimen ge-

ometry, and ΔS , the cyclic loading stress range, 

by two NDE-based measureable quantities, i.e., ai, 

the initial crack length, and Qi,m 

, the initial crack-

growth rate.  This reduces the total number of 

parameters for evaluating Nif from 7 ( ai, af, C1, m, 

γ, F, ΔS) to 4 ( m, af, ai, Qi,m). 
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Fig. 12. An application of the stochastic single-crack-length-based approach to fatigue (after Fong, et al. [20]). 

 

 

Fig. 13. An application of the stochastic multi-crack-growth (MCG of j cracks) approach to fatigue with j = 1 to 2. 

 

In summary, the four fundamental equations of 

the single-crack-growth theory are Eqs. (9)-(11), 

and (16), where the four parameters needed to 

estimate Nif are m, af, ai, and Qi,m. 

To develop a multi-crack-growth (MCG) the-

ory, let us assume that we have found a total of J 

number of cracks, and let j be the index such that 

the crack number varies from j = 1, 2, 3, . . . , J. 

Assuming the material property parameter, m, 

remains unchanged for the localized volume of 

the component being monitored by a NDE team, 
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we need 3 x J additional quantities to formulate a 

MCG theory. 

In other words, the governing equations for the 

j-th crack assume the following form: 

 

, ,

 /f j i ja aη =  (9-j) 

1 /2' ( 1) / (1 / 2)m

j j
mη η −= − −  (10-j) 

, ,

= ' * / )if j j i ij mN a Qη  (11-j) 

2

, , ,
. .( )= . .( ) * ' * /if j ij m j i ij ms d N s d Q a Qη  (16-j) 

 

In Fig. 13, we show a representation of the 

MCG theory for j = 1, and 2, with J = 2. In addi-

tion to the pair of four equations, (9-j), (10-j), 

(11-j), (16-j), listed above, we need the MCG 

equivalent of the single-crack-growth theory’s 

Eqs. (17) and (18) to complete the MCG theory. 

 

6. A numerical example 

 

The formulation of the MCG theory of fatigue 

for aging components was motivated by a need in 

the pressure vessels and piping industry to deal 

with the discovery of a multi-crack weldment in 

an operating pressure vessel or nuclear piping 

system, where a decision to stop or not to stop the 

operation of a plant hangs in the balance. 

Beginning in the 1970s, the pressure vessels 

and piping (PVP) industry worldwide has made a 

concerted effort to address this problem (see, e.g., 

Ruescher and Graber [35], Fong and Filliben [36], 

Watkins, Ervine, and Cowburn [37], Saiga [38]). 

To improve the reliability of NDE of new and 

aging PVP, a round-robin ultrasonic testing (UT) 

of twelve 8-inch thick steel-plate weld specimens 

containing multiple flaws was conducted by the 

Pressure Vessel Research Committee (PVRC) of 

the U. S. Welding Research Council (WRC). As 

recently summarized in a paper by Fong, Hedden, 

Filliben, and Heckert [39], the results of the 

round-robin UT weld testing programs by a series 

of U.S., European, and Japanese teams over a 

decade were negative, with very few exceptions. 

An example of the poor showing is given in Fig. 

14, where a UT team using the 1968 PVRC pro-

cedure found only 4 out of 15 carefully implanted 

flaws in a weld specimen named 251-J. 

Since that exercise, NDE methods have im-

proved by leap and bounds as shown in a recent 

survey article by Rommel [12]. An application of 

the MCG theory using a public domain Bayesian 

analysis software named WinBUGS [40-45] was 

recently reported by Fong, Filliben, Heckert, and 

Guthrie [46]. Since most of the NDE data on in-

spection of nuclear pressure vessels and piping 

are proprietary, the authors of a WinBUGS appli-

cation code [46], as listed in full in Appendix A, 

had to use a set of synthetic data of crack lengths 

(see Table 1) as input. Typical output files in text 

and graphics are given in Figs. 15 and 16, respec-

tively. 

 

7. Significance and limitations of the MCG 

theory for aging pressure vessels & piping 

 

In general, two types of outcome in a NDE-

monitored aging components or structures are 

available for maintenance decision-making. Over 

a period of years, a critical part of an aging com-

ponent under surveillance will show a collection 

of defects such as cracks, porosities, and areas of 

de-bonding. If a dominant defect has been found 

(Type 1), then the single-crack-growth theory 

presented in Section 4 applies. If there was no 

obvious presence of a dominant defect (Type 2), 

then the MCG theory developed in Section 5 may 

be used. 

 

 
 
Fig. 14. Elevation of PVRC Specimen 251-J (after [39]). 

 

Table 1. A set of synthetic multiple crack growth data as 

input to a WinBUGS application code (see Appendix A). 

Lengths Yi (mm) of Crack i inspected on Day xi 

xi (day) 
Crack No. (i) 

8 15 22 29 36

1 15.1 19.9 24.6 28.3 32.0

2 14.5 19.9 24.9 29.3 35.4

3 14.7 21.4 26.3 31.2 32.8

4 15.5 20.0 23.7 27.2 29.7

5 13.5 18.8 23.0 28.0 32.3
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Fig. 15. A typical output text file from running a Win-

BUGS code for a MCG Example (Appendix A). 

 

 

Fig. 16. A typical output graphics file from running a 

WinBUGS code for a MCG Example (Appendix A). 

 

As compared with the classical deterministic 

fatigue design methodologies, we believe that 

both of our NDE-based stochastic crack-growth 

theories are significant because of their simplicity 

(in terms of less parameters), customization (in 

terms of its local nature), and an ability to esti-

mate remaining life with an uncertainty quantifi-

cation in sync with the reliability of the in-situ 

NDE monitoring process. 

Both theories, however, have at least two seri-

ous limitations that need to be addressed to, 

namely, the assumption of a constant m (a mate-

rial property parameter), and a lack of attention 

on the variability of stress levels encountered by 

each crack.  Fortunately, with our current ad-

vances in statistical and computational methods, 

both limitations are not insurmountable. 

 

8. Concluding remarks 

 

The results presented in this paper provide en-

gineers with a new tool in aging plant mainte-

nance decision-making. However, we need to 

caution the readers that we have chosen a very 

simple path to addressing one of the most diffi-

cult failure-prevention problems in engineering. 

Our approach is only a first step in a long journey 

toward a proper way to addressing the uncertain-

ties of the fatigue problem, as shown in an ISO 

guide to the expression of uncertainty in meas-

urement [47] and a recent review paper by 

Kacker, Sommer, and Kessel [48]. As we gain 

more experience with real NDE data sets, we will 

undoubtedly improve the tool with more rigor. 
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Appendix A - Listing of a WinBUGS Code 
 

model 

 

#   This is a WinBUGS v.1.4.3 application code 

 

#   Purpose:  Using a Bayesian MCMC analysis 

#                   methodology, check the validity of 

#                   of a random effects linear growth model 

 

#   Date:  May 30, 2012   By:  J. Fong and W. Guthrie 

#                                       Contact:  fong@nist.gov 

#   Notation: 

 

#   N is the number of cracks 

#   x is the no. of days from crack initiation to detection 

#   T is the last day of crack detectionis  

#   Y is the length of crack (mm) 

#   alpha is y-intercept of a linear fit (initial crack length) 

#   beta is the slope of the linear fit (crack growth rate) 

#   xbar is the center of the x-data 

#   mu is the mean 

#   sigma is the standard deviation 

#   tau is the inverse of variance, or, fuzziness 

#   tau.c is the central value (mean) of tau 

 

{ 

     for( i in 1:N ) { 

          for( j in 1:T ) { 

               Y[i , j] ~ dnorm(mu[i ,j], tau.c) 

               mu[i , j] <- alpha[i] + beta[i] * (x[j] – xbar) 

          } 

 

#   we now assume a linear fit model with normal para. 

 

          alpha[i] ~ dnorm(alpha.c, tau.alpha) 

 

#   here we assume alpha for each crack i is norm. distrib. 

 

          Beta[i] ~ dnorm(beta.c, tau.beta) 

     } 

     tau.c ~ dgamma(0.001, 0.001) 

 

#   here we assume tau.c to be gamma distributed 

 

     sigma < - 1/sqrt(tau.c) 

 

#   we now make an assumption that alpha.c, the mean 

#   value of alpha, is also normally distributed with mean 

#   of 0.0 and s.d. of 1.0E-6.  We tolerate this assumption 

#   even though it is unreal, because it allows negative 

#   crack length.  We do the same with beta.c 

 

     alpha.c ~ dnorm(0.0, 1.0E-6) 

     beta.c ~ dnorm(0.0, 1.0E-6) 

 

#   we now define alpha0 to be the average of all initial 

#   crack lengths 

     alpha0 < - alpha.c – xbar * beta.c 

 

#   we now choice of prior of random effects variances 

#   and call it Prior 1 (uniform on SD) 

     sigma.alpha ~ dunif(0, 100) 

     sigma.beta ~ dunif(0, 100) 

     tau.alpha < - 1/(sigma.alpha * sigma.alpha) 

     tau.beta < - 1/(sigma.beta * sigma.beta) 

 

}
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Abstract 

Estimation of the total life of an aircraft or an aerospace component requires assessment of damage and fracture 

evolution under cyclic spectral fatigue service loading. To estimate the total life of an aircraft or aerospace components 

requires having high cycle fatigue data (S-N) for the material under study Certification by Analysis-Supported-by-Test 

(CAST) allows for risk mitigation that complies with FAA certification requirements, ASTM validation requirement, and 

the FAA building block certification strategy. This CAST effort provided a risk mitigation Damage Tolerance Analysis 

(DTA) strategy for condition based non-invasive inspection of the fuselage skin area under the antenna mounting of an 

aircraft. The methodology addresses the following critical issues: where, when and why multi-site failure (initiation, 

growth) occurs, and if repair bulletin needs to be issued. If repair could be avoided operators/owners would be spared 

considerable expense. A multi-scale progressive fatigue crack growth failure analysis combined progressive damage and 

fracture approach is used to predict the upper/lower fuselage, antenna, and the flange multi-bolt connections. 

A novel method (implemented in the GENOA progressive failure analysis software) of predicting Kth and KIC using a 

crack tip process zone strain energy based approach is presented. The model estimates Kth and KIC to derive: (1) material 

fracture toughness vs. thickness from stress-strain curve; (2) material fatigue crack growth curve (da/dn vs. dk) from 

fracture toughness; and (3) structural S-N Curve of notched part (S-N data for Kt>1). Using the progressive crack growth 

analysis in GENOA it has been shown as an example that multi-site fatigue cracks arising from antenna installation in the 

aircraft’s pressurized fuselage did not grow unstably nor coalesce during the service life of the aircraft. Furthermore the 

residual strength of the antenna installation is never exceeded. With the analysis supported by validating tests, FAA 

accepted the analytical results and the aircraft retained certification with no repairs required. 

Keywords: Pressurized aircraft structure; Crack initiation; Crack propagation; Life estimation; Progressive failure analysis. 

                                                           

*Corresponding author. 

E-mail address: k.nikbin@imperial.ac.uk (Kamran Nikbin). 




	FROM FAILURE TO BETTERDESIGN, MANUFACTUREAND CONSTRUCTION
	Anomalies of monoscale notion of failure in contrast tomultiscale character of failure for physical processes
	Revisions to the R5 and R6 structural integrityassessment procedures
	A stochastic and local theory of fatigue for aging pressurevessels and piping
	Predicting crack initiation and propagation in pressurizedaircraft structures
	Quantitative damage assessment using guided ultrasonicwaves signals
	Comparison of ductile failure predictions with experimentaldata of multiple cracked plates and pipes
	From structure integrity to system integrity resilience
	Structural integrity assessment of welds using neutrondiffraction method
	A structural integrity assessment of an elbow subjectedto internal pressure, system moments and operatingat high temperature
	Aging management of nuclear power plants in Korea
	Local fracture properties and dissimilar weld integrity innuclear power systems
	Neutron diffraction and numerical simulation to study thecutting induced relaxation of weld residual stress
	Finite element analysis of HAZ effects on limit loads formismatched welded joints
	Mismatch effect on safety assessment of pressure pipe withincomplete penetration defect
	Research on root morphology regularization method ofincomplete penetration defect in pressure pipe
	Modified h factor of center cracked panel specimen based onthree-dimensional finite element simulation
	Numerical investigation on the influence of cathode flow channeldepth on PEM fuel cell performance
	Modeling and numerical analysis of the shapememory alloy strip
	Finite element analysis of sealing chambers in asingle-screw pump
	Application of three parameters interval finite element methodto uncertainty analysis of spherical tank
	Fatigue-fracture mechanism under larger stress andstrain conditions
	Correlation between pore structure and compression behavior ofporous sintered Cu-Ni-Cr alloy at elevated temperatures
	The feasibility of research for shell deformations withisogeometric analysis
	Low cycle fatigue life prediction of GH909 superalloyat elevated temperature
	Effect of pitch difference on the fatigue strength of bolt and nutbased on the modeling considering fitting clearance
	Electrochemical behavior of passive film on 304 stainless steeland chromaticity inspection method of film quality
	Simulation of the elasto-plastic response and residual stressesnear metal surface due to laser shock processing
	Microstructural characteristics of the oxides formed on zinccontaminating stainless steel in high temperature water
	Research on the properties of 20G steel with strain agingembrittlement using indentation test
	Determination of reference temperature T0 for A508-IIIforging using PCVN specimens based onBeremin toughness scaling model
	Residual stress prediction for hot strip composite roll bymeasuring the stress of the disk cut out from the roll
	Structural analysis on reinforcement for thick wall nozzle ofpressure vessels
	Safety analysis for nozzles of coldstreched austenitic stainlesssteel pressure vessels
	A study on welding technology and post-weld heattreatment of SA543 steel
	Failure analysis of the pure zirconium hanging sample for aceticanhydride reactor
	Research on interval failure assessment diagram ofindustrially pure titanium TA2
	Atomistic simulation on crack growth in α-Fe underhigh temperature
	Path prediction of I+II mixed mode fatigue crack growth inpressure vessels made from 16MnDR
	Feature of magnetic memory signals of crack and incompletepenetration in welding joints
	Study on the susceptibility of welding cold cracking inSA543 steel
	Hyper singular integral equation method for a circular crack inthe brazed joint with a circular interface
	Fracture toughness requirements of steam generator channelhead and disposition methods of nonconformance case
	The stress distribution and critical crack length analysis of acracked multilayer urea reactor
	Pressure variation of BLEVE triggered by liquid release througha crack in cylindrical pressure vessel
	Creep life assessment on two kinds of low-alloy steel based onthe omega method
	Using a unified model of stress relaxation to predictcreep behavior
	Effect of thermal and mechanical factor on type IV creepcracking of P92 steel
	Effect of creep degradation on the magnetic domain andmagnetic properties of 10CrMo910 steel
	Effect of pit defect size on creep life of pressure pipeat high temperature
	Assessment of C-integral for functionally graded materials
	Evaluation of creep properties by three-point bending tests withsmall specimens
	On damage mechanism and life prediction ofthermo-mechanical fatigue of Nickel based superalloy K417
	Elasto-plastic dynamic time response and damage evaluation ofa part cable-stayed bridge under severe earthquake
	Damage factors and modeling for plastic film subjected torolling contact fatigue used for full-open type greenhouse
	Hydrogen induced ductility loss of hydrogen-charged andhydrogen-releasing 304L austenitic stainless steel
	Study on intergranular corrosion of 316L stainless steeldiffusion bonded joint
	Significance analysis on influential factors of stress corrosionbased on grey relational theory for stainless steels
	Feasibility analysis of the magnetic memory technology in thedetection of hydrogen damage
	The damage test of Q235 steel under the affect of stress andcorrosion media
	The effects of flowing solution on the corrosion of stainless steel
	Pitting corrosion behavior of Q235B in various stress levels andsalt spray environments
	Numerical analysis of ultimate load for a marine risercontaining corrosion defects
	Pitting corrosion behavior of Q235B in various stress levels andsalt spray environments
	Numerical analysis of ultimate load for a marine risercontaining corrosion defects
	Investigation on corrosion under insulation (CUI) of 304stainless steel welded joints
	Pin-on-disc wear test and simulation of HA/ZrO2composite coating
	Investigation on corrosion under insulation (CUI) of 304stainless steel welded joints
	Pin-on-disc wear test and simulation of HA/ZrO2composite coating
	Damage identification of pipeline structure based on curvaturemodal difference and genetic algorithm
	Inner surface defect inspection for thick wall pipe of austeniticstainless steel based on ultrasonic TOFD
	On-line monitoring method for centrifugal compressor andimpeller remanufacturing
	Heat transfer model of underground heat exchangerin the aquifer
	Author index
	Keywords index



