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Foreword 

(George Irwin wrote the following foreword for the first and second editions of this book 
in 1977 andd 1987. Dr. Irwin, the father of fracture mechanics, passed away in 1998.) 

IN HIS WELL-KNOWN TEST on "Mathematical Theory of Elasticity," Love inserted 
brief discussions of several topics of engineering importance for which linear 
elastic treatment appeared inadequate. One of these topics was rupture. Love 
noted that various safety factors, ranging from 6 to 12 and based upon ultimate 
tensile strength, were in common use. He commented that "the conditions of 
rupture are but vaguely understood." The first edition of Love's treatise was 
published in 1892. Fifty years later, structural materials had been improved with 
a corresponding decrease in the size of safety factors. Although Love's comment 
was still applicable in terms of engineering practice in 1946, it is possible to see 
in retrospect that most of the ideas needed to formulate the mechanics of frac- 
turing on a sound basis were available. The basic content of modern fracture 
mechanics was developed in the 1946 to 1966 period. Serious fracture problems 
supplied adequate motivation and the development effort was natural to that 
time of intensive technological progress. 

Mainly what was needed was a simplifying viewpoint, progressive crack 
extension, along with recogniition of the fact that real structures contain discon- 
tinuities. Some discontinuities are prior cracks and others develop into cracks 
with applications of stress. The general ideas is as follows. Suppose a structural 
component breaks after some general plastic yield. Clearly a failure of this 
kind could be traced to a design error which caused inadequate section strength 
or to the application of an overload. The fracture failures which were difficult to 
understand are those which occur in a rather brittle manner at stress levels no 
larger than were expected when the structure was designed. Fractures of this 
second kind, in a special way, are also due to overloads. If one considers the 
stress redistribution around a pre-existing crack subjected to tension, it is clear 
that the region adjacent to the perimeter of the crack is overloaded due to the 
severe stress concentration and that local plastic strains must occur. If the tough- 
ness is limited, the plastic strains at the crack border may be accompanied by 
crack extension. However, from similitude, the crack border overload increases 
with crack size. Thus progressive crack extension tends to be self stimulating. 

X V  
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Given a prior crack, and a material of limited toughness, the possibility for de- 
velopment of rapid fracturing prior to general yielding is therefore evident. 

Analytical fracture mechanics provides methods for characterizing the 
"overload" at the leading edge of a crack. Experimental fracture mechanics col- 
lects information of practical importance relative to fracture toughness, fatigue 
cracking, and corrosion cracking. By centering attention on the active region in- 
volved in progressive fracturing, the collected laboratory data are in a form 
which can be transferred to the leading edge of a crack in a structural component. 
Use of fracture mechanics analysis and data has explained many service fracture 
failures with a satisfactory degree of quantitative accuracy. By studying the pos- 
sibilities for such fractures in advance, effective fracture control plans have been 
developed. 

Currently the most important task is educational. It must be granted that all 
aspects of fracture control are not yet understood. However, the information now 
available is basic, widely applicable, and should be integrated into courses of 
instruction in strength of materials. The special value of this book is the emphasis 
on practical use of available information. The basic concepts of fracture mechan- 
ics are presented in a direct and simple manner. The descriptions of test methods 
are clear with regard to the essential experimental details and are accompanied 
by pertinent illustrative data. The discussions of fracture control are well- 
balanced. Readers will learn that fracture control with real structures is not a 
simple task. This should be expected and pertains to other aspects of real struc- 
tures in equal degree. The book provides helpful fracture control suggestions 
and a sound viewpoint. Beyond this the engineer must deal with actual problems 
with such resources as are needed. The adage "experience is the best teacher" 
does not seem to be altered by the publication of books. However, the present 
book by two highly respected experts in applications of fracture mechanics pro- 
vides the required background training. Clearly the book serves its intended 
purpose and will be of lasting value. 

George R. Irwin 

University of Maryland 
College Park, Maryland 



Preface 

T H E  FIELD OF FRACTURE MECHANICS has become the primary approach to con- 
trolling fracture and fatigue failures in structures of all types. This book intro- 
duces the field of fracture mechanics from an applications viewpoint. Then it 
focuses on fitness for service, or life extension, of existing structures. Finally, it 
provides case studies to allow the practicing professional engineer or student to 
see the applications of fracture mechanics directly to various types of structures. 

Since the first publication of this book in 1977, and the second edition in 
1987, the field of fracture mechanics has grown significantly. Several specifica- 
tions for fracture and fatigue control now either use fracture mechanics directly 
or are based on concepts of fracture mechanics. In this book, we emphasize ap- 
plications of fracture mechanics to prevent fracture and fatigue failures in struc- 
tures, rather than the theoretical aspects of fracture mechanics. 

The concepts of driving force and resistance force, widely used in structural 
engineering, are used to help the reader differentiate between the mathematical 
side of fracture mechanics and the materials side of fracture mechanics. The driv- 
ing force, K I, is a calculated value dependent only upon the structure (or speci- 
men) geometry, the applied load, and the size and shape of a flaw. Material 
properties are not needed to calculate values of K~. It is analogous to the calcu- 
lation of the applied stress, o-, in an unflawed structure. In fatigue, the driving 
force is AK = Kimax - Ki,~in, analogous to Ao- = O'ma x - -  O'mi n. 

In contrast, the resistance force, Kc(or Kic, or gc, or Jic, etc.), is a material 
property that can be  obtained only by testing. Furthermore, this property can 
vary widely within a given ASTM composition, depending upon thermome- 
chanical processing as well as a function of temperature, loading rate, and con- 
straint, depending on the material. It is analogous to the measurement of yield 
strength. 

By focusing on whether fracture mechanics is being used to calculate the 
driving force or to measure the resistance force, much of the mystery of fracture 
mechanics is eliminated. In the same manner that the driving stress, o-, is kept 
below the resistance stress, O-ys, to prevent yielding, K I should be kept below K c 
to prevent fracture. 

We believe the book will serve as an introduction to the field of fracture 
mechanics to practicing engineers, as well as seniors or beginning graduate stu- 
dents. This field has become increasingly important to the engineering commu- 
nity. In recent years, structural failures and the desire for increased safety and 

xvii 
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reliability of structures have led to the development of various fracture and fa- 
tigue criteria for many types of structures, including bridges, planes, pipelines, 
ships, buildings, pressure vessels, and nuclear pressure vessels. 

In addition, the development of fracture-control plans for new and unusual 
types of structures has become more widespread. More importantly, the growing 
age of all types of structures, coupled with the economic fact that they may not 
be able to be replaced, necessitates a close look at the current safety and reliability 
of existing structures, i.e, a fitness for service or life extension consideration. 

In this book, each of the topics of fracture criteria and fracture control is 
developed from an engineering viewpoint, including some economic and prac- 
tical considerations. The book should assist engineers to become aware of the 
fundamentals of fracture mechanics and, in particular, of controlling fracture and 
fatigue failures in structures. Finally, the use of fracture mechanics in determining 
fitness for service or life extension of existing structures whose design life may 
have expired but whose actual life can be continued is covered. 

In Parts I and II, the fundamentals of fracture mechanics theory are devel- 
oped. In describing fracture behavior, the concepts of driving force (KI), Part I, 
and the resistance force (Kc), Part II, are introduced. Examples of the calculations 
or the measurement of these two basic parts of fracture mechanics are presented 
for both linear-elastic and elastic-plastic conditions. 

The effects of temperature, loading rate, and constraint on the measurement 
of various resistance forces (Kc, Kic , o r  8c, o r  Jic, etc.) are presented in Part II. 
Correlations between various types of fracture tests also are described. 

In Part III, fatigue behavior (i.e., repeated loading) in structures is introduced 
by  separating fatigue into initiation and propagation lives. The total fatigue life 
of a test specimen, member or structure, N t, is composed of the initiation life, N i, 
and the propagation life, Np. Analysis of both of these components is presented 
as separate topics. In calculating the driving force, &K I, the same K~ expressions 
developed in Part I for fracture are used in fatigue analyses of members with 
cracks subjected to repeated loading. Fatigue of weldments is also treated as 
a separate topic. Environmental effects (K~scc) complete the topics covered in 
Part III. 

Parts I, II, and III focus on an introduction to the complex field of fracture 
mechanics as applied to fracture and fatigue in a straightforward, logical manner. 
The authors believe that Parts I, II, and III will serve the very vital function of 
introducing the topic to students and practicing engineers from an applied 
viewpoint. 

Part IV focuses on applying the principles described in Parts I, II, and III to 
fracture and fatigue control as well as fitness for service of existing structures. 
Also called life extension, fitness for service is becoming widely used in many 
fields. 

Many of today's existing bridges, ships, pressure vessels, pipelines, etc. have 
reached their original design life. If, from an economic viewpoint, it is desirable 
to continue to keep these structures in service, fracture mechanics concepts can 
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be used to evaluate the structural integrity and reliability of existing structures. 
This important engineering field has been referred to as fitness for service or life 
extension and is described in Part IV. 

Part V, Applications of Fracture Mechanics--Case Studies, should be inval- 
uable to practicing engineers responsible for assessing the safety and reliability 
of existing structures, as well as showing students real world applications. The 
importance of the factors affecting fracture and fatigue failures is illustrated by 
case studies of actual failures. Case studies are described in terms of the impor- 
tance of factors such as fracture toughness, fabrication, constraint, loading rate, 
etc. in the particular case study. Thus, for example, a case study describing the 
importance of constraint in a failure can easily be used in other types of struc- 
tures where constraint is important. 

Finally, the authors wish to acknowledge the support of our many col- 
leagues, some of whom are former students who have contributed to the devel- 
opment of this book as well as to the continued encouragement and support of 
our families. 

John Barsom 
Stan Rolfe 
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Overview of the Problem of 
Fracture and Fatigue 
in Structures 

1.1 Historical Background 

ALTHOUGH THE TOTAL number of structures that have failed by brittle fracture 
is low, brittle fractures have occurred and do occur in structures. The following 
limited historical review illustrates the fact that brittle fractures can occur in all 
types of engineering structures such as tanks, pressure vessels, ships, bridges, 
airplanes, and buildings. 

Brittle fracture is a type of failure in structural materials that usually occurs 
without prior plastic deformation and at extremely high speeds (as high as 7000 
f t /s  in steels). The fracture is usually characterized by a flat cleavage fracture 
surface with little or no shear lips, as shown in Figure 1.1, and at average stress 
levels below those of general yielding. Brittle fractures are not as common as 
fatigue, yielding, or buckling failures, but when they do occur, they may be more 
costly in terms of human life and/or  property damage. 

Shank [1] and Parker [2] have reviewed many structural failures, beginning 
in the late 1800s when members of the British Iron and Steel Institute reported 
the mysterious cracking of steel in a brittle manner. In 1886, a 250-ft-high stand- 
pipe in Gravesend, Long Island, failed by brittle fracture during its hydrostatic 
acceptance test. During this same period, other brittle failures of riveted struc- 
tures such as gas holders, water tanks, and oil tanks were reported even though 
the materials used in these structures had met all existing tensile and ductility 
requirements. 

One of the most famous tank failures was that of the Boston molasses tank, 
which failed in January 1919 while it contained 2,300,000 gal of molasses. Twelve 
persons drowned in molasses or died of injuries, 40 others were injured, and 
several horses drowned. Houses were damaged, and a portion of the Boston 
Elevated Railway structure was knocked over. An extensive lawsuit followed, 
and many well-known engineers and scientists were called to testify. After years 
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4 FRACTURE AND FATIGUE CONTROL IN STRUCTURES 

FIG. 1.1 Photograph of typical brittle-fracture surface. 

of testimony, the court-appointed auditor handed down the decision that the tank 
failed by overstress. In commenting on the conflicting technical testimony, the 
auditor stated in his decision, "amid this swirl of polemical scientific waters, it 
is not strange that the auditor has at times felt that the only rock to which he 
could safely cling was the obvious fact that at least one half of the scientists must 
be wrong . . . .  " His statement fairly well summarized the state of knowledge 
among engineers regarding the phenomenon of brittle fracture. At times, it seems 
that his statement is still true today. 

Prior to World War II, several welded vierendeel truss bridges in Europe 
failed shortly after being put into service. All the bridges were lightly loaded, 
the temperatures were low, the failures were sudden, and the fractures were 
brittle. Results of a thorough investigation Indicated that most failures were in- 
itiated in welds and that many welds were defective (discontinuities were pres- 
ent). The Charpy V-notch impact test results showed that most steels were brittle 
at the service temperature. 

However, in spite of these and other brittle failures, it was not until the large 
number of World War II ship failures that the problem of brittle fracture was 
fully appreciated by the engineering profession. Of the approximately 5000 mer- 
chant ships built during World War II, more than 1000 had developed cracks of 
considerable size by 1946. Between 1942 and 1952, more than 200 ships had 
sustained fractures classified as serious, and at least 9 T-2 tankers and 7 Liberty 
ships had broken completely in two as a result of brittle fractures. The majority 
of fractures in the Liberty ships started at square hatch corners or square cutouts 
at the top of the sheer strake. Design changes Involving roundIng and strength- 
ening of the hatch corners, removing square cutouts In the shear strake, and 
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adding riveted crack arresters in various locations led to immediate reductions 
in the incidence of failures [3,4]. 

Most of the fractures in the T-2 tankers originated in defects located in the 
bottom-shell butt welds. The use of crack arresters and improved work quality 
reduced the incidence of failures in these vessels. Studies indicated that in ad- 
dition to design faults, steel quality also was a primary factor that contributed 
to brittle fracture in welded ship hulls [5]. 

Therefore, in 1947, the American Bureau of Shipping introduced restrictions 
on the chemical composition of steels, and in 1949 Lloyds Register stated that 
"when the main structure of a ship is intended to be wholly or partially welded, 
the committee may require parts of primary structural importance to be steel, 
the properties and process of manufacture of which have been specially ap- 
proved for this purpose" [6]. 

In spite of design improvements, the increased use of crack arresters, im- 
provements in quality of work, and restrictions on the chemical composition of 
ship steels during the late 1940s, brittle fractures still occurred in ships in the 
early 1950s [2]. Between 1951 and 1953, two comparatively new all-welded cargo 
ships and a transversely framed welded tanker broke in two. In the winter of 
1954, a longitudinally framed welded tanker constructed of improved steel qual- 
ity using up-to-date concepts of good design and welding quality broke in two 
[7]. 

Since the late 1950s (although the actual number has been low) brittle frac- 
tures continued to occur in ships. This is shown by Boyd's description of ten 
such failures between 1960 and 1965 and a number of unpublished reports of 
brittle fractures in welded ships since 1965 [8]. 

The brittle fracture of the 584-ft-long Tank Barge I.O.S. 3301 in 1972 [9], in 
which the 1-year-old vessel suddenly broke almost completely in half while in 
port with calm seas (Figure 1.2), shows that this type of failure continues to be 
a problem. In this particular failure, the material had very good notch toughness 
as measured by one method of testing (Charpy V-notch) and marginal toughness 
as measured by another more severe method of testing (dynamic tear). However, 
the primary cause of failure was established to be an unusually high loading 
stress caused by improper ballasting at a highly constrained welded detail. 

In the mid-1950s two De Havilland Comet planes failed catastrophically 
while at high altitudes [10]. An exhaustive investigation indicated that the fail- 
ures originated from very small fatigue cracks near the window openings in the 
fuselage. Numerous other failures of aircraft landing gear and rocket motor cases 
have occurred from undetected defects or from subcritical crack growth either 
by fatigue or stress corrosion. The failures of F-111 aircraft were attributed to 
brittle fractures of members with preexisting flaws. Also in the 1950s, several 
failures of steam turbines and generator rotors occurred, leading to extensive 
brittle-fracture studies by manufacturers and users of this equipment. 

In 1962, the Kings Bridge in Melbourne, Australia failed by brittle fracture 
at a temperature of 40~ [11]. Poor details and fabrication resulted in cracks which 
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FIG. 1.2 Photograph of I.O.S. 3301 barge failure. 

were nearly through the flange prior to any service loading. Although this and 
other bridges that failed previously by brittle fracture were studied extensively, 
the bridge-building industry did not pay particular attention to the possibility 
of brittle fractures in bridges until the failure of the Point Pleasant Bridge at 
Point Pleasant, West Virginia. On December 15, 1967, this bridge collapsed with- 
out warning, resulting in the loss of 46 lives. Photographs of an identical eyebar 
suspension bridge before the collapse and of the Point Pleasant Bridge after the 
collapse are shown in Figures 1.3 and 1.4, respectively. An extensive investigation 
of the collapse was conducted by the National Transportation Safety Board 
(NTSB) [12], and its conclusion was "that the cause of the bridge collapse was 
the cleavage fracture in the lower limb of the eye of eyebar 330." Because the 
failure was unique in several ways, numerous investigations of the failure were 
conducted. 

Extensive use of fracture mechanics was made by Bennett and Mindlin [13] 
in their metallurgical investigation of the Point Pleasant Bridge fracture. They 
concluded that: 

1. "The fracture in the lower limb of the eye of eyebar 330 was caused by the 
growth of a flaw to a critical size for fracture under normal working stress. 

2. The initial flaw was due to stress-corrosion cracking from the surface of the 
hole in the eye. There is some evidence that hydrogen sulfide was the 
reagent responsible for the stress-corrosion cracking. The final report 
indicates that the initial flaw was due to fatigue, stress-corrosion cracking, 
and /o r  corrosion fatigue [12]. 
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FIG. 1.3 Photograph of St. Mary's Bridge similar to the Point Pleasant 
Bridge. 

FIG. 1.4 Photograph of Point Pleasant Bridge after collapse. 
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3. The composition and heat treatment of the eyebar produced a steel with 
very low fracture toughness at the failure temperature. 

4. The fracture resulted from a combination of factors; in the absence of any of 
these, it probably would not have occurred: (a) the high hardness of the 
steel which rendered it susceptible to stress-corrosion cracking; (b) the close 
spacing of the components in the joint which made it impossible to apply 
paint to the most highly stressed region of the eye, yet provided a crevice in 
this region where water could collect; (c) the high design load of the eyebar 
chain, which resulted in a local stress at the inside of the eye greater than 
the yield strength of the steel; and (d) the low fracture toughness of the 
steel which permitted the initiation of complete fracture from the slowly 
propagating stress-corrosion crack when it had reached a depth of only 0.12 
in. (3.0 mm) [Figure 1.5]." 

Since the time of the Point Pleasant Bridge failure, other brittle fractures 
have occurred in steel bridges and other types of structures as a result of unsat- 
isfactory fabrication methods, design details, or material properties [14,15]. Fisher 
[16] has described numerous fractures in a text on case studies. 

These and other brittle fractures led to an increasing concern about the pos- 
sibility of brittle fractures in steel bridges and resulted in the AASHTO (Amer- 
ican Association of State Highway and Transportation Officials) Material Tough- 
ness Requirements being adopted for bridge steels. Other industries have 
developed fracture-control plans for arctic construction, offshore drilling rigs, 
and more specific applications such as the space shuttle. 

FIG. 1.5 Photograph showing origin of failure in Point Pleasant Bridge. 
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Fracture mechanics has shown that because of the interrelation among mate- 
rials, design, fabrication, and loading, brittle fractures cannot be eliminated in struc- 
tures merely by using materials with improved notch toughness. The designer 
still has the fundamental responsibility for the overall safety and reliability of 
his or her structure. It is the objective of this book to describe the fracture, fatigue, 
and stress-corrosion behavior of structural materials and to show how fracture 
mechanics can be used in design to prevent brittle fractures and fatigue failures 
of engineering Structures. 

Furthermore, as existing structures reach their design life, there is consid- 
erable pressure to extend the life of these structures. Fracture mechanics can be 
used to establish the fitness-for-service or life extension of these structures on a 
rational technical basis. 

As will be described throughout this textbook, the science of fracture me- 
chanics can be used to describe quantitatively the tradeoffs among stress, material 
fracture toughness, and flaw size so that the designe~ can determine the relative 
importance of each during the design process. However, fracture mechanics also 
can be used during fitness-for-service or life-extension evaluations, as described 
in Part IV. 

1.2 D u c t i l e  vs .  Britt le B e h a v i o r  

Brittle fractures occur with little or no elongation or reduction in area and with 
very little energy absorption. Brittle fracture is a type of failure that usually 
occurs without prior plastic deformation and at extremely high speeds [as fast 
as 2000 m / s  (7000 ft/s) in steels]. 

Schematic examples of the stress-strain behavior for ductile and brittle types 
of failure are presented in Figure 1.6. Most structural materials exhibit consid- 
erable strain (deformation) before reaching the tensile or ultimate strength, O'tens 
(Figure 1.6a). In contrast, brittle materials exhibit almost no deformation before 
failure (Figure 1.6b). However, under conditions of low temperature, rapid load- 
ing and/or  high constraint (e.g., when the principal stresses o-l, o'2, and o- 3 are 
essentially equal), even ductile materials may not exhibit any deformation before 
fracture. In these cases, the stress-strain curve of a normally ductile material 
resembles that shown in Figure 1.6b. Obviously, ductile behavior is much more 
desirable than brittle behavior because of the energy absorption and deformation 
that occurs before failure. 

Ductile failures normally are characterized by large shear lips and consid- 
erable deformation (Figure 1.7a). In contrast, brittle fractures are usually char- 
acterized by a flat cleavage fracture surface with little or no ductility (Figure 1.7b 
and Figure 1.1) and often at average stress levels below those of general yielding. 
Brittle fractures are not so common as yielding, buckling, or fatigue failures, but 
when they do occur they may be more costly in terms of human life and property 
damage. 
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FIG, 1,6 Comparison of cr-e curves for ductile and brittle 
materials: (a) ductile material; (b) brittle material, 

Figure 1.2 shows a ship that failed because of a brittle fracture. This ship 
was subjected to above normal loads (yet the nominal stress was below yielding) 
in the presence of a severe stress concentration. The stress concentration in- 
creased the local constraint and restricted yielding, resulting in principal stresses 
that were essentially equal. Thus, the local stress reached the tensile strength of 
the steel with little or no yielding, and brittle fracture occurred. Once the brittle 
fracture was initiated, the loading condition was such that the fracture propa- 
gated completely around the ship in less than 1 s. The steel in this ship had very 
good ductility and notch toughness (e.g., CVN impact value of 55 ft-lb at the 
service temperature), indicating that brittle fractures can be caused by severe 
loading and high constraint, not just by materials with low notch toughness. 

The 1994 experience with buildings in the Northridge earthquake [17], where 
fractures occurred in moment  connections in highly constrained joints, empha- 
sizes the importance of many factors, including loading, design, fabrication, in- 
spection, and material properties. 

1.3  N o t c h  T o u g h n e s s  

Because it is very difficult to fabricate large welded structures without introduc- 
ing some type of notch, flaw, discontinuity, or stress concentration, the design 
engineer must be aware of the effect of notches and constraint on material be- 
havior. Thus, in addition to the material properties such as yield strength, mod- 
ulus of elasticity, and tensile strength, there is another very important material 
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FIG. 1.7 Ductile and brittle fracture surfaces. 

property, namely notch toughness, that may be related to the behavior of a struc- 
ture. Notch toughness is defined as the ability of a material to absorb energy in 
the presence of a sharp notch, often when subjected to an impact load. Notch 
toughness is usually measured as the amount of energy (joules or foot-pounds) 
required to fracture a particular notch-toughness specimen at a particular tem- 
perature and loading rate. 

Notch toughness is measured with a variety of test specimens. One of the 
most widely used is the Charpy V-notch (CVN) impact specimen. A test machine 
with a pendulum is used to impact the specimens at various temperatures. The 
absorbed energy required to fracture the specimen is plotted as a function of 
temperature. Typical CVN results for common structural materials are shown in 
Figure 1.8, which shows the transition from brittle to ductile behavior under 
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FIG. 1.8 Charpy V-notch impact energy versus temperature behavior for 
selected structural materials. 

conditions of impact loading. The CVN impact values shown at the lower left of 
Figure 1.8 are representative of low levels of notch toughness or brittle behavior, 
while the values at higher temperatures (upper right) are representative of duc- 
tile-type behavior. It should be noted that some materials (such as aluminum and 
very high-strength steels) do not exhibit a distinct transition behavior. Also, some 
materials have low notch toughness at all temperatures (e.g., 75-ksi-yield alu- 
minum), whereas some materials have a high level of notch toughness at all 
temperatures (e.g., 180-ksi yield strength alloy steel). 

The change in absorbed energy, ductility (lateral expansion or contraction at 
the root of the notch), and fracture appearance (as measured by  percent shear 
on the fracture surface) for a structural steel is shown in Figure 1.9. At +140~ 
completely ductile behavior is observed. At -200~ completely brittle behavior 
is observed. The region between these two extremes is called the transition re- 
gion. Note that the transition region is different for the two different loading 
rates, slow and impact. This effect of loading rates has a very significant influence 
on the fracture behavior of structures as described later. 

Various "transition temperatures" are often established as an indication of 
the notch toughness of a structural material. For example, the 15 ft-lb impact 
transition temperature for the steel shown in Figure 1.9a is about 30~ The 20- 
mil lateral expansion transition temperature is about 30~ Also, the 50% impact 
fracture-appearance transition temperature for this steel is about 30~ as shown 
in Figure 1.9c. Obviously, these transition temperatures need not occur at the 
same temperature and will vary from material to material, depending on the 
particular notch-toughness characteristics of each material. One traditional 
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method used to prevent brittle fracture in a member has been to specify that 
it can be used only above some particular transition temperature such as the 
15 ft-lb impact transition temperature. 

The NDT (nil-ductility temperature) test is another ASTM test method used 
to predict behavior of structural steels. Below the NDT temperature, the steel is 
considered to be brittle under conditions of impact loading. At slow or inter- 
mediate loading rates, the steel can still exhibit satisfactory notch toughness lev- 
els at lower temperatures as shown in Figure 1.9. 

All these notch-toughness tests generally have one thing in common, how- 
ever, and that is to produce fracture in steels under carefully controlled labora- 
tory conditions. It is hoped that the results of the tests can be correlated with 
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service performance to establish levels of performance for various materials be- 
ing considered for specific applications. In fact, the results of the foregoing notch- 
toughness tests have been extremely useful  in many structural applications. 

However, even if correlations are developed for existing structures, they do 
not necessarily hold for all designs, new operating conditions, or new materials 
because the results, which are expressed in terms of energy, fracture appearance, 
or deformation, cannot always be translated into structural design and engi- 
neering parameters such as stress and flaw size. Thus, a much better way  to 
analyze fracture toughness behavior is to use the science of fracture mechanics. 
Fracture mechanics is a method of characterizing the fracture behavior in struc- 
tural parameters that can be used directly by  the engineer, namely, stress and 
flaw size. Fracture mechanics is based on a stress analysis as described in Chapter 
2 and thus does not depend on the use of extensive service experience to translate 
laboratory results into practical design information. 

1.4 Introduct ion  to Fracture M e c h a n i c s  

Fracture mechanics is a method of characterizing the fracture behavior of sharply 
notched structural members (cracked or flawed) in terms that can be used di- 
rectly by the engineer. Fracture mechanics is based on a stress analysis in the 
vicinity of a notch or crack. It does not, therefore, depend on the use of extensive 
service experience to translate laboratory results into practical design information 
as long as the engineer can obtain or determine: 

1. The fracture toughness of the material, using fracture-mechanics tests or 
correlations with notch toughness tests such as the CVN impact test. 

2. The nominal stress on the structural member being analyzed. 
3. Flaw size and geometry of the structural member being analyzed. 

Many large, complex structures such as bridges, ships, buildings, aircraft, 
and pressure vessels can have crack-like imperfections, sharp notches, or discon- 
tinuities of various kinds. Using fracture mechanics, an engineer can quantita- 
tively establish allowable stress levels and inspection requirements to design 
against the occurrence of fractures in such structures. In addition, fracture me- 
chanics may be used to analyze the growth of small cracks to critical size by 
fatigue loading or by stress corrosion cracking. Therefore, fracture-mechanics 
testing and analysis techniques have several advantages over traditional notch- 
toughness test methods and offer the designer a method of quantitative design 
to prevent fracture in structures. In addition, fracture mechanics can be used to 
evaluate the fitness-for-service, or life extension, of existing structures. 

1.4.1 Driving Force, Kr 
The fundamental concept of linear-elastic fracture mechanics is that the 

stress field ahead of a sharp crack can be characterized in terms of a single 
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parameter, K I, the stress intensity factor having units of ksiV~n. This single pa- 
rameter, K I, is related to both the stress level, tr, and the crack or flaw size, a. It 
is analogous to the driving force, tr, in structural design. When the particular 
combination of tr and a leads to a critical value of K I, called Kc, unstable crack 
growth fracture occurs. Equations that describe the elastic-stress field in the vi- 
cinity of a crack tip in a body subjected to tensile stresses can be used to establish 
the relation between KI, or, and crack size, a, for different structural configura- 
tions, as shown in Figure 1.10. K~ values for these and other crack geometries, as 
well as different structural configurations, are described in Chapter 2. 

In fatigue, the driving force is AK~, where AK I = KIMAX --  KIM1N , analogous 
to the case of A~ = O'MA X - -  O'MI N. 

1.4.2 R e s i s t a n c e  Force,  K c 
The critical value of a stress-intensity factor at failure, Kc, is a material prop- 

erty. It is analogous to the resistance force, (ry S, to prevent yielding in structural 
design. From testing, the critical value of K I at failure, K c, can be determined for 
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FIG. 1.10 K~ values for different crack 
geometries. 
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a given material at a particular thickness and at a specific temperature and load- 
ing rate. Using this critical material property, the designer can determine theo- 
retically the flaw size that can be tolerated in structural members for a given 
design stress level, temperature, and loading rate. Conversely, the engineer can 
determine the design stress level that can be safely used for a flaw size that may 
already be present in an existing structure. 

The critical stress-intensity factor for structural materials is highly dependent 
on such service conditions as temperature, loading rate, and constraint. Thus, 
the critical value must be obtained by testing actual structural materials to failure 
at various temperatures and loading rates as described in Chapter 3. 

Examples of various K c values for a structural steel having a room- 
temperature yield strength of 50 ksi (345 MPa) are presented in Figure 1.11. These 
results, obtained at three different loading rates, show the large effect that tem- 
perature and loading rate can have on the critical stress-intensity factors for a 
particular structural material. 

1 . 5  F r a c t u r e  M e c h a n i c s  D e s i g n  

In addition to the major brittle failures described in Section 1.1, there have been 
numerous "minor" failures of structures during construction or service that have 
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resulted in delays, repairs, and inconveniences, some of which are very expen- 
sive. Nonetheless, compared with the total number of engineering structures that 
have been built throughout the world, the number of brittle fractures has been 
very small. As a result, the designer seldom concerns himself or herself with the 
notch toughness of structural materials because the failure rate of structures due 
to brittle fracture is very low. Nonetheless, 

1. As designs become more complex. 
2. As the use of high-strength thick welded plates becomes more common 

compared with the use of lower-strength thin riveted or bolted plates. 
3. As the choice of construction practices becomes more dependent on 

minimum cost. 
4. As the magnitude of loadings increases. 
5. As actual factors of safety decrease because of more precise computer 

designs. 
6. As fatigue or stress corrosion cracks grow in existing structures. 

the possibility of fractures in large complex structures must be considered. Thus 
the engineer must become more aware of available methods to prevent failures. 

The state of the art is that fracture mechanics concepts that can be used in 
the design of structures to prevent fractures, as well as to extend the life of 
existing structures through fitness-for-service analyses, are available. 

The fundamental design approach to preventing fracture in structural ma- 
terials is to keep the calculated stress-intensity factor, K~ (the driving force), below 
the critical stress-intensity factor, K c (the resistance force). This is analogous to 
keeping o- < r to prevent yielding. 

A general design procedure to prevent fracture in structural members is as 
follows: 

1. Calculate the maximum nominal stress, o-, for the member being analyzed. 
2. Estimate the most likely flaw geometry and initial crack size a 0. To design 

against fracture during the expected lifetime of a structure, estimate the 
maximum probable crack size during the expected lifetime. 

3. Calculate K I for the stress, ~, and flaw size, a, using the appropriate K I 
relation. (K~ relations are presented in Chapter 2.) 

4. Determine or estimate the critical stress-intensity factor, K c, by testing the 
material from which the member is to be built, as described in Chapter 3. 
These critical stress intensity values are a function of the appropriate service 
temperature and loading rate as described in Chapter 4. Alternatively, 
approximate critical stress-intensity values can be estimated from CVN 
impact test results as described in Chapter 5. 

5. Compare K I with K c, To design against fracture, insure that K~ will be less 
than the critical stress-intensity factor, Kc, throughout the entire life of the 
structure. This may require the selection of a different material or reduction 
of the maximum nominal service stress as described in Chapter 6. Also, it 
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may require better quality control during fabrication or periodic inspection 
for cracks throughout the life of the structure. 

The general relationship among material fracture toughness, Kc, nominal 
stress, tr, and crack size, a, is shown schematically in Figure 1.12. If, for a partic- 
ular combination of stress and crack size in a structure, K I reaches the critical K~ 
level, fracture can occur. Thus, there are many combinations of stress and flaw 
size which may cause fracture in a structure that is fabricated from a material 
having a particular value of K, at a particular service temperature and loading 
rate. Conversely, there are many combinations of stress and flaw size that will 
not cause fracture of a particular structural material. 

As an example of the design application of fracture mechanics, consider the 
equation K I = ~rV~--a~a relating K~ to the applied stress and flaw size for a through- 
thickness crack in a wide plate (Figure 1.13). Assume that laboratory test results 
show that for a particular structural steel with a yield strength of 80 ksi the K c 
is 60 ksiX/~n, at the service temperature, loading rate, and plate thickness. Fur- 
thermore, assume that the design stress is 20 ksi. Substituting K I = K c = 60 
ksiX/v-m-~m, and tr = 20 ksi results in 2aCR = 5.7 in. Thus, for these conditions the 
maximum tolerable flaw size would be about 5.7 in. (145 mm). For a design 
stress of 45 ksi, the same material could tolerate a flaw size of only about 1.1 in. 
(28 mm). If residual stresses, such as those that might be caused by welding, are 
present so that the total stress in the vicinity of a crack is approximately 80 ksi, 
the tolerable flaw size is reduced considerably. Note that if a material with higher 
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FIG. 1.12 Schematic relation between stress, flaw size, and material toughness. 
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fracture toughness is used, one with a K c of 120 ksiN/in~n., the tolerable flaw sizes 
at all stress levels are increased significantly. 

An analogy that may be useful in understanding the fundamental aspects 
of fracture-mechanics design is the comparison with Euler column instability 
(Figure 1.14). The stress level required to cause instability in a column (buckling) 
decreases as the L/r ratio increases. Similarly, the stress level required to cause 
instability (fracture) in a flawed or cracked tension member decreases as the flaw 
size increases. As the stress level in either case approaches the yield strength, 
both the Euler analysis and the K c analysis are invalidated because of general 
yielding. To prevent buckling, the actual stress and L/r value must be below the 
Euler curve. To prevent fracture, the actual stress and flaw size, a, must be below 
the Kc level shown in Figure 1.14. Other design considerations are described in 
Chapter 6. 

1.6 Fatigue and Stress-Corrosion Crack Growth 

Fatigue behavior is described in Chapters 7 through 10, which are in Part III. 
Conventional procedures that are used to design structural components subjected 
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to fluctuating loads provide the engineer with design fatigue curves. These 
curves characterize the basic unnotched fatigue properties of the material. A fa- 
tigue reduction factor is used to account for the effects of all the different pa- 
rameters characteristic of the specific structural component that make it more 
susceptible to fatigue failure than an unnotched specimen. The design fatigue 
curves are based on the prediction of cyclic life from data on nominal stress 
versus elapsed cycles to failure (S-N curves) as determined from laboratory test 
specimens. It should be emphasized that the primary factor affecting fatigue 
behavior is Ao-, which is equal to O-MA X - -  O-M[ N. S-N data generally combine both 
the number of cycles required to initiate a crack in the specimen and the number 
of cycles required to propagate the crack from a subcritical size to a critical 
dimension. The dimension of the critical crack required to cause "failure" in the 
fatigue specimen depends on the magnitude of the applied stress and on the test 
specimen size. Fatigue specimens that incorporate the actual geometry, welding, 
as well as other characteristics can be tested to obtain an S-N curve specifically 
for that member. 
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Figure 1.15 is a schematic S-N curve for smooth specimens divided into an 
initiation component and a propagation component. The number of cycles cor- 
responding to the fatigue limit represents initiation life primarily, whereas the 
number of cycles expended in crack initiation at a high value of applied stress 
is negligible. Consequently, S-N type data for smooth specimens do not neces- 
sarily provide information regarding safe-life predictions in structural compo- 
nents (particularly in components having surface irregularities different from 
those of the test specimens) and in components containing crack-like disconti- 
nuities because the existence of surface irregularities and crack-like discontinui- 
ties reduces and may eliminate the crack-initiation portion of the fatigue life of 
structural components. 

Although S-N curves have been used widely to analyze the fatigue behavior 
of steels and weldments, closer inspection of the overall fatigue process in com- 
plex welded structures indicates that a more rational analysis of fatigue behavior 
may be possible by using concepts of fracture mechanics. Specifically, small and 
possibly large fabrication discontinuities may be present in welded structures, 
even though the structure has been "inspected" and "all injurious flaws re- 
moved" according to some specifications. Accordingly, a conservative approach 
to designing to prevent fatigue failure is to assume the presence of an initial flaw 
and analyze the fatigue-crack-growth behavior of the structural member. The size 
of the initial flaw is obviously highly dependent on the quality of fabrication 
and inspection. However, such an analysis would minimize the need for expen- 
sive fatigue testing for many different types of structural details. In this case, 
the primary driving force is &K I = KIMAX --  KIMIN. Note the analogy to Ao- = 
O'MA X - -  O'MIN. 

A schematic diagram showing the general relation between fatigue-crack 
initiation and propagation is given in Figure 1.16. The question of when does a 
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FIG. 1.16 Schematic showing relation between "initiation" life and 
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crack "initiate" to become a "propagating" crack is somewhat philosophical and 
depends on the level of observation of a crack, that is, crystal imperfection, dis- 
location, micro crack, and macro crack. The fracture-mechanics approach to fa- 
tigue is to assume an initial imperfection on the basis of the quality of fabrication 
or inspection and then to calculate the number of cycles required to initiate a 
sharp crack from that imperfection (Ni) and then to grow that crack to the critical 
size for brittle fracture, Np. Obviously if the initial imperfection is very sharp, 
the initiation life can be very short. Using this approach, inspection requirements 
can be established logically. 

In addition to subcritical crack growth by fatigue, small cracks also can grow 
by stress corrosion during the life of structures, as described in Chapter 11 of 
Part III. Although crack growth by  either fatigue or stress corrosion does not 
represent catastrophic failure for structures fabricated from materials having rea- 
sonable levels of notch toughness, in both mechanisms small cracks can become 
large enough to require repairs and, if neglected, can cause failure. Furthermore, 
the possibility of both mechanisms operating at once by corrosion fatigue also 
exists. Thus, a knowledge of the fatigue, corrosion-fatigue, and stress-corrosion 
behavior of materials is required to establish an overall fracture-control plan that 
includes inspection requirements. 

By testing precracked specimens under static loads in specific environments 
(such as salt water) and analyzing the results according to fracture-mechanics 
concepts, a K I value can be determined, below which subcritical crack propaga- 
tion does not occur. This threshold value is called Ki+cc. The K~sc~ value for a 
particular material and environment is the plane-strain stress-intensity threshold 
that describes the value below which subcritical cracks (scc) will not propagate 
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under static (dead) loads and also has units of ksiX/~m., as described in Chap- 
ter 11. 

1.7 Fracture and Fatigue Control 

Parts I and II of this book, which encompass Chapters 1 through 6, present the 
basics of fracture mechanics as applied to fracture. Part III, which encompasses 
Chapters 7 through 11, presents the basics of fatigue, stress corrosion cracking, 
and corrosion fatigue as analyzed by fracture mechanics. Part IV (Chapters 12 
through 14) focuses on fracture and fatigue control and fitness for service or life 
extension. Part V (Chapters 15 through 19) presents practical examples of the use 
of fracture mechanics in a variety of structural situations. 

Fracture control in structures can be accomplished in several ways. Basically, 
fracture occurs when the driving force, K I, exceeds the resistance force, K c. Thus, 
to prevent fracture, the engineer needs to keep K~ less than Kc. In practice, this 
can be done either by reducing the applied stress, o-, and /o r  the crack size, a, 
factors that affect the driving force, or by increasing the resistance force, K~, which 
is the material toughness at a given temperature, loading rate, and constraint 
level. 

Most engineering structures are performing safely and reliably. The com- 
parative few service failures in structures indicate that present-day practices gov- 
erning material properties, design, and fabrication procedures are generally sat- 
isfactory. However, the occurrence of infrequent failures indicates that further 
understanding and possible modifications in present-day practices still are 
needed. The identification of the specific modifications needed requires a thor- 
ough study of material properties, design, fabrication, inspection, erection, and 
service conditions. In addition, the current conditions of a structure must be 
evaluated when performing a fitness-for-service evaluation. 

Because of the wide variety of structures, it is very difficult to develop a set 
of rules that would ensure the safety and reliability of all structures when dif- 
ferent structures are subjected to different operating conditions. The use of data 
obtained by  testing laboratory specimens to predict the behavior of complex 
structural components may result in approximations or in excessively conser- 
vative estimates of the life of such components but does not guarantee a correct 
prediction of the fracture or fatigue behavior. The safety and reliability of struc- 
tures and the correct prediction of their overall resistance to failure by fracture 
or fatigue can be approximated best by using a fracture-control plan. A fracture- 
control plan is a detailed procedure used: 

1. To identify all the factors that may contribute to the fracture of a structural 
detail or to the failure of the entire structure. 

2. To assess the contribution of each factor and the synergistic contribution of 
these factors to the fracture process. 
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3. To determine the relative efficiency and trade-off of various methods to 
minimize the probability of fracture. 

4. To assign responsibility for each task that must be undertaken to ensure the 
safety and reliability of the structure. 

The development of a fracture-control plan for complex structures is very 
difficult. Despite the difficulties, attempts to formulate a fracture-control plan for 
a given application, even if only partly successful, should result in a better un- 
derstanding of the fracture characteristics of the structure under consideration. 

A fracture-control plan is a procedure tailored for a given application and 
cannot be extended indiscriminately to other applications. However, general frac- 
ture-control guidelines that pertain to classes of structures (such as bridges, ships, 
pressure vessels, etc.) can be formulated for consideration in the development of 
a fracture-control plan for a particular structure within a class of structures. 

The correspondence among fracture-control plans based on crack initiation, 
crack propagation, and fracture toughness of materials can be readily demon- 
strated by  using fracture-mechanics concepts. The fact that crack initiation, crack 
propagation, and fracture toughness are functions of the stress-intensity fluctu- 
ation, AK~, and of the critical-stress-intensity factor, K c, which are in turn related 
to the applied nominal stress (or stress fluctuation), demonstrates that a fracture- 
control plan for various structural applications depends on: 

1. The fracture toughness, K c, of the material at the temperature and loading 
rate representative of the intended application. The fracture toughness can 
be modified by changing the material used in the structure. 

2. The applied stress, loading rate, stress concentration, and stress fluctuation, 
which can be altered by design changes, loading changes, and by proper 
detailing. 

3. The initial size of the discontinuity and the size and shape of the critical 
crack, which can be controlled by design changes, fabrication, and 
inspection. 

Fatigue control is based on the fact that the total useful life of structural 
components is determined by the time necessary to initiate a crack and to prop- 
agate the crack from subcritical dimensions to the critical size. The life of the 
component can be prolonged by extending the crack-initiation life and the sub- 
critical-crack-propagation life. Consequently, crack initiation, subcritical crack 
propagation, and fracture characteristics of structural materials are primary con- 
siderations in the formulation of fracture-control guidelines for structures. 

Fracture-control guidelines and the principles of fracture-control plans are 
presented in Chapter 12. 

1.8 Fracture Criteria 

Fracture criterion selection is the determination of how much fracture toughness 
is necessary for a particular structural application. Some of the factors involved 
in the development of a fracture criterion are: 
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1. A knowledge of service conditions (temperature, loading, loading rate, etc.) 
to which the structure will be subjected. 

2. The desired level of performance in the structure (plane-strain, elastic- 
plastic, or plastic). 

3. The consequences of structural failure. 

Several of the most common technical procedures available to develop a 
fracture criterion are presented in Chapter 13. 

1.9 Fi tness  for Service  

Although the concept of "fitness for service" was proposed around 1960, com- 
mon-sense engineering has been around for a long time. Both concepts rely heav- 
ily on principles of fracture mechanics, although early engineers certainly did 
not use the term "fracture mechanics." However, when faced with either struc- 
tural failures or situations that might lead to failures, early engineers did apply 
common-sense engineering and thus principles of fitness for service as well as 
fracture mechanics concepts. 

Fitness for service (purpose) has been defined by Alan Wells [18] as: 

"Fitness for purpose is deemed to be that which is consciously chosen to 
be the right level of material [that is, having the appropriate fracture tough- 
ness, e.g., Kic, CTOD, J-integral, CVN, etc.] and fabrication quality [that is, the 
appropriate loading or stress level for the given application], having regard to 
the risks and consequences of failure; it may be contrasted with the best quality 
that can be achieved within a given set of circumstances, which may be in- 
adequate for some exacting requirements, and needlessly uneconomic for oth- 
ers which are less demanding. A characteristic of the fitness-for-purpose ap- 
proach is that it is required to be defined beforehand according to known facts, 
and by agreement with purchasers which will subsequently seek to be national 
and eventually international. 

The need for such an approach has already been seen with the develop- 
ment and application of fracture mechanics, but the Paper [by Wells] draws 
attention to a wider scope which also embraces the evolution of the design 
process, risk analysis and reliability. 

It is considered that the assessment of fitness for purpose should relate 
well to the quality assurance approach, since the latter aims to be comprehen- 
sive, and makes provision for updating its own procedures." 

It is proposed that fitness-for-service is indeed common-sense engineering 
and that both concepts rely heavily on the field of fracture mechanics. The fitness- 
for-service approach has been used both during the design process as well as to 
analyze the remaining life of an existing structure in which a crack has devel- 
oped. Although several standards are available to analyze the fitness for service 
of existing structures, there is no single all encompassing methodology. Fitness- 
for-service also encompasses risk analysis or probability, nondestructive exami- 
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nation, quality assurance, and quality control as well as other related technolo- 
gies, most of which incorporate concepts of fracture mechanics. In short, one of 
the major new directions in fracture mechanics research deals with fitness for 
service and the application of fracture mechanics concepts to extending the life 
of existing structures. Fitness for service is described in Chapter 14. 

1 . 1 0  C a s e  S t u d i e s  

Several case studies illustrating concepts and applications of fracture mechanics 
are presented in Chapters 15 through 19 in Part V of this book. Case studies are 
not aimed at describing examples of fracture and fatigue failures of specific types 
of structures. Rather, they are aimed at illustrating principles discussed in Parts 
I through IV of this book. 

For example, Chapter 15 describes the brittle fracture in the Bryte Bend 
Bridge in California [14]. It illustrates the importance of details and how these 
details can lead to premature failure of a structure. This case study also illustrates 
one type of retrofit or repair in which the principle of replacement of function 
rather than replacement of actual members is used. 

Chapter 16 describes the difference in two particular structures, namely the 
Ingram Barge in New York [9], which failed, and the surge tanks in North Dakota 
[19], which have not failed. The Ingram Barge failed after nine months of ser- 
vice even though its notch toughness was considered to be quite good, e.g., 55 
ft-lb CVN impact toughness at service temperature. The surge tanks in North 
Dakota, which have not failed after more than 40 years of service, have only 2 to 
3 ft-lb CVN impact toughness at the service temperature. These two contrast- 
ing situations illustrate the importance of constraint and factors other than 
notch toughness. 

Chapter 17 describes the Trans-Atlantic Taps Vessels which developed cracks 
during service going between the west coast of the United States and Valdez [20]. 
The importance of loading and inspection is illustrated in this case study. 

Chapter 18 describes the importance of using the proper failure analysis, 
and Chapter 19 describes the importance of loading rate in failure analysis. 

Once again it should be emphasized that these case studies are meant to 
illustrate the principles of successful fracture and fatigue control of structures 
rather than to merely serve as examples of failure in a particular type of structure. 
The principles are emphasized in each of the particular chapters so that the prac- 
ticing engineer, as well as the student, can appreciate the importance of the 
proper application of the fundamentals of fracture mechanics described in Parts 
I, II, and III of this book. 
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Stress Analysis for Members 
with Cracks--K  

2.1 Introduction 

FRACTURE MECHANICS is a method of characterizing the fracture and fatigue be- 
havior of sharply notched structural members (cracked or flawed) in terms that 
can be used by the engineer, namely, stress (o-) and flaw size (a). 

This chapter describes the stress analysis procedures for structural members 
with cracks. The difference between stress-concentration factors (used to analyze 
stress at a point in the vicinity of well-defined notches) and stress-intensity factors 
(used to analyze the stress field ahead of a sharp crack) is first described. Then, 
the stress analysis of members with sharp cracks is introduced. The complete 
stress analysis involves complex variables and other forms of higher mathematics 
and may be found in various references [1-7]. Emphasis in this book is on the 
applications and use of fracture mechanics. 

Stress-intensity factors (Ki) are presented for most of the cracks commonly 
found in structures. Stress-intensity factors for other crack geometries can be 
found in various handbooks [8-10]. In fatigue, where the driving force is &K = 
KMA X -- KMIN, the same K I relations described in this chapter also are used. 

The stress-intensity factor is a mathematical calculation relating the applied 
load and crack size for a particular geometry. The calculation of K~ is analogous 
to the calculation of applied stress, or, in an unflawed member. To prevent yield- 
ing, the engineer keeps the applied stress, o-, below the material yield strength, 
Cry s. In an unflawed member, o- is the "driving force," and r (the yield strength) 
is the "resistance force.'" The driving force is a calculated quantity while the 
resistance force is a measured value. In the same sense, K I is a calculated "driving 
force" and K c (described in Chapter 3) is a measured fracture toughness value 
and represents the "resistance force" to crack extension. To prevent brittle frac- 
ture, the engineer keeps the calculated applied stress intensity factor, K~, below 
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the measured fracture toughness value, K c, in the same manner that o- is kept 
b e l o w  O'y s to prevent yielding. 

This chapter describes the calculation of K, for various crack geometries. 
Chapter 3 describes the measurement of fracture toughness values, K c, under 
various conditions of loading and constraint. 

2.2 Stress-Concentration Factormkt 

Most structural members have discontinuities of some type, for example, holes, 
fillets, notches, etc. If these discontinuities have well-defined geometries, it is 
usually possible to determine a stress-concentration factor, k t for these geometries 
[11]. Then, the engineer can account for the local elevation of stress using the 
well-known relation between the local maximum stress and the applied nominal 
stress: 

( r m a  x = k t �9 O'no m (2.1) 

In fact, for most structures, the engineer usually relies on the ductility of the 
material to redistribute the load around a mild stress concentration. The effects 
of mild stress concentrations (holes, smooth fillets, etc.) in ductile materials are 
addressed in various codes and standards. However, if the stress concentration 
is severe, for example, approaching a sharp crack in which the radius of the 
crack tip approaches zero, the use of fracture mechanics becomes necessary to 
analyze structural performance. 

To illustrate this point, let us analyze the stress concentration at the edge of 
an ellipse as shown in Figure 2.1. This is given as: 

~  " om 

Rearranging Equation 2.2 gives o- .... for an ellipse, 

O'max = O'nom ( 1  q- 2 b )  

For very sharp cracks, 

(2.2) 

(2.3) 

As shown in Figure 2.1, k t becomes very large as a/b  becomes large. The radius 
at the end of the major axis can be approximated by p = b2/a. For sharp cracks, 

a > >  19, O'ma x = O-no m " 2 ~  (2.5) 

and 
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FIG. 2.1 Stress-concentration factor for an elliptical hole, 
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For sharp cracks, p ---* 0 and k t ~ ~ .  Thus, the use of the stress-concentration 
approach becomes meaningless. Consequently, an analytical method different 
from the stress-concentration approach is needed to analyze the behavior of 
structural or machine components that contain cracks or sharp imperfections. 
The first analysis of fracture behavior for components containing cracks was 
developed by Griffith [1] as described in the appendix to this chapter. Presently, 
the fracture behavior for such components can be analyzed best by using frac- 
ture-mechanics technology. 

2 . 3  S t r e s s - I n t e n s i t y  F a c t o r ,  K ~  

Linear-elastic fracture-mechanics technology is based on an analytical procedure. 
This procedure relates the stress-field magnitude and distribution in the vicinity 
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of a crack tip, the nominal  stress appl ied to a test specimen or a structural mem-  
ber, and the size, shape, and orientat ion of a crack or crack-like discontinuity. 

The fundamenta l  principle of fracture mechanics  is that the stress field ahead 
of a sharp crack in a test specimen or a structural  member  can be characterized 
as a single parameter ,  K, which  is the stress-intensity factor. This parameter,  K, 
is related to bo th  the nominal  stress level (o-) in the member  and  the size of the 
crack (a), and has units of ksiX/~n. (MPaX/mm). Thus,  all structural  members  or 
test specimens that have flaws can be loaded  to various levels of K. This is 
analogous to the situation where  unf lawed structural  or mechanical  members  
can be loaded to various levels of stress, ~r. 

To establish methods  of stress analysis for cracks in elastic solids, it is con- 
venient  to define three types of relative movemen t s  of two crack surfaces [5]. 
These displacement  modes  (Figure 2.2) represent  the local deformat ion ahead of 
a crack. The opening mode,  Mode  I, is characterized by  local displacements that 

X 

i 

FIG. 2.2 The three basic modes of crack surface 
displacements (Ref. 5). 

MODE I 

MODE 

MODE lIT 
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are symmetric  with respect to the x-y and x-z planes. The two fracture surfaces 
are displaced perpendicular  to each other in opposi te  directions. Local displace- 
ments  in the sliding or shear mode ,  Mode II, are symmetric  wi th  respect to the 
x-y plane, and skew symmetr ic  with respect to the x-z plane. The two fracture 
surfaces slide over each other in a direction perpendicular  to the line of the crack 
tip. Mode  III, the tearing mode,  is associated with local displacements that are 
skew symmetr ic  with respect to both  x-y and x-z planes. The two fracture surfaces 
slide over each other in a direction parallel to the line of the crack front. Each of 
these modes  of deformation corresponds to a basic type of stress field in the 
vicinity of crack tips. In any analysis, the deformat ions  at the crack tip can be  
treated as one or a combinat ion of these local displacement  modes.  Moreover, 
the stress field at the crack tip can be  treated as one or a combinat ion of the three 
basic types of stress fields. 

Most  practical design situations and failures correspond to Mode  I displace- 
ments. Accordingly, Mode  I is emphas ized  in this book. 

By using a method  deve loped  by  Westergaard [6], Irwin [7] found that the 
stress and displacement  fields in the vicinity of crack tips subjected to the three 
modes  of deformat ion are given by: 

Mode I 

Mode II 

K I 
o- x -- (2wr)1/2 

K I 
o-y = (21Tr)1/2 

o[ o 
- -  cos~-  1 - s i n ~ - s i n  

- - c o s ~ -  1 +  s i n - ~ s i n  

0 0 3 0  
"rxy - (21Tr)1/~ sin ~- cos ~ cos - f -  

ez = v(r + %), ~x~ = -ry~ = 0 

KI[F] 1/2 0[ ~] 
u = ~- L~-~ j cos~-  1 - 2v + s i n  2 

K~ [ r ] 1/2 O [ _02] v = - ~  [~-~j s in-~ 2 -  2 v -  cos 2 

w = O  

KII Sill ~ 2 + COS COS 
{Yx = (2Trr)l/2 ~- 

KII | | 3 0  
~ry -= 2~rrl/2 sin ~ cos ~- cos -~- 

%y (2~rr)~/------ ~ cos ~- 1 - sin ~- sin 

(2.7) 

(2.8) 
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= + %), = = 0 

KII[ r ] 1/2 ~ [ ~] 
1 sin  2-2 ,+cos 2 

K I I [ r ]  1/2 0 [ _ 1  + 2,o + sin2 ~ ]  
V= LG/ c o s ? -  

W = 0  

Mode III 

KII I {~ 
"rx~ - (2,rrr)l/2 sin ~- 

- -  - -  C O S  - -  TYz (2a-rr) 1/2 2 

(Yx = (Yy = (Yz = Txy ~" 0 

w = 2 sin 

u = v = 0  

(2.9) 

where the stress components and the coordinates r and 0 are shown in Figure 
2.3; u, v, and w are the displacements in the x, y, and z directions, respectively; 
v is Poisson's ratio, and G is the shear modulus of elasticity. 

Equations (2.7) and (2.8) represent the case of plane strain (w = 0) and ne- 
glect higher-order terms in r. Because higher-order terms in r are neglected, these 
equations are exact in the limit as r approaches zero and are a good approxi- 
mation in the region where r is small compared with other x-y  planar dimensions. 
These field equations show that the distribution of the elastic-stress fields, and 
the deformation fields in the vicinity of the crack tip, are invariant in all com- 
ponents subjected to a given mode of deformation. 

The magnitude of the elastic-stress field can be described by single-term 
parameters, KI, Kip and K m, that correspond to Modes I, II, and III, respectively. 
Consequently, the applied stress, the crack shape, size, and the structural config- 
uration associated with structural components subjected to a given mode of de- 
formation affect the value of the stress-intensity factor but  do not alter the stress- 
field distribution. 

Dimensional analysis of Equations (2.7), (2.8), and (2.9) indicates that the 
stress-intensity factor must be linearly related to stress and must be related to 
the square root of a characteristic length. Based on Griffith's original analysis of 
glass components with cracks and the subsequent extension of that work to more 
ductile materials, the characteristic length in a structural member is the crack 
length. Consequently, the magnitude of the stress-intensity factor must be related 
directly to the magnitude of the applied nominal stress, (~ . . . .  and the square root 
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o- v 

Y ~ Txy 

FIG. 2.3 Coordinate system and stress components ahead of a crack 
tip. 

of the crack length, a. In all cases, the general form of the stress-intensity factor 
is given by: 

K = ffnom ~ a  "f(g) (2.10) 

wheref(g) is a parameter that depends on the geometry of the particular member 
and the crack geometry. Fortunately, a large number of relationships between the 
stress-intensity factor and various body configurations, crack sizes, orientations, 
shapes, and loading conditions have been published [5,8-10]. The more common 
ones are presented in this chapter. One key aspect of the stress-intensity factor, 
K~, is that it relates the local stress field ahead of a sharp crack in a structural 
member to the global (or nominal) stress applied to that structural member away 
from the crack. Specifically, Figure 2.3 shows the stresses just ahead of a sharp 
crack. Most fractures occur under conditions of Mode I loading (Figure 2.2). 
Accordingly, the stress of primary interest in Figure 2.3 and in most practical 
applications is cry. For o- v to be a maximum in Equation (2.7), let 0 = 0, 

K~ (2.11) O'y  - -  

Rearranging this expression shows that: 

K I = o'yX/2"rrr (2.12) 

At locations farther and farther from the crack tip (increasing r), the stress, 
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o-y, decreases. However, K I remains constant and describes the intensity of the 
stress field ahead of a sharp crack. This same stress-intensity factor is also related 
to the global stress by Equation (2.10) for various crack geometries as described 
in this chapter. Hence, K I describes the stress field intensity ahead of a sharp 
crack in any structural member (plates, beams, airplane wings, pressure vessels, 
etc.) as long as the correct geometrical parameter, fig), can be determined. Ex- 
pressions for different crack geometries in various structural members are pre- 
sented in the next section. 

2.4 Stress-Intensity-Factor Equations 

Stress-intensity-factor equations for the more common basic specimen geometries 
that are subjected to Mode I deformations are presented in this section. Extensive 
stress-intensity-factor equations for various geometries and loading conditions 
are available in the literature in tabular form [5,8,9]. 

2.4.1 Through-Thickness Crack 
The stress-intensity factor for an infinite plate subjected to uniform tensile 

stress, o-, that contains a through-thickness crack of length 2a is: 

K I = o-X/~a (2.13) 

Note that from the Griffith analysis given in the appendix to this chapter there 
is a direct relationship between Griffith's analysis and Equation (2.13). 

A tangent-correlation factor having the form: 

2b "wa~ 1/2 
~aa tan - ~ /  (2.14) 

is used to approximate the/( i  values for a through-thickness crack in plates of 
finite width, 2b (Figure 2.4). Thus, the stress-intensity factor for a plate of finite 
width 2b subjected to uniform tensile stress, (r, and that contains a through- 
thickness crack of length 2a (Figure 2.4) is: 

2b ~a~ 1/2 
K I = o-X/-~a ~a tan ~-~] (2.15) 

The values for the tangent correction factor for various ratios of crack length to 
plate widths are given in Table 2.1. Equation 2.14 is accurate within 7% for a/b 
-< 0.5. 

2.4.2 Single-Edge Notch 
The stress-intensity-factor equation for a single-edge-notch in an infinite 

width specimen (Figure 2.5) is 

K I = 1.12o-V~ (2.16) 

The 1.12 factor is referred to as the free surface correction factor. Thus, when 
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FIG. 2.4 Finite-width 
plate containing a 
through-thickness 
crack. 

the through-thickness crack of Figure 2.4 is "cu t"  in half to form an edge crack 
in a plate, the K I value is increased by  about  12%. 

For single-edge-notch specimens having finite width,  an additional correc- 
tion factor is necessary to account  for bend ing  stresses caused by  lack of sym- 
met ry  in the single-edge-notched specimen. Equat ion (2.17) incorporates the var- 
ious correction factors for a single-edge-notch in a finite wid th  plate, Figure 2.5. 

K1 = 1 . 1 2 ~ r ~  ( b )  (2.17) 

The values of the function k ( a / b )  are tabulated in Table 2.2 for various values 

TABLE 2.1. Correction Factors for a Finite-width 
Plate Containing a Through-thickness 
Crack (Ref. 5). 

a/b [2b/~a �9 tan ~a/2b] 1/2 

0.074 1.00 
0.207 1.02 
0.275 1.03 
0.337 1.05 
0.410 1.08 
0.466 1.11 
0.535 1.15 
0.592 1.20 



Stress Analysis for Members with Cracks--K I 

o- 

r t 

37 

0 

2b 9 

l l l 
cr 

FIG. 2.5 Single-edge- 
notched plate of 
finite width. 

of the ratio of crack length to specimen width. Note that for a/b = 1.0, the notch 
depth is one-half the width of the plate, and the correction factor is quite large. 

TABLE 2.2. Correction Factors for 
a Single-edge Notched 
Plate (Ref. 5). 

a/b k(a/b) 

0.00 1.00 
0.10 1.03 
O.2O 1.07 
0.30 1.15 
0.40 1.22 
0.50 1.35 
0.60 1.50 
0.70 1.69 
0.80 1.91 
0.90 2.20 
1.00 2.55 

2.4.3 Embedded Elliptical or Circular Crack in Infinite Plate 
The stress-intensity factor at any point along the perimeter of elliptical or 

circular cracks embedded in an infinite body subjected to uniform tensile stress 
(Figure 2.6) is given by [12]: 

O.N/-~ ( a2 )1/4 
K I - Q sin 2 ~ + ~ cos 2 ~ (2.18) 
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O" 

I 

FIG. 2.6 Elliptical crack in an infinite body subjected 
to uniform tension (Ref. 5). 

In Equation (2.18), K I corresponds to the value of the stress-intensity factor 
for a point on the perimeter of the crack whose location is defined by the angle 
f~. Q is a flaw-shape parameter that depends on cr/O'y~ and a/2c, as shown in 
Figure 2.7, where O-y~ is the yield strength of the material. This figure is the 
"Boeing Design Curve," [5], which is based on the solution of an elliptical inte- 
gral, ~b, that is equal to X/Q as described in various handbooks [8-10]. This curve 
is widely used to solve for K I factors for cracks with various a/2c ratios. 

The stress-intensity factor for an embedded elliptical crack reaches a maxi- 
m u m  at [~ = -rr/2 and is given by the equation: 

~ a  (2.19) K I = ~  Q 

Values of the ratio of nominal applied stress, r to yield stress, O-ys, are in- 
tended to account for the effects of plastic deformation in the vicinity of the crack 
tip on the stress-intensity-factor value and are incorporated into the value of Q 
which can be obtained from Figure 2.7. 

For a circular crack where a = c and Q -~ 2.4, Equation (2.19) becomes: 

K~ = 0.65 o-N/~ = 1.15 crV~a (2.20) 

The exact expression for an embedded circular crack [5] is: 
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FIG. 2.7 Effect  of a / 2 c  ratio and  ~r/~ry s rat io on flaw-shape p a r a m e t e r  O .  

2 
K I = ~ o-Va = 1.13 o'Va 

Note that the two values agree within 2% of each other. 

(2.21) 

2.4.4  S u r f a c e  C r a c k  

The stress-intensity factor for a part-through "thumbnail" crack in a plate 
subjected to uniform tensile stress (Figure 2.8) can be calculated by using Equa- 
tion (2.19) and a free-surface-correction factor equal to 1.12. Remember that this 
1.12 factor occurs any time a crack originates at a free surface. The stress-intensity 
factor for 13 = ~r/2 (which is the location of maximum stress intensity) is given 
by: 

~/'rr a K~ = 1.12 ~r ~ "  M k (2.22) 

This equation is identical to Equation (2.19) except for the 1.12 multiplier 
that corresponds to the front free-surface correction factor and M K, which cor- 
responds to a back free-surface correction factor. M K is approximately 1.0 as long 
as the crack depth, a, is less than one-half the wall thickness, t. As a approaches 
t, M K approaches approximately 1.6, and a useful approximation is: 

/ 
for values of a / t  >- 0.5. 
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FIG. 2.8 Plate 
containing a semi-  
elliptical surface 
crack. 
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2.4.5 Cracks Growing from Round Holes 
The stress-intensity factor for cracks growing from a circular hole (e.g., a bolt 

hole) in an infinite plate (Figure 2.9) is given by: 

where r = radius of hole, and 
a = crack length from the side of the hole. 

Note that as a/r  approaches zero, f (a/r)  for either one or two cracks ap- 
proach a value of about 3. This is the value of the stress-concentration factor, k t, 
at a round hole. Thus, the K I factor can be thought of as being equal to K I 
kto-X/~a~a for very short cracks near a stress concentration where the local stress is 
elevated by the stress concentration. 

As the crack grows and (a/r) becomes large, the effect of the stress concen- 
tration (in this case the round hole) decreases, and the expression approaches 
that of a through-thickness crack in an infinite plate. 

2.4.6 S ingle  Crack  in B e a m  in B e n d i n g  
The stress-intensity factor for a beam in bending that contains an edge crack 

(Figure 2.10) is: 

6M ( W )  K~ = B(W - a) 3/2 " g (2.25) 

where M is the moment, and the values of g(a /W)  are presented in Table 2.3 for 
various ratios of crack length, a, to beam depth, W. 
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o/r  f(a/r), ONE CRACK f(a/r), TWO CRACKS 

0.00 3.39 3.39 
O. 10 2.73 2.73 
0 .20  2.30 2.41 
0 .30  2.04 2.15 
0 .40 1.86 1.96 
0 .50  1.73 1.83 
0 .60  1.64 1.71 
0 .80  1.47 1.58 
1.0 1.37 1.45 
I .5 I .  18 1.29 
2.0 1.06 1.21 
3.O 0 .94 1.14 
5.O 0.81 1.07 

10.0 0.75 1.03 
oo 0.707 1.00 

FIG. 2.9 Cracks growing from a round hole (Ref. 5). 

2.4.7 Holes  or Cracks Subjected to P o i n t  or Pressure Loading 
The relation for K I for a crack growing f rom a hole subjected to centrally 

appl ied point  forces, P, such as a bolt, Figure 2.11 is: 

P 
K I - ~ (2.26) 

where  P = force/ th ickness  of plate. 
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FIG. 2.10 Edge-notched beam in bending. 

TABLE 2.3. Stress-intensity-factor Coefficients for Notched Beams (Ref. 5). 

a/W 0.05 0.1 0.2 0.3 0.4 0.5 0.6 (and larger) 
g(a/W) 0.36 0.49 0.60 0.66 0.69 0.72 0.73 

Note  that for a given P, K I decreases as the crack size, a, increases. Thus, 
unde r  the influence of a concentrated load, P, the dr iving force, K I decreases as 
the crack length increases and the crack m a y  be arrested. 

The stress-intensity factor for a crack subjected to an internal pressure p, in 
psi, as shown in Figure 2.12 is given by  the equation: 

K~ = 1.12 pV~-~a (2.27) 

This expression can be used to calculate the addit ional  effect of a very  high 
pressure in a thick-walled pressure vessel with an internal surface crack as: 

KI = 1.12 p (2.28) 

2.4.8 Est imation of  Other K I Factors 
The preceding stress intensity factors have been sufficient to analyze most  

of the design cases and structural failures familiar to the authors. For very  un- 
usual  cases, the reader  is referred to the various handbooks  of stress-intensity 
factors available in the literature [8-10]. However ,  there are several common-  
sense guidelines that can be applied to estimate stress-intensity factors for crack 
geometries  not  described above. 

These guidelines are as follows: 

1. Free-Surface Correction 
For every  free-surface at which a crack might  originate, increase K I by  1.12. 
For example,  the K I for an e m b e d d e d  circular crack (Figure 2.6) was given 
by  Equation 2.21 as: 

2 
K I = ~ ~V~a (2.21) 

If this were  to occur at the corner  of a plate, Figure 2.13, the K I expression 
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FIG. 2.11 Crack subjected to point loads. 

P 

P 

4 2a 

FIG. 2.12 Crack subjected to internal pressure. 
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FIG. 2.13 Circular corner crack. 

would be: 

2 
K~ = (1.12)(1.12) ~ r (2.29) 

because there are two (1.12) free surface flaw corrections. 
2. Inclined Cracks 

Experience has shown that cracks tend to grow perpendicular to the 
direction of applied stress, particularly in fatigue or repeated loading. 
Accordingly, inclined cracks of length L, such as is shown in Figure 2.14, 
can be treated as a projected crack length of 2a. If 0 approaches 90 ~ the 
crack is parallel to the direction of applied stress and generally is harmless, 
i.e., K I ~ 0. This fact will be particularly important in Chapter 10, Fatigue 
and Fracture Behavior of Welded Components, where some discontinuities 
in welded structures are parallel to the direction of the applied stress and 
thus are essentially harmless. 

3. Bounding Using Existing Solutions 
In many circumstances, the particular crack of interest has an irregular 
shape. For most of these cases, the stress-intensity factor can be estimated 
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FIG. 2.14 Inclined crack. 

from equations for simple and familiar shapes such as tunnel, circular, or 
elliptical cracks. 

Estimating stress-intensity factors for irregularly shaped cracks can be made 
easier if one remembers some basic relationships and trends. A tunnel crack is a 
special case of the equation for an embedded elliptical crack (Equation 2.18) with 
the crack-shape parameter, Q, equal to 1.0. Furthermore, the equation for an 
embedded circular crack is also a special case of Equation (2.18) for a = c (Q 
2.4). Thus, as the crack shape changes from a circular crack front to a straight 
crack front, the value of Q changes from 2.4 to 1.0 and the magnitude of the 
stress-intensity factor, K l, increases by  a factor of about 1.5. A corollary to these 
observations is that, for a tunnel crack that is curved, K I is higher for the convex 
front of the crack than for the concave front. 

A study of the crack-shape parameter, Q (Figure 2.7), shows that when 
a/2c is less than about 0.15 (i.e., when the crack length on the surface, 2c, is 
larger than about six times its depth, a), the crack-shape parameter approaches 
1.0 and the crack behavior approaches that for a long tunnel crack where a/2c 
--* 0. An approximate linear relationship between the change in crack geometry, 
a/2c, and the change in the crack-shape parameter, Q, between the extreme of a 
circular crack and a long crack is as follows: 

2.4(circular crack, a/2c = 0.5) > Q > 1.1(long crack, a/2c --~ 0.15) (2.30) 

Thus, for every 0.1 decrease in the magnitude of a/2c, the value of the crack- 
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shape parameter, Q, decreases by about 0.35. This observation is derived from 
Figure 2.7, where the relationship between a/2c  and Q is shown to be approxi- 
mately linear in this range. 

The application of the preceding information to estimate the stress-intensity 
factor along the perimeter of an irregularly shaped crack can be demonstrated 
by analyzing the embedded crack shown in Figure 2.15. The crack has an irreg- 
ular shape and is subjected to a uniform tensile stress, o-, that is perpendicular 
to the crack plane. 

The K] for the crack in region 1 (where the crack is denoted as a 1 in Figure 
2.15) can be represented by a circular crack having a radius al because the crack 
is essentially circular in shape. The K n value for this perimeter, which opens into 
a long tunnel crack, should be slightly higher than the K~ for a circular crack of 
radius a I and should be less than the K I value for a long tunnel crack having a 
width equal to 2ap Therefore, 

where Q = 2.4 or: 

O'~-~ < KI1 < <  o'~/-~al (2.31) 

0.65 o 'X/~ 1 < K n < <  o-X/-~al (2.32) 

Thus, a reasonable estimate for K~ is closer to a circular crack, or: 

KI1 ~ 0.75 o~V/~l (2.33) 

is a reasonable estimate for that portion of the crack perimeter. 
The crack front in region 2 corresponds closely to a long tunnel crack and, 

therefore, 

CONCAVE 

KI2 ,~..// 

_Z- - - .  K,1 

ti... + 
2o 3 WITH G/2c = 0.2 

FIG. 2.15 Estimating stress-intensity factors for an embedded crack having 
an irregular shape. 
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/(i2 ~ (rX/--~a2 (2.34) 

The elliptical crack front in region 3 can be represented by  a circular crack 
of radius a 3, or a tunnel crack of width 2a 3. Because of the general elliptical shape, 
the K x for this region is better described for a tunnel crack than for a circular 
crack. Therefore, 

0.65 0-~/~3 < <  KI3 ( c r V ~ a  3 (2.35) 

A reasonable estimate for K~3 is closer to a tunnel crack, or: 

KI3 ~ ' ~  0.9 o -V~a  3 (2.36) 

The crack front in region 3 can be approximated also by an elliptical crack 
with a minor axis equal to a3, and for example a crack geometry, a/2c, of about 
0.2. The decrease in the value of a/2c from 0.5 for a circular crack to a value of 
0.2 for the ellipse is equal to 0.3. Thus, the decrease in the value of Q from 2.4 
for a circular crack is 1.05 (i.e., 0.3 • 0.35/0.1 = 1.05). Consequently, the value 
of Q for the ellipse is approximately 1.35 (i.e., 2.4 - 1.05 = 1.35), and 

o -V~a  3 (2.37) KI3-~- o - / ~  = 0.86 

This value is a reasonable estimate of KI3, especially for the lower portion of 
the crack front, which fits the ellipse more closely than the upper portion. Be- 
cause the upper portion of the perimeter has less curvature than the ellipse, the 
value for K~3 in that region should be increased slightly. Consequently, 

KI3 ~ 0.9 o-V~a~ (2.38) 

should be a good estimate for this region. 

2.4.9 S u p e r p o s i t i o n  o f  S t r e s s - I n t e n s i t y  F a c t o r s  
Components that contain cracks may be subjected to one or more different 

types of Mode I loads such as uniform tensile loads, concentrated tensile loads, 
or bending loads. The stress-field distributions in the vicinity of the crack tip 
subjected to these loads are identical and are represented by Equation (2.7). Con- 
sequently, the total stress-intensity factor can be obtained by algebraically adding 
the stress-intensity factors that correspond to each load. 

For example, Figure 2.16 shows a plate with an edge crack subjected to 
tension plus bending loads. The combined stress intensity factor for that case is 

KI TOTAL = KI (EDGE) q- K I (BENDING) (2.39) 

( b )  6M ( W )  KI TOTAL = 1.12 ~X/-~a �9 k + B ( W  - a) 3/2 " g 

A fairly common situation is a plate loaded in tension at one end and this 
force being withstood by a bolt force P. The solution, K I, is a superposition of K I 
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FIG. 2.16 Superposition solution for tensile and bending stresses applied to a single- 
edge notched plate. 

solutions for a through-thickness crack (Equation 2.13), and a crack subjected to 
point loads (Equation 2.26), as shown in Figure 2.17. 

Figure 2.18 shows a portion of a thin-walled pressure vessel subjected to a 
hoop stress, O'HOOP , and the crack surface subjected to the internal pressure, p. 

K~ = K I (HOOP) + K~ (PRESSURE) 

KI = 1.12 ~HooP + p (2.40) 

/<i = 1.12 pD + P 

Note that as D / t  becomes large, the effect on K~ of the pressure stress on the 
crack becomes 10% or less and thus generally is neglected, particularly for shal- 
low flaws. 

Some components may be subjected to loads that correspond to various 
modes of deformation. Because the stress-field distributions in the vicinity of a 
crack, Equations (2.7), (2.8), and (2.9) are different for different modes of defor- 
mation, the stress-intensity factors for different modes of deformation cannot be 
added. Under these loading conditions, the total energy-release rate, G, described 
in the appendix, rather than stress-intensity factors, K, can be calculated by  al- 
gebraically adding the energy-release rate for the various modes of deformation. 
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2.5 C r a c k - T i p  D e f o r m a t i o n  a n d  P las t i c  Z o n e  S i z e  

The stress-field equations, Equations (2.7), (2.8), and (2.9), show that the elastic 
stresses in the vicinity of a crack tip where r < <  a can be very large. In reality, 
such high stress magnitudes do not occur because the material in this region 
undergoes plastic deformation, thus creating a plastic zone that surrounds the 
crack tip. Figure 2.19 is a schematic presentation of the change in the distribution 
of the y component of the stress caused by the localized plastic deformation in 
the vicinity of the crack tip. 
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The size of the plastic zone, ry, can be est imated from the stress-field equa- 
tions by setting the y component  of stress, o-y, equal to the yield strength, o-y s, 
which results in: 

1 (~ys)2 ry = G (2.41) 

Irwin [13] suggested that the plastic-zone size under  plane-strain* conditions 
can be obtained by  considering the increase in the tensile stress for plastic yield- 
ing caused by plane-strain elastic constraint. Under  these conditions, the yield 
strength is est imated to increase by  a factor of V3.  Consequently, the plane-strain 
plastic-zone size becomes: 

1 (~sys) 2 ry = ~ (2.42) 

The plastic zone along the crack front in a thick specimen is subjected to 
plane-strain conditions in the center portion of the crack front where w = 0 and 
to plane-stress conditions near the surface of the specimen where o-z = 0. Con- 
sequently, Equations (2.41) and (2.42) indicate that the plastic zone in the center 
of a thick specimen is smaller than  at the surface of the specimen. A schematic 
representation of the variation of the plastic-zone size along the front of a crack 
in a thick specimen is shown in Figure 2.20. Irwin [13] suggested that the effect 
of small plastic zones corresponds to an apparent  increase of the elastic crack 
length by an increment equal to ry. This plastic-zone correction factor is valid for 
small plastic-zone sizes and as described in the next section can be used to es- 
timate K~ eft (effective) factors for loadings that result in moderate  plastic zone 
sizes. 

2.6 Effect ive  K I Factor for Large Plast ic  Z o n e  S ize  

Figure 2.21 shows the effective crack length, 2a + 2ry, for a wide plate loaded in 
tension. As O-app,ed is increased and  the plane stress plastic zone size increases, 
use ae~ ~ = a 0 + ry to establish KI: 

Kie ff ~ O ' a p p l i e d ~  (2.43) 

K~e~f = O'applie d "IT a + ~ \ o-y~ ! ! (2.44) 

*Plane strain and plane stress are conditions of maximum and variable constraint, respectively, 
as discussed in Chapters 3 and 4. 
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Solving Equation (2.44) for K~ as K;ff because of the larger plastic zone size, we 
obtain: 

( KIef______L/2 = ~a + 1 (KI~f.___2~ 2 

O'app/ 2"  \ O'ys// 
[ .2 

(Kieff)2 1 1 - (~aPE1 2 (2.45) 2 O'app 2~ s ~ = ~ra- 

O ' a p p ~ a  

For (Yap p -~- 3 /40"y  s (a reasonable upper  limit to the applied nominal  stress in a 
structure): 

O-app~/~--a~a O'app'~/~ 
K~,,, = [ 1 ( :  ~ ) 2 1 1 / 2  ( 1 -  .28) 1/2 (2.46) 

1 -- ~ O'Y s 

KI~ - .85 1.18 O-appV~ 

Note that this is only an 18% increase in K I compared  with K I for ry - 0, 
and thus should give a reasonable approximation to the driving force for fairly 
large stress levels. 

For this same case, and a crack length 2a = 2", the absolute value of rp is 
still fairly small: 

1 ( K I ~  2 1 ( .75~  (2.47) 
rp = - ~  \~ s,/ ~ G \ O'y s // 

rp = .28 in. 

Thus, calculating K I as a driving force for cr = 3/40-y s is not an unrealistic 
extension of linear-elastic fracture mechanics into the beginning of the elastic- 
plastic regime. In fact, for (Yap p = O'ys, as might  be the case for weldments  where  
the residual stress m a y  be equal to try s, the approximation of K;ff is: 

O-yf~--a~a 

KI-~ 11-~1( (1 )2 ) ]  1/2 (2.48) 

K I --- 1.40ysV~ 
If the structural component  is heavily constrained, the linear port ion of the 
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cr-s curve would be elevated such that the yield stress, O-y~, may well be elevated 
40%, and the behavior would  still be close to linear-elastic. 

In summary, as a first approximation, use of K I = KI~,~ = flO-app, a q- J'y) appears 
to be a reasonable engineering approach, even for stresses approaching the yield 
strength. 

2.7 JI a n d  51 Driving Forces 

Two other fracture mechanics parameters that can be used to calculate driving 
forces are the path-independent integral, Ji, and the crack-tip-opening displace- 
ment (CTOD), 8 I. These two parameters are used primarily in the elastic-plastic 
regime, whereas the stress intensity parameter, K x, is used primarily in the linear- 
elastic regime. 

2.7.1 J Integral 
The path-independent J-integral proposed by Rice [14] is a method of char- 

acterizing the stress-strain field at the tip of a crack by an integral path taken 
sufficiently far from the crack tip to be analyzed elastically, and then substituted 
for the inelastic region close to the crack-tip region. Thus, even though consid- 
erable yielding (elastic-plastic behavior) may occur in the vicinity of the crack 
tip, if the region away from the crack tip can be analyzed elastically, behavior of 
the crack-tip region can be inferred. Elastic stress strain behavior is assumed, 
even though the stress-strain curve may be nonlinear. This technique can be used 
to estimate the fracture characteristics of materials exhibiting elastic-plastic be- 
havior and is a means of extending fracture-mechanics concepts from linear- 
elastic (Kk) behavior to elastic-plastic behavior. 

For linear-elasfic behavior, the J-integral is identical to G, the energy release 
rate per unit crack extension (see Appendix). Therefore, 

(1 - v2)/~r 
J1 = G1 = E (2.49) 

There are procedures available to calculate J1 driving forces and these are 
introduced in the appendix to this chapter. The most widely used procedure is 
to use 2D or 3D finite element analysis programs to evaluate the J-integral ahead 
of a crack in the geometry of interest. It requires that a stress-strain curve be 
available and was first used in the pressure vessel industry, primarily for nuclear 
pressure vessels. However, in most cases, the K~ driving force is used, recognizing 
that: 

~.1 JIE K I = ~ v2 

for plane strain conditions and, 
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K I = ~ (2.50) 

for plane stress conditions. 
As will be discussed in Chapter 3, it is common in most structural situations 

to measure the critical resistance fracture toughness using the J-integral proce- 
dure (Jc or Jir convert these values to Kc or KIc, and then compare the driving 
and resistance forces in terms of K I and K~. For complex structures, such as nu- 
clear pressure vessels, where elastic-plastic analyses can be justified, J~ is deter- 
mined using finite element analyses. J~ is measured as described in Chapter 3. 
Fracture control then consists of keeping Ji < Jc. 

2.7.2 CTOD (8~) 
In 1961, Wells [15] proposed that the fracture behavior in the vicinity of a 

sharp crack could be characterized by the opening of the notch faces, namely, 
the crack-tip opening displacement, CTOD, as shown in Figure 2.22. Further- 
more, he showed that the concept of crack-opening displacement was analogous 
to the concept of critical crack extension force (G c as described in the appendix 
to this chapter), and thus the CTOD values could be related to the plane-strain 
fracture toughness, K~. Because CTOD measurements can be made even when 
there is considerable plastic flow ahead of a crack, such as would be expected 
for elastic-plastic or fully plastic behavior, this technique can be used to establish 
critical design stresses or crack sizes in a quantitative manner similar to that of 
linear-elastic fracture mechanics. 

The CTOD relationship for a center crack in a wide plate is developed ha 
the appendix and is as follows: 

2 

8~ - "~appa (2.51) 
Eo-y s 

Because, 

K I = O ' a p p V ~  (2.52) 

81 - 
Eo'y s 

Thus, in the same manner as the design use of the J-integral, it is common 
to measure ~ (see Chapter 3) and then convert 8 c values to Kc values. These K~ 
resistance values obtained from CTOD test results are then compared to the driv- 
ing force in terms of K I. 

2.8 S u m m a r y  

One of the underlying principles of fracture mechanics is that unstable fracture 
occurs when the stress intensity factor at the crack tip, K I, reaches a critical value, 
K c. K I represents the stress intensity ahead of a sharp crack in any material and 
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is a mathematical calculation based on the crack size and the geometry of the 
member, as well as the applied load. K~ relations for various crack geometries 
have been presented in this chapter. K c represents the fracture toughness of a 
particular material at a given temperature, loading rate, and constraint level, and 
must be measured. Procedures used to measure Kr are presented in Chapter 3. 

The stress intensity factor, K I, although based on linear-elastic concepts, is 
quite useful for calculating driving forces in structures even if the plastic zone 
size ahead of the crack becomes moderately large. However, most structures are 
loaded in the elastic range at stresses less than yield. Therefore, as described in 
this chapter, the use of either K I or Kie ff as a driving force appears to be a realistic 
engineering approach. 

Elastic-plastic methods, such as the J-integral and the CTOD (crack tip open- 
ing displacement, 8) parameter, also can be used to calculate driving forces. How- 
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ever, most engineers will m e a s u r e  the fracture toughness in terms of ]c or 8 c and 
convert those values to a Kc. Then the comparison of driving force and resistance 
force can be made by using the stress intensity factors K I and K~. The advantage 
of this approach is that K~, the driving force, is expressed as a function of stress 
and flaw size, terms familiar to engineers. Also, there are many K~ relations avail- 
able for various crack geometries and structural configurations. 

As mentioned previously, Chapter 3 describes the procedures used to mea- 
sure K c under various conditions of loading rate and constraint. Chapter 4 then 
will describe the effect of temperature, loading rate, and constraint on the resis- 
tance force, K~. 

As will be described in Part IV, K I should be kept below K c at all times to 
prevent fracture of members with flaws in the same manner that the applied 
stress, r is kept below the yield strength, Cys, to prevent yielding in the design 
of members that do not have flaws. 
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Appendix 

2.10 GRIFFITH, CTOD AND J-INTEGRAL THEORIES 

2.10.1 The GrifJith Theory 
The first analysis of fracture behavior of components that contain sharp dis- 

continuities was developed by Griffith [1]. The analysis was based on the as- 
sumption that incipient fractures in ideally brittle materials occur when the mag- 
nitude of the elastic energy supplied at the crack tip during an incremental 
increase in crack length is equal to or greater than the magnitude of the elastic 
energy at the crack tip during an incremental increase in crack length. This en- 
ergy approach can be presented best by considering the following example. 

Consider an infinite plate of unit thickness that contains a through-thickness 
crack of length 2a (Figure 2.4) and that is subjected to uniform tensile stress, o-, 
applied at infinity. The total potential energy of the system, U, may be written 
as: 

where 

u : Uo - G + G (A-l )  

Uo = initial elastic energy of the uncracked plate, 
Ua = decrease in the elastic energy caused by introducing the crack in 

the plate, and 
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Uv = increase in the elastic-surface energy caused by the formation of 
the crack surfaces. 

Griffith used a stress analysis that was developed by Inglis [2] to show that: 

gr~2a 2 
Ua- E (A-2) 

the elastic-surface energy, Uy, is equal to the product of the elastic-surface energy 
of the material, "Ye, and the new surface area of the crack: 

U~ = 2(2a'Ye ) (A-3) 

Consequently, the total elastic energy of the system, U, is: 

,rro-2a 2 
U = Uo - ~ + 4a~te (A-4) 

The equilibrium condition for crack extension is obtained by setting the first 
derivative of U with respect to crack length, a, equal to zero. The resulting equa- 
tion can be written as: 

dU 2a'rro -2 
da - 0 E + 4ye = 0 (A-5) 

2acro -2 = 4~le E (A-6) 

o-'Va = (2~--~E) 1/2 (A-7) 

which indicates that crack extension in ideally brittle materials is governed by 
the product of the applied nomh~al stress and the square root of the crack length 
as well as by material properties. Because E and ~/~ are material properties, the 
right-hand side of Equation (A-7) is equal to a constant value characteristic of a 
given ideally brittle material. Consequently, Equation (A-7) indicates that crack 
extension in such materials occurs when the product cX/a attains a critical value. 
This critical value can be determined experimentally by measuring the fracture 
stress for a large plate that contains a through-thickness crack of known length 
and that is subjected to a remotely applied uniform tensile stress. This value can 
also be measured by using other specimen geometries, which is what makes this 
approach to fracture analysis so powerful. 

Equation (A-7) can be rearranged in the form: 

,rro-2a 
E - 2V~ (A-8) 

The left-hand side has been designated the energy-release rate, G, and rep- 
resents the elastic energy per unit crack surface area available for infinitesimal 
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crack extension. The right-hand side of Equation (A-8) represents the material's 
resistance to crack extension, R. 

In 1948 Irwin suggested that the Griffith fracture criterion for ideally brittle 
materials could be modified and applied to brittle materials and to metals that 
exhibit plastic deformation. A similar modification was proposed by Orowan at 
about the same time. The modification recognized that a material's resistance to 
crack extension is equal to the sum of the elastic-surface energy and the plastic- 
strain work, 7p, accompanying crack extension. Consequently, Equation (A-8) was 
modified to: 

,rr(y2a 
G - E = 2('Ye q- Vp) (A-9) 

Because the left-hand side is the energy-release rate, G, and because (rV'~wa 
represents the intensity, K I, of the stress field at the tip of a through-thickness 
crack of length 2a, the following relation exists between G and K~ for plane-strain 
conditions, 

"a'cr2a~- - G = --~-K~I (1 - 122) (A-10) 

The energy-balance approach to crack extension defines the conditions re- 
quired for instability of an ideally sharp crack. This approach is not applicable 
to analysis of stable crack extension such as occurs under cyclic-load fluctuation 
or under stress-corrosion-cracking conditions. However, the stress-intensity pa- 
rameter, K, is applicable to stable crack extension, and therefore development of 
linear-elastic fracture-mechanics theory has assisted greatly in improving our un- 
derstanding of subcritical crack extension and crack instability. 

2.10.2 Crack-Tip Opening Displacement (CTOD) and 
the Dugdale Model 

The tensile stresses applied to a body that contains a crack tend to open the 
crack and to displace its surfaces in a direction normal to its plane. For small 
crack-tip displacements and small plastic deformation at the crack tip, the stress 
and strain fields in the vicinity of the crack tip can be described by linear-elastic 
analyses. Under these loading conditions, the fracture instability can be predicted 
by using the critical plane-strain stress-intensity factor, Kic. 

As the size of the plastic zone and of the displacements at the crack tip 
increase, the stress and strain distributions in that neighborhood can be charac- 
terized better by using elastic-plastic analyses rather than linear-elastic analyses. 
Wells [15] argued that the opening displacement at the crack tip reflects the strain 
distribution in that region. He also proposed that fracture would initiate when 
the strains in the crack-tip region reach a critical value, which can be character- 
ized by a critical crack-tip opening displacement. 
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Using a crack-tip plasticity model proposed by Dugdale [16], referred to as 
the strip-yield-model analysis, it is possible to relate the CTOD to the applied 
stress and crack length. The strip yield model  consists of a through-thickness 
crack in an infinite plate that is subjected to a tensile stress normal to the plane 
of the crack (Figure A.1). The crack is considered to have a length equal to 2a + 
2ry. At each end of the crack there is a length, ry, that is subjected to yield-point 
stresses that tend to close the crack or, in reality, to prevent it from opening. 
Another way  of looking at the behavior of this model is to assume that yield 
zones of length ry spread out from the tip of the real crack, a, as the loading is 
increased. Thus, the displacement at the original crack tip, 8, which is the CTOD, 
increases as the real crack length increases or as the applied loading increases. 
The basic relationship developed by Dugdale [16] is: 

o" 

t t t t t t  

2a + 2ry 

111111 
o- 

ry ~1 _ J 2 a  "y t 

I 

�9 - t  - - L  - 

FIG. A.1 Dugdale strip-yield model. 
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8 = 8 --ffff in sec -~ (A-11) 

where O'y s = yield strength of the material, ksi, 
a = 1,4 real crack length, in., 
o- = nominal  stress, ksi, and  
E = modulus  of elasticity of the material, ksi. 

Using a series expansion for In sec [(~/2)(o-/O-y~)], this expression becomes: 

8 = 8~y;a [~ (2 ~ys) 2+ 1-~ (2 ~ys) 4 q- 4-~ (2 ~s) 6 ""] (A-12) 
For nominal  stress values less than Cry~, a reasonable approximation for 8, 

using only the first term of this series, is: 

,a-ff2a 
8 - (A-13) Eo'y s 

In this chapter, it was shown that, for a through-thickness crack of length 2a, 

K I = ~rX/~a (A-14) 

Thus BEery s -- K~I, and since E = O-yJSy~, the following relation exists: 

- -  = - -  ( A - 1 5 )  '~ys \O'ys// 
Also, the strain energy release rate, G, is: 

~o-2a 
G -  E (A-16) 

Therefore, 

G = 8 �9 O-y s (A-17) 

At the onset of crack instability under  plane-strain conditions, where K I 
reaches K~c and CTOD reaches a critical value, 8 c, 

8c (Klcl 2 
- -  = - -  ( A - 1 8 )  'Sy s \O-ys// 

Because (K~c/Sys) 2 can be related to the critical crack size in a particular struc- 
ture, it is reasonable to assume that  the parameter  8c/Sy s can likewise be related 
to the critical crack size in a particular structure. The advantage of the CTOD 
approach is that the CTOD values can be measured throughout  the entire plane- 
strain, elastic-plastic, and fully plastic behavior regions, whereas K~c values can 
be measured only in the elastic plane-strain region or approximated in the early 
portions of the elastic-plastic region. These regions are described in Chapter 3. 

As with the KI analysis, the application of the CTOD approach to engineering 
structures requires the measurement  of a fracture-toughness parameter, 8c, which 
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is a material  p roper ty  that is a funct ion of temperature ,  loading rate, specimen 
thickness, and specimen geometry. The CTOD test me thodo logy  is described in 
Chapter  3. 

2.10.3 J- In tegra l  
For linear-elastic behavior,  the J-integral is identical to G, the energy release 

rate per  unit  crack extension, descr ibed previously  in this appendix.  Therefore a 
/-failure criterion for the linear-elastic case is equivalent  to the Krc failure criterion. 
For linear-elastic plane-strain condit ions,  

(1 - 1 ) 2 ) G  (A-19) 
lic = Gic - E 

The CTOD parameter ,  8, also is related to J (and K) as follows: 

G K 2 
8 - = - -  (A-20) 

m(Yys m~ysE 

because J = G, 

j ~ rr/O'ys8 (A-21) 

where  l -< m <- 2. 
Recent studies [17,18] of the relations be tween  J and 8 indicate that o-no w = 

(Cry s + %1t)/2 should be used in Equat ion (A-21). Also, m = 1.7 fits most  exper- 
imental  data. Thus, 

J = 1.7Cr~ow8 (A-22) 

is a preferred relation be tween J and 8. 
The l-integral, a mathematical  expression, is a line or surface integral that 

encloses the crack front  f rom one crack surface to the other as shown in Figure 
A.2. It is used to characterize the local stress-strain field a round the crack front 
for either elastic or elastic-plastic behavior.  

The line integral is defined as follows: 

I = W dy - T ~ ds 

where  F = 

W 

T =  

(A-23) 

any contour  sur rounding  the crack tip as shown  in Figure 
A.2 (note that the integral is evaluated  in a counterclock- 
wise manne r  starting f rom the lower flat notch surface 
and cont inuing along an arbi t rary pa th  F to the upper  
flat surface), 
loading work  per  unit  vo lume  or, for elastic bodies, the 
strain energy  densi ty = J'0~crdr 
the traction vector  at ds def ined according to the ou tward  
normal  n along F, T / =  o-/jnj, 
d isplacement  vector  at ds, 
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y 

T 

ds 

FIG. A.2 Crack-Up coordinate system and typical line 
integral contour. 

ds = arc length along contour F, 

T -~x ds = the rate of work input from the stress field into the area 
enclosed by F. 

For any linear-elastic or elastic-plastic material treated by deformation the- 
ory of plasticity, Rice [14] has proven path independence of the ]-integral. Dodds 
et al. [19,20] have described experimental and analytical methods for direct eval- 
uation of the J-integral. 

The most widely used analyses methods to determine the driving force, ]i, 
are either 2D or 3D finite element analyses, depending on the structure under 
consideration. API 579--Recommended Practice for Fitness-For-Service [21] de- 
scribes this process in detail. Briefly, the steps involved include: 

Step 1 Develop a finite element model  of the structural component including 
all relevant geometry and flaw characteristics. 

Step 2 Define all relevant loading conditions and apply them to the model of 
the structural component. 

Step 3 An accurate stress-strain curve of the material used in the structural 
component should be included in the model. 

Step 4 Perform the analysis using an evaluation of the J-integral defined in 
Equation A-23. 

Step 5 Measure Jc as described in Chapter 3. 
Step 6 As stated previously for fracture control, keep ]~ < Jc- 
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3.1 General Overview 

IN CHAPTER 2 we described various analytical relationships for determining 
stress-intensity factors in elastic bodies wi th  different-shaped cracks. These stress- 
intensity factors are a function of load, crack size, and geometry, but  not material 
properties. Ideally, a K I stress-intensity factor associated with  a specifi c crack 
geometry can be used to model  an actual crack in a real structure. Three of the 
most  common geometries are the edge crack, surface crack, and through- 
thickness crack, as shown in Figure 3.1. 

As stated before, these particular stress-intensity values, K I, are calculated 
for different load levels in the same general manner  as stresses, o-, are calculated 
for different load levels in uncracked members  subjected to tension. That is, for 
an uncracked member  loaded in tension, the stress is calculated as cr = P / A  for 
various loads, P. In an analogous fashion, the stress-intensity factor is calculated 
in a cracked member  as K I = Co-Va for various nominal  stress levels, o-, and 
crack sizes, a. Note that the calculations for a stress-intensity factor, K~, (analogous 
to the calculation of stress, or) are the same for any structural material as long as 
the general boundary  conditions described in Chapter 2 are satisfied. 

However,  because actual structural materials have certain limiting charac- 
teristics (e.g., yielding or fracture, there are limiting values of both o- and K I, 
namely, Cry S (yield strength) and K c (critical stress-intensity factor). 

The critical stress-intensity factor, K c, at which unstable crack growth occurs 
in a particular material depends  on the service conditions of temperature, loading 
rate, and constraint to a much  greater degree than does the yield strength, O-y~. 
Furthermore, as these service conditions change, e.g., increasing temperature,  the 
fracture behavior of a material (and thus its level of fracture toughness or resis- 
tance force) can vary between linear-elastic wi th  no ductility, elastic-plastic with 
variable ductility, and general yielding wi th  considerable ductility. Examples of 
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Through Thickness Crack 

P' / / / / / / - / / . / ' / / / /A  --} a 

G}  
~ i  Surface Crack 

K I = 1.12G V~/Q 

where  Q = f(a/2c,cJ) 

I P'//////////,,"A 

Edge Crack 

K I = 1.12Gfl~-~ 

FIG. 3.1 K~ values for different crack geometries. 

these three general types of behavior are shown in Figure 3.2, along with their 
corresponding load-displacement records as shown in Figure 3.3. Obviously 
there are structural materials that can be produced to high levels of toughness. 
The cost of these materials generally is higher than for typical structural 
materials. 

The test method that should be used to obtain the critical K c value for a 
specific material in a specific application depends on the type of expected (or 
desired) fracture behavior shown in Figures 3.2 and 3.3 

Fracture toughness, K c, is defined as the resistance to the propagation of a 
crack in a given test specimen or structural member, i.e., the resistance force. If 
the conditions in a structural member are modeled in a laboratory specimen, this 
laboratory specimen can be tested to obtain the appropriate K c value to be used 
in the structural condition being analyzed. 

The lowest value of fracture toughness occurs under linear-elastic condi- 
tions, resulting in sudden brittle fractures, Figure 3.2a and Figure 3.3a. As the 
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FIG. 3.2a Photograph of linear-elastic fracture surface and 
edge view. 

toughness of a given structural material increases, either by increasing temper- 
ature, decreasing loading rate, or decreasing constraint, elastic-plastic behavior 
occurs, Figures 3.2b and 3.3b. This behavior includes the development of a large 
plastic zone ahead of the crack tip and may or may not include stable crack 
growth. Final fracture usually is by sudden brittle fracture. Further increase in 
temperature or decrease in loading rate generally result in general yielding or 
fully plastic behavior, Figure 3.2c and Figure 3.3c. 

These various types of fracture behavior require different fracture tests. This 
requirement is different from determining the yield strength of a structural ma- 
terial, where a standard test specimen is used for all but  very unusual service 
conditions. It should be emphasized that the inherent fracture toughness of a 
structural material is affected significantly by composition and thermomechanical 
processing. Thus, as stated earlier, some structural materials can have high levels 
of fracture toughness for all possible service conditions. 

3.2 Service Conditions Affecting Fracture Toughness 

Before describing the various ASTM standard fracture tests available to measure 
resistance forces, we need to discuss the various service conditions. 
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FIG. 3.2b Photograph of elastic-plastic (mixed model) 
fracture surface and edge view. 

3.2.1 Temperature 
This is perhaps the easiest to describe as it is merely either the minimum 

service temperature of a structure or the actual test temperature of a laboratory 
specimen. 

If only one laboratory test temperature is used, it generally is the same as 
the minimum service temperature. One exception to this general rule occurs 
when a 'qoading-rate shift" is made to account for differences in the service 
loading rate and the laboratory test loading rate. This "loading rate shift" is 
described in the following section as well as in Chapter 4. However, it is pref- 
erable to test specimens at several temperatures to get an idea of how rapidly 
the fracture toughness changes with temperature. 

3.2.2 Loading R a t e  
Loading rates in most structures can vary from "'slow" (maximum load is 

reached in 10 or more seconds) to dynamic (or impact) where the maximum load 
is reached in about 0.001 s or less. Intermediate loading rates vary, but a typical 
one is about 1.0 s to maximum load, such as is found in bridge structures sub- 
jected to truck loadings. 
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FIG. 3.2c Photograph of general yielding fracture surface 
and edge view. 

In general, these loading rates are defined as follows: 

Slow = ~ --~ 10 -5 in./ in. /s .  
Intermediate = e ~ 1 0  - 3  in. / in. /s .  
Dynamic = r ~ 10 in. / in. /s .  

where r is the strain rate (in./in. per second) just ahead of the crack tip as de- 
scribed in Chapter 4. It should be noted that little change in fracture toughness 
occurs unless the loading rate is varied by at least an order of magnitude. 

Figure 3.4 compares these three loading rates. Figure 3.5 shows representa- 
tive fracture test results for a structural steel tested at three loading rates over a 
range of temperatures. Note that the temperatures at which the fracture tough- 
ness levels begin to increase significantly depend upon the loading rate. 

3.2.3 Constraint 
Of the three primary factors that affect the fracture toughness of a given 

structural material (i.e., temperature, loading rate, and constraint), constraint is 
the most difficult to establish quantitatively. 

The primary definition of constraint deals with the plane strain to plane 
stress transition as defined by specimen thickness. Plane strain refers to maxi- 
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P 

/ ~  Linear-elastic 

a) A 

P 

s t i c -p las t ic  

b) A 

P 

c) ~A 
FIG. 3.3 P -A  curve for 
three types of fracture 
behavior. 

m u m  constraint  and  occurs in ve ry  thick test spec imens  that  have  deep cracks. 
In contrast,  p lane  stress refers to m i n i m u m  constraint  and  occurs in thin test 
specimens.  The distinction be tween  these two  ext remes  has  been  establ ished b y  
an ASTM s tandard  to define the condit ions for K~c, which  is the plane strain 
fracture toughness  va lue  unde r  condit ions of s low loading. [1]. 

Load 

Pmax 

0.001 0.01 0.1 1.0 10 
Time(sec) 

FIG. 3.4 Schematic  showing different loading t imes to fracture. 
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FIG. 3.5 Effect of temperature and strain rate on fracture toughness of a 50-ksi 
yield strength structural steel. 

Figure 3.6 shows the elastic-stress-field distribution ahead of a crack as de- 
scribed in Chapter 2. The extent of the plastic zone ahead of the crack front can 
be est imated by using the following expression for stress in the y direction: 0( 

o-y = ~ c o s ~  1 +  

for 0 = 0 (along the x axis): 

sin ~ sin - -  (3.1) 

o-y - ~ (3.2) 

Letting o-y equal to the yield stress, which  is the 0.2% offset yield strength of the 
material  at a particular temperature  and loading rate, the extent of yielding 
ahead of the crack is: 

1 ( K__L/2 (3.3) 
ry = ~ \~ s/  

At  instability,/<i = K c, and the limiting value of ry, or the plastic zone, is: 

1 ( K c / 2  (3.4) 
ry = ~ \~ s// 

This value of ry is est imated to be the plastic-zone radius at instability under  
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FIG. 3.6 Elastic-stress-field distribution ahead of crack. 

plane-stress conditions. As shown in Figure 3.7, this value occurs at the surface 
of a plate where the lateral constraint is zero and plane-stress conditions exist. 
The plane-strain yield strength is assumed to be equal to V~ times greater than 
the uniaxial (plane-stress) yield strength. Because of this increase in the tensile 
stress for plastic yielding under plane-strain conditions, the plastic-zone radius 
at the center, where the constraint is greater and plane-strain conditions exist, is 
equal to one-third of this value, or: 

1 (Kicl2 (3.5) ry (plane strain) = ~ \O-y-~! 

where K~c is the critical stress intensity factor under conditions of maximum con- 
straint, e.g., plane strain. 

Thus, the relative plastic-zone size ahead of a sharp crack is proportional to 
the (K~c/Cry~) 2 value of a particular structural material subjected to plane-strain 
constraint. 

In establishing the specimen size requirements for plane-strain Kic tests, the 
specimen dimensions should be large enough compared with the plastic zone, 
ry, so that any effects of the plastic zone on the K I analysis can be neglected. The 
pertinent dimensions of plate specimens for KI~ testing are crack length (a), thick- 
ness (denoted as B in the ASTM standard [1]), and the remaining uncracked 
ligament length (W - a, where W is the overall specimen depth). After consid- 
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FIG. 3.7 Schematic representation of plastic zone ahead of crack tip. 

erable experimental work, the following minimum specimen size requirements 
to ensure elastic plane-strain behavior were established by an ASTM Committee 

a > 2.5 (Kit/2 
- - -  ( 3 . 6 )  

\O'ys/ 

B -> 2.5 (3.7) 
\O-ys/ 

W > 5 . 0 ( K ~ c l  2 
- - -  ( 3 . 8 )  

\(Yys/ 

The following calculation shows that for specimens meeting this require- 
ment, the specimen thickness is approximately 50 times the radius of the plane- 
strain plastic-zone size. 

specimen thickness B 2.5(Kic/ffys) 2 
. . . .  2.5 (6~r) -~ 47 (3.9) 

plast ic-zone size r~ (1/6"rr)(Kic/f fys) 2 

Thus, the restriction that the plastic zone be "contained" within an elastic- 
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stress field certainly appears to be satisfied. In fact, during the development of 
the recommended test method, there was considerable debate about whether or 
not this requirement was too conservative. Subsequent test results indicate that 
the requirements are conservative. Currently, these requirements are being re- 
analyzed by the ASTM Committee. 

By adhering to the test specimen dimensions (a, B, W) described above, the 
following two essential conditions are satisfied for plane strain Kic behavior. 

1. The test specimen is large enough so that linear-elastic behavior of the 
material being tested occurs over a large enough stress field so that any 
effect of the plastic zone ahead of the crack can be neglected. 

2. There is a triaxial tensile stress field present such that the shear stress is 
very low compared to the maximum normal stress, and a plane-strain 
opening mode behavior would be expected (Mode I, Chapter 2). 

Note that for a Kic test specimen to be sized, the K~c value to be obtained 
should already be known or at least estimated. This is not only a very unusual 
test specimen requirement, it is very difficult to satisfy. 

Two general means of sizing test specimens before the K~c value is even 
known are as follows: 

1. Estimate the Kic value on the basis of experience with similar materials and 
judgement based on other types of notch-toughness tests. In Chapter 5 we 
will describe various empirical correlations with other types of notch- 
toughness tests, such as the CVN impact test specimen, that can be used to 
estimate K k values. 

2. Use specimens that have as large a thickness as possible, namely, a 
thickness equal to that of the plates to be used in service. 

Fortunately for the structural designer (because such an individual would 
like his or her structure to be built from materials that do not exhibit elastic, 
plane-strain behavior) but unfortunately for the materials engineer responsible for 
determining K~c values, many low- to medium-strength structural materials in 
the section sizes of interest for most large structures (such as ships, bridges, and 
pressure vessels) are of insufficient thickness to maintain plane-strain conditions 
under slow loading and at normal service temperatures. In those cases, the linear- 
elastic analysis used to calculate the Kic test values is invalidated by general 
yielding and the formation of large plastic zones. Under these conditions, elastic- 
plastic test methods must be used to measure the fracture toughness, as described 
later in this chapter. Nonetheless, the basis for most subsequent fracture criteria 
and fracture control rests on knowing or estimating how much a material exceeds 
K~c-type behavior at the service temperature and loading rate. 

3.3 A S T M  Standard Fracture Tests 

There are several standard ASTM test methods developed to measure the various 
critical stress intensity factors for materials that exhibit different types of fracture 
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behavior. The different types of fracture behavior and the corresponding service 
conditions are described in this section as well as in Section 3.4, Fracture Behavior 
Regions. Figure 3.8 is a schematic showing the general regions where each of 
these methods is used. The specific ASTM test methods referred to in Section 3.4 
and Figure 3.8 are as follows: 

1. Kic Plane-strain critical fracture toughness value obtained at slow loading 
rates. Plane-strain refers to conditions of maximum constraint, e.g., 
generally thick plates and deep cracks. Fracture is sudden, resulting in 
unstable brittle fracture with little or no deformation. ASTM Test 
Method E-399: Standard Test Method for Plane-Strain Fracture 
Toughness of Metallic Materials [1]. 

2. Kic(t ) Plane-strain critical fracture toughness value obtained at intermediate 
loading rates, where t = time to maximum load in seconds. This is 
generally about 1.0 s for intermediate loading rate tests for steel 
bridges and other structures. Constraint is maximum and failure is 
sudden, resulting in unstable brittle fracture with little or no 
deformation. ASTM Test Method E-399--Annex A7. Special 
Requirements for Rapid Load Plane-Strain Fracture Toughness Kk(t) 
Testing [2]. 
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FIG. 3.8 General  regions of f racture behavior for structural steels. 
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3~ Kia (KID) Linear-elastic behavior during dynamic or impact loading results in 
rapid unstable brittle fracture. Referred to as Kia, the plane-strain crack- 
arrest toughness./(i Dy,amic (Kid) is assumed to be equivalent to K I . . . . .  t 
although there is no standard Kia test method. ASTM Test Method 
E-1221: Standard Test Method for Determining Plane-Strain Crack-Arrest 
Fracture Toughness, Kla, of Ferritic Steels [3]. 

4. 8c, Jc, K-R Elastic-plastic plane stress behavior during .slow-loading 
accompanied by  plastic zone development, but  not stable crack 
growth. Failure is by rapid unstable brittle fracture. 

(8c) ASTM Test Method E-1290: ASTM Standard Test Method for 
Crack-tip Opening Displacement (CTOD) Fracture 
Toughness Measurement [4]. 

(K-R) ASTM Test Method E 561: Standard Practice for R-Curve 
Determination [5]. 

(Jc) ASTM Test Method E-1737: Standard Test Method for 
Jqntegral Characterization of Fracture Toughness [8]. 

5. J~c Critical value of the J-integral that describes the stress-strain field ahead 
of a crack. J~c is a measure of the fracture toughness at the onset of slow 
stable crack extension. Behavior is non-linear elastic plastic. ASTM Test 
Method E-813: Standard Test Method for Jic, A Measure of Fracture 
Toughness [6]. 

6. 8 u, Ju, J-R Elastic-plastic behavior during slow-loading accompanied by 
slow stable ductile crack growth. Stable crack growth occurs as a 
ductile "thumbnail" such as was shown in Figure 3.2b. This 
stable crack growth is either followed by brittle fracture or 
continued stable ductile crack growth until separation of the test 
specimen. 

(Su) ASTM Test Method E-1290: Standard Test Method for 
Crack-Tip Opening Displacement (CTOD) Fracture 
Toughness Measurement [4]. 

(ju) Conceptually this would  be a point on the J-R curve 
described next in E-1152 [7] as there is no single standard 
for lu. 

(J-R) ASTM Test Method E-1152: Standard Test Method for 
Determining J-R Curves [7]. 

7. It, Jic, J-R A new test method has been developed to cover all/-integral test 
results in one standard. Behavior would be elastic-plastic with or 
without stable crack extension. ASTM Test Method E-1737: 
Standard Test Method for l-Integral Characterization of Fracture 
Toughness [8]. 

8. K, J, CTOD (8) This standard effectively replaces all of the previous test 
methods. A new common fracture test method, called the 
Standard Test Method [9], has been developed for materials 
where the type of behavior and thus the type of test needed 
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also is not known before testing. A bend or compact 
specimen is tested and the P-/~CMOD and P-ALL D records, 
where CMOD is the crack mouth opening displacement and 
LLD is the load line displacement, are analyzed as either K, 
J, or 8 values, depending on the test records. The standard 
is: ASTM Test Method E-1820-96: Standard Test Method for 
Measurement of Fracture Toughness [9]. 

The equations used to analyze K, J, or 8 are described in Appendix A of this 
chapter. 

9. Kjc This test method covers the determination of a reference temperature, T o, 

that characterizes the fracture toughness of ferritic steels that experience 
onset of cleavage cracking at elastic, or elastic-plastic Kjc instabilities, or 
both [10]. This method treats the statistical effects of specimen size on 
Kjc in the transition range using the weakest link theory applied to a 
three-parameter Weibull distribution of fracture toughness values [11]. 

Accordingly, it has advantages in dealing with the variability of test 
results. The test procedure is described briefly in Appendix B of this 
chapter. The test standard is: ASTM Test Method E-1921-97: Standard 
Test Method for the Determination of Reference Temperature T o , for 
Ferritic Steels in the Transition Range [10]. 

3.4 Fracture Behavior Regions 

The general regions over which each of these types of tests are used is shown 
schematically in Figure 3.8. This schematic shows the general increase in fracture 
toughness with increasing temperature for typical structural, ship, bridge, pres- 
sure vessel, etc. steels. 

All behavior in Region I is essentially brittle, such as was shown in Figures 
3.2a and 3.3a, regardless of loading rate. Materials that exhibit this behavior 
should be avoided if possible, as the toughness levels generally do not provide 
adequate margins of safety except under closely controlled service conditions. 

Behavior in Region II is elastic-plastic with increasing plastic zone sizes but 
not stable crack extension. Final fracture is rapid brittle fracture. Depending on 
service conditions, this behavior generally is satisfactory for many structural ap- 
plications. This behavior would be similar to that shown in Figures 3.2b and 3.3b 
but with no stable crack growth (ductile thumbnail) prior to the final brittle or 
mixed mode fast fracture shown in Figure 3.2b. 

Behavior in Region III is elastic-plastic with large plastic zones and increas- 
ing amounts of ductile tearing (Figures 3.2b and 3.3b) followed by unstable mixed 
mode fast fracture, but  only after considerable deformation. Stable crack growth, 
i.e., thumbnail behavior, would occur. 

Behavior in Region IV is general yielding, and specimens exhibit stable tear- 
ing at fracture as shown in Figures 3.2c and 3.3c. 
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Kic, Kk(t), and Kia values can be measured only in Region I. The size require- 
ments established in ASTM E 399 are fairly conservative, and thus this region is 
generally fairly small. J~ and 8u, as well as K-R values, are measured in Region 
II because there is no stable crack growth. Region III is defined as the start of 
various amounts of stable crack growth. Because Ji~ is defined as the fracture 
toughness level at the onset of stable crack growth, it defines the start of Region 
III. The distinction between Region III and IV is not well defined as Ju, 8u, and 
J-R tests are conducted well into Region IV also. 

Some materials, such as structural aluminums and titaniums, do not exhibit 
temperature or loading rate effects. Thus, rather than exhibit a change in behav- 
ior with changes in temperature or loading rate, these materials would exhibit 
the different types of behavior shown in Figures 3.2 and 3.3 at all temperatures 
and loading rates on the basis of their inherent metallurgical properties. Different 
test methods would still need to be used, depending on the particular levels of 
inherent fracture toughness of the metal. For example, if a particular aluminum 
had very low fracture toughness, KI~ tests would  be valid, where as if it had a 
high level of toughness, perhaps only Ju or 8 u tests could be conducted at all test 
temperatures. 

3.5 General ASTM Fracture Test Methodology 

All fracture mechanics test specimens have much in common. Accordingly, the 
general test methodology will be described in this section. Specific test proce- 
dures are found in the various ASTM Test Standards described in Section 3.3. 

The generic steps in fracture testing are as follows: 

3.5.1 Test Specimen Size 
As described in the various ASTM standards, there are many types of spec- 

imens, e.g., bend, compact tension, arc, disk, etc. However, the two most common 
specimens used are the three-point bend specimen shown in Figure 3.9 and the 
compact-tension specimen shown in Figure &10. 

The first step in testing a given structural material is to determine the size 
of the primary specimen dimensions of thickness (B), depth or width (IV), and 

~ P 

IIw  Fti0ue 
B =  w 

I~ 0 2/W _ I_ 2/w (~1  
(min.) ~1 - (min.) ~ I 

FIG. 3.9 Three-point bend specimen. 
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FIG. 3.10 Compact tension specimen. 

crack length (a), as shown in Figures 3.9 and 3.10. The remaining specimen di- 
mensions of length L and height H are of less importance, but still are prescribed 
in each ASTM test standard. 

Ideally, the specimen thickness, B, should meet a given requirement such as 
the ones given below for K k testing as described in E 399: 

a crack depth > 2.5 (Kit)  2 = - - -  (3.10) 
\ O ' y s /  

( ?  B = specimen thickness -> 2.5 --KIc (3.11) 
\Crys/ 

W specimen width -> 5.0 -( KIc-~2 = - -  (3.12) 
\~ys/  

However, generally it is difficult to meet these specific size requirements. Thus, 
the engineer should size the test specimen for the plate thickness of interest, B. 
After this is done, W generally is set equal to 2B, and the final crack length, a, 
generally is set equal to B. 

As noted by rearranging Equation (3.11), the maximum KI~ capacity that can 
be measured for a specimen of thickness B is: 

KI* = ~2~5 ~ryS (3.11) 

From ASTM E 1921, the maximum Kjc capacity of a J-integral specimen is: 
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~Ebor :/2 
Kjc = \ ~ j (3.13) 

where b o is W - a. For a specimen with thickness B and width of 2B, b o = B. 
Comparing the measurement capacities of Kic to Kjc for a 1-in.-thick specimen 

of 50-ksi yield strength steel, 

KIc = ~ 2 ~  " 50 = 32 ksi 

(30 x 1 0 6 " 1 " 5 0 )  1/2 
Klc = 3-0 = 220 ksi X/v-inTro. 

Thus, the KCRmCAL measurement capacity (in terms of K) for a J-integral test 
specimen is about seven times that of a K~ test specimen. 

3.5.2 Test Specimen Notch  
The purpose of notching the test specimen is to simulate an ideal plane crack 

with essentially zero root radius to agree with the assumptions made in the K~ 
analysis in Chapter 2. Because a fatigue crack is considered to be the sharpest 
crack that can be reproduced in the laboratory, the machined notch is extended 
by fatigue. The fatigue crack should extend at least 0.05 W ahead of the machined 
notch to eliminate any effects of the geometry of the machined notch. 

The fatigue cracking procedure is a very important part of the preparation 
of the test specimens. The specifics of each test method should be followed 
closely so that there is as little effect as possible from the fatigue cracking process 
on the test result. 

3.5.3 Test Fixtures and Instrumentation 
The test fixtures used in a particular test should be designed to minimize 

friction during the test, e.g., use rollers and/or  pins, as shown in Figures 3.11 
and 3.12. Specifics of rollers and/or  pin geometry and tolerances are given in 
each ASTM test method. 

Preferably, the test machine used should be one in which either load or 
displacement can be controlled. Generally, fatigue cracking is done in load con- 
trol, whereas most fracture tests are conducted under displacement control. 

Instrumentation must be available that will continuously record load as well 
as one or more displacement measurements during the test. Load is usually ob- 
tained from the load cell on the testing machine. 

The two types of displacement measurements that are required, depending 
on the type of test are crack mouth opening displacement (CMOD) or load-line 
displacement (LLD). 

The CMOD is measured at the mouth of the crack (on the bottom surface) 
as shown in Figure 3.13a. An example of a Load-CMOD (P-A) curve is shown in 
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FIG. 3.11 Three-point bend test setup. 

FIG. 3.12 Compact-specimen K~c test setup. 
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~ P 

Clip Gauge Displacement, t~CMOD 

(a) K~c Test Setup 

o 

Clip Gauge Displacement, ACMOD in. 

(b) Load Displacement Record For Fracture Test 

FIG. 3.13 Schematic showing 
displacement measurement for K~o 
test: (a) K~c test setup; (b) load 
displacement record. 

Figure 3.13b. Details of a representative CMOD gage are shown in Figure 3.14. 
This type gage, details of which are described in the various ASTM standards, 
will give a very accurate measurement of the movement of the two crack faces 
at the edge of a specimen. A test record consisting of an autographic plot of the 
output of the load-sensing transducer versus the output of the displacement gage 
should be obtained. The initial slope of the linear portion should be between 0.7 
and 1.5. It is conventional to plot the load along the vertical axis, as in an ordi- 
nary tension test record. Select a combination of load-sensing transducer and 
autographic recorder so that the maximum load can be determined from the test 
record with an accuracy of + 1 percent. With any given equipment, the accuracy 
of readout will be greater the larger the scale of the test record. Continue the test 
until the specimen can sustain no further increase in load. The use of the P-A 
record to analyze the test results is described later. 

The load-line displacement is measured in the direction of the applied load 
so that a P-LLD (load-line displacement) record can be obtained and an energy 
analysis can be made to measure a J-integral test value. Normally a sensitive 
gage such as is shown in Figure 3.14 is used to measure the displacement of the 
crack tip in the exact direction of the load, as shown in Figure 3.15. 
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FIG. 3.14 Double cantilever clip-in 
displacement gage. 

The loading rate is specified so that the test is either slow or intermediate, 
as established by the test method being used. 

3.5.4 Analysis of Results 
Although the appearance of the fracture surface of a completed fracture test 

is very useful in qualitatively analyzing the result of any fracture test (Figures 
3.2a, b,c), the real analysis is of the particular load-displacement record (Figures 
3.3a, b,c). The two types of records that are obtained are a load-crack-mouth- 
opening displacement (P-~cMOD) or a load-load-line displacement (P-ALLD). Re- 
cording both measurements in any test increases the analysis options. 

The specific analysis of each record is outlined briefly below. For a complete 
description of each record analysis, a detailed review of the particular ASTM test 
standard is required. 

1. Kic, KMt), Kia If the P-ACMOD is linear-elastic (Figure 3.16a), and the particular 
Kic size and other requirements of the standard are satisfied, a 
K~c, KMt ), or KI, value can be obtained from this type test 
record. 

2. 8 c, 8 U, KI_ R these P-&CMOD records are non-linear (Figure 3.16b) and indicate 
either moderate to large plastic zone development or stable crack 
growth prior to fast fracture. 8c values occur before stable crack 
growth and 8 U values occur after stable crack growth, Figure 
3.16b. Note that Jc values, which are based on an energy 
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i T Z~ LLD 

ALLD 

FIG. 3.15 Schematic showing load- 
displacement curves for various crack 
depths. 

8 Failure 
is Fairly 
Constant 

analysis, require a P-/~LLD measurement. 
Both the 8c and 8 U analyses (as well as other 8 parameters 

described in the test standards) use the CMOD measurement to 
estimate the crack-tip opening displacement (CTOD). A 
schematic showing the relation between CMOD and CTOD is 
shown in Figure 3.17. It is the CTOD value that is used in 
analyses and specifications regarding the fracture resistance of a 
particular structural member. 

3. Jc, Jic This test requires a P-/~LLD record and either multiple specimens, or, 
more typically, a contained partial unloading of the test specimen so 
that the onset of stable crack growth can be determined. This is done 
by a careful analysis of the changes in slope of the unloading portion 
of the P-ALL D record as shown in Figure 3.16c. 

4. Jo Ju, J-R As stated earlier, all J fracture tests require P-ALL D records 
because the J-Integral analysis is basically an energy analysis. All 
J test records are analyzed to obtain values of J (related to the 
area under the P-ALL D curve ,  Figure 3.16c, vs. crack extension, &a). 
The crack extension, Aa, is obtained from the slope of the partial 
unloading measurements, e.g., the slope of the curve is related to 
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FIG. 3.16 Analysis of P-ACMOD and P-~LLD 
records. 

ACMOD 

the length of the crack. Other techniques sometimes are used to 
measure crack extension, such as an electrical potential crack 
growth procedure. These are described in detail in the ASTM Test 
Standards. 

Because it is not always possible to anticipate the fracture behavior of a struc~ral 
material before the test is completed, it is preferable to obtain both P-AcMoD and 
P-ALL D records for all tests. Then, the appropriate record can be used to analyze 
the appropriate fracture parameter. 

3.6 Relat ions  Be tween  K-J-8 
Several theoretical relationships between the various fracture-mechanics param- 
eters exist. In the linear-elastic regime, the critical-strain energy-release rate, G~c 
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FIG. 3.17 Assumed rotation of bend specimen 
during plastic portion of test r = 0.4. 

(Chapter 2), is equal to J~, the critical fracture toughness value at the initiation 
of crack growth for metallic materials. 

Furthermore, because 

for plane strain, it follows that: 

for plane strain. Also, 

K~ ---- ~ (3.16) 

~r~2a 
G - (3.17) 

E 

for a wide plate with a center crack of length 2a. 
In the Appendix of Chapter 2, it was shown that the crack-tip opening dis- 

placement, 8, is equal to: 

= / EGIc (3.14) 
K:~ X1 - v z 

= /. E_J~ (3.15) 
KIc ~1 - -  lY 2 

for plane stress. 
In Chapter 2 it was shown that 
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-rro-2a 
8 -  

Ecrys 

for a wide  plate wi th  center crack of length 2a. Thus,  

Because 

for this case, 

Also, because E = O'ys/Gys, 

(3.18) 

K I = ~r%/~ (3.20) 

8 -  KI2 (3.21) 
Eo'y s 

- -  = - -  (3.22) 
~ys \O 'ys /  

At the onset of crack instability, where  K I equals Kc and  8 is equal  to the critical 
value,  8 c, 

8----c--c = ( Kc / 2 (3.23) 
gys \ O'ys / 

Equat ion (3.21) can be rewri t ten as follows: 

K I = V ~ y s 8  (3.24) 

Because actual specimens are nei ther  complete ly  plane strain nor  plane stress, a 
constraint  factor, m, is in t roduced into Equation (3.24) to account  for the actual 
state of stress in the specimen at failure. 

K~ = mV'-m--~Cy~8~ (3.25) 

Finite-element analyses [11] as well  as exper imental  test results have shown 
that  for modera te  constraint  levels be tween  the limits of plane strain and plane 
stress, a constraint  factor m of about  1.7 is a good value to use. Furthermore,  
Wellman [12] and Wilson and Donald  [13] have shown  that the use of the flow 
stress 

O'ys -{- O'ult (3.26) 
crfl~ - 2 

gives a better  correlation be tween  K c and  CTOD values  than the use of O-y s. Hence 
the suggested relation be tween CTOD and K c is 

K~ = X/1.7 Eo-aow8 ~ (3.27) 

Because Kr = V ~ ,  it follows that 

J~ = 1.70"ao w 8~ (3.28) 

G = 80"y s (3.19) 
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Regardless of the particular fracture test conducted, the relations can be used 
to estimate a critical resistance force in terms of the stress-intensity factor, K c. 
Thus, fracture control can be approached in the following manner: 

1. Calculate the driving force K~ (Chapter 2). 
2. Measure the resistance force in the appropriate K, J, 8 test (Chapter 3). 
3. Use the above relations to obtain the resistance force in terms of an 

equivalent K c value. 
4. Keep/(i ~ K c to prevent fracture in the same manner as the stress, o-, is kept 

less than O-y s to prevent yielding. 

This is obviously a simplification of the overall fracture control process in actual 
structures; however, it is the basic starting point. Part IV discusses fracture con- 
trol in more detail. 

As has been stated previously, critical K, J, 8 resistance forces are affected by 
temperature, loading rate, and constraint. The effects of these service conditions 
on the resistance force of structural materials will be discussed in Chapter 4. 

Finally, common sense tells us that if a material has a high (or low) level of 
fracture toughness in one of the numerous fracture mechanics type tests, then 
the material probably will exhibit a high (or low) level of notch toughness in a 
less-expensive test such as the widely used Charpy V-notch impact test. Thus, 
empirical relations ought to exist between fracture mechanics test results and 
less-expensive conventional fracture toughness tests. These relations do exist and 
are discussed in Chapter 5. 

3.7 References  

[1] E 399-90 (Reapproved 1997). Standard Test Method for Plane-Strain Fracture Toughness of 
Metallic Materials, ASTM, Vol. 03.01. 

[2] E 399-A-7. Special Requirements for Rapid-Load Plane-Strain Fracture Toughness Kic(t ) 
Testing, ASTM, Vol. 03.01. 

|3] E 1221-96. Standard Test Method for Determining Plane-Strain Crack-Arrest Fracture 
Toughness, K~a, of Ferritic Steels, ASTM, Vol. 03.01. 

[4] E 1290-93. Standard Test Method for Crack-Tip Opening Displacement (CTOD) Fracture 
Toughness Measurement, ASTM, Vol. 03.01. 

[5] E 561-94. Standard Practice for R-Curve Determination, ASTM, Vol. 03.01. 
[6] E 813-89. Standard Test Method for Jic, A Measure of Fracture Toughness, ASTM, Vol. 03.01. 
[7] E 1152-95. Standard Test Method for Determfi~_ng J-R Curves, ASTM, Vol. 03.01. 
[8] E 1737-96. Standard Test Method for J-Integral Characterization of Fracture Toughness, ASTM, 

Vol. 03.01. 
[9] E 1820-96. Standard Test Method for Measurement of Fracture Toughness, ASTM, Vol. 03.01. 

[10] E 1921-97. Standard Test Method for Determination of Reference Temperature, To, for Ferritic 
Steels in the Transition Range. 

[11] Anderson, T. L., Steinstra, D., and Dodds, R. H., "A Theoretical Framework for Addressing 
Fracture in the Ductile-Brittle Transition Region," Fracture Mechanics, 24th Volume, ASTM STP 
1207, ASTM, 1994, pp. 185-214. 

[12] Wellman, G. W. and Rolfe, S. T., "Three Dimensional Elastic-Plastic Finite Element Analysis of 
Three-Point Bend Specimen," Fracture Mechanics: Sixteenth Symposium, ASTM STP 868, ASTM, 
1985, pp. 214-237. 



Resistance Forces--Kc-Jc-8 c 91 

[13] Wilson, A. D. and Donald, K., "Evaluating Steel Toughness Using Various Elastic-Plastic 
Fracture Toughness Parameters," Nonlinear Fracture Mechanics: Volume Ih Elastic-Plastic Fracture, 
ASTM STP 995, J. D. Landes, A. Saxena, and J. G. Merkle, Eds., American Society for Testing 
and Materials, Philadelphia, 1989, pp. 144-168. 

[14] McCabe, D. E., Merkle, J. G., and Nanstad, R. K., "A Perspective on Transition Temperature 
and Kjc Data Characterization," Fracture Mechanics: Twenty-Fourth Volume, ASTM STP 1207, 
1994, pp. 215-232. 

3.8 A P P E N D I X  A 

K, J, CTOD (8) Standard Test Method E 1820 
Often, the type of fracture behavior (Figure 3.3) is not  known  before testing, 

and thus the type of test needed also is not  known. Fracture specimens can still 
be tested, P-CMOD and P-LLD records obtained, and the results analyzed in one 
of three ways,  depending on the type of record obtained. That is, for linear elastic 
behavior, analyze for KI~. For non-linear elastic-plastic behavior, analyze for J or 
CTOD (8). 

Calcu la t ion  of  K 

If the P-CMOD record is linear elastic (Figure 3.3a), calculate a conditional KQ 
value that involves the construction of a 5% secant offset line on the P-CMOD 
record. For the bend specimen at a load, PQ, calculate KQ as follows: 

where: 

PoS 
KQ ~ [ (BBN-~W3/2]  f ( a i / W )  (A-l) 

3(af fW) 1/2 [1.99 - (ailW)(1 - a i lW)  
x(2.15 - 3.93(affW) + 2.7 (ai/W)2)] 

f ( a i / W )  = 2(1 + 2ai /W)(1 - a i /W)  3/2 (A-2) 

tf KQ meets all of the requirements of E 1820-A5, Method  for Kic Determi- 
nation, then KQ = KI~. 

For most  structural materials, however, this will generally not be the case, 
and J a n d / o r  CTOD (8) analyses must  be used. 

Calcu la t ion  of  J 

The J test method  uses the P-LLD test record (Figure 3.15). For the single edge- 
notch bend specimen: 

J = Jelastic + /plastic (A-3) 

where Jelastic = elastic component  of J, and 

Jp~as~c = plastic component  of J. 
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FIG. 3.A1 Definition of area for J calculation 
using the basic method. 

At  a po in t  c o r r e s p o n d i n g  to v a n d  P on  the s p e c i m e n  load  ve r sus  load- l ine  dis- 
p lacement ,  F igure  3.A1, calculate  J as fol lows:  

K2(1 - u 2) 
l = E + Jpe (A-4) 

w h e r e  K is ca lcu la ted  as d i scussed  in the p r e v i o u s  sect ion w i t h  a = a o, and  

2Ape (A-5) 
Jpe - BNbo 

w h e r e  Ape = area  as s h o w n  in  F igure  3A.1, 
B N = ne t  s p e c i m e n  th ickness  (B N = B if no  side g r o o v e s  are present) ,  

a n d  

b o = W - ao. 

-- PMAX 

m.~o / O r i g i n a l  "J /~-- Loading 

vp.~ 
Total CMOD, v 

FIG. 3.A2 Definition of Vpe and PMAX for K 
calculation. 
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Calcu la t ion  of  C T O D  (8) 

Calculation of CTOD for a point  on the load-CMOD curve (Figure 3.A2) are made 
as follows: 

8 - K2 (1 - ~2) + r~ ( W  - ao)Vpe (a-6) 

2(YysE [rp ( W  - do) + ao + z] 

where  a o = original crack length,  
K = stress i n t ens i ty  factor as defined in Equa t ion  (A-l) wi th  a = a 0 

and  P = Pm~, 
V = Poisson's ra t ion,  

tys = yield s t ress  or 0.2% offset yield s t r eng th  a t  the  t empera tu re  of 
interest ,  

E = elastic modulus  at  the  tes t  t empera tu re ,  
V~ = plastic component  of crack m o u t h  opening displacement  a t  the 

point of evaluat ion  on the  load-displacement  curve, 
Z = dis tance of knife  edge m e a s u r e m e n t  point  from the notched edge 

on the  single edge bend specimen, and  
% = plastic ro ta t ion  factor = 0.44. 

If stable crack growth has occurred, the current crack length, a i, is used  plus 
the value of Aa as described in the test s tandard [9]. 

3.9 A P P E N D I X  B 

Reference Temperature To, to Establish a Master Curve Using Kjc 
Values In Standard Test Method E 1921 
This test method  uses statistical analysis to establish a Kjc value from Jc test 

results at a reference temperature,  T o. This reference tem._p_erature is the temper- 
ature at which the Kjc value is 100 MPa Vmm (90.9 ksiVin.). Knowing the refer- 
ence temperature,  T o, a master  curve that describes the shape and location of the 
Kjc transition temperature fracture toughness for 1-in.-thick specimens of ferritic 
steels can be established using the following equation: 

Kjc (median) = 30 + 70 exp[0.019(W - To) ] (B-l) 

where  Kjc = MPa V~-~n., 

T = test temperature,  ~ and  
T o = reference temperature,  ~ 

This master curve is similar to the ASME Section XI K k and K m lower-botmd 
design curves described in Chapter 14. Figure 3.B1 shows a master curve devel- 
oped using this s tandard compared wi th  the ASME Section XI Kxr and KIR lower 
bound  design curves [14]. 

The test temperature,  To, at which Kjc is about 100MPa X/~m. 
(90.9 ksi V'~m.) can be est imated by determining the CVN impact temperature at 
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FIG. 3.B1 Data from HSST Fifth I r radiat ion Ser ies  normal i zed  to ITC 
9T equiva lent  data .  Med ian  curve fit, 9 5 %  lower -bond  curve,  and  
A S M E  lower -bound  curve for  RTNo T = - 3 4 ~  (Ref. 14). 

28 J. Knowing that temperature,  T28 J, the estimate of the T o temperature can be 
made  as follows: 

T o (estimate) = T2s j + C where C depends  on the J test specimen size as 
described in E 1921. 

Knowing an estimate of T o from CVN test results, six Jc specimens are tested 
as described in Appendix A. A Weibull analysis then is conducted to establish 
Kj~ at To. 
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Effects of Temperature, 
Loading Rate, and Constraint 

4.1 Introduction 

IN CHAPTER 3, VARIOUS fracture test methods for determining the fracture tough- 
ness under conditions of slow, intermediate, and dynamic loading rates were 
described. Generally, fracture toughness values are referred to as K c, the critical 
stress intensity factor. For specific situations, there are specific Kc values, such as 
Kic, for slow-loading under plane strain conditions as defined by ASTM E 399. 
The fracture toughness under intermediate-load rate conditions is referred to as 
KI~ (t), where the time to maximum load is given in the parentheses. The dynamic 
crack arrest fracture toughness is Kia, and the critical plane-strain stress-intensity 
factor under conditions of impact loading is referred to as Kid. Furthermore, the 
Kic , Kic ( t ) ,  and Kia tests are frequently conducted at various temperatures to de- 
termine the "static," "intermediate," and "dynamic" fracture toughness of vari- 
ous structural materials as a function of temperature. 

The fact that the inherent fracture toughness of most structural steels in- 
creases with increasing test temperature is well known. This increase has been 
measured using various notch-toughness specimens such as the Charpy V-notch 
impact specimen, and it is certainly reasonable to expect a similar increase using 
fracture-mechanics-type test specimens. What is not so widely known is the fact 
that the same inherent fracture toughness can decrease significantly with increas- 
ing loading rate, that is, Kid can be smaller than Kic at the same test temperature. 
Also, testing plates thinner than those required for plane-strain values may result 
in plane-stress K~ fracture toughness values that are considerably higher than the 
K~c values. Thus, before the engineer can use fracture-toughness values in design, 
fracture control, failure analysis, or fitness for service, the critical fracture- 
toughness value for the particular service temperature, loading rate, and con- 
straint level must be known. In this chapter we shall describe the general effects 
of these three variables on the fracture toughness of various structural materials. 

95 
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T Intermediate KIC (t) 

~ KIc (Kin) 

Temperature > 

FIG. 4.1 Schematic showing effect of temperature and 
loading rate of K,c. 

4.2 Effects of Temperature and Loading Rate on Kic, Kk(t), 
and Kid 

In general, the fracture toughness of structural materials, particularly steels, in- 
creases with increasing temperature and decreasing loading rate. These two gen- 
eral types of behavior are shown schematically in Figures 4.1 and 4.2. Figure 4.1 
shows that both Kic and Kid increase with increasing test temperature. However, 
for any given temperature, the fracture toughness measured in an impact test, 
Kid , generally is lower than the fracture toughness measured in either of the other 
two types of tests. Figure 4.2 shows that, at a constant temperature, fracture- 
toughness tests conducted at higher loading rates generally result in lower frac- 
ture toughness values. Actual test results for three structural steels are shown in 
Figures 4.3, 4.4, and 4.5. 

.Kin------  

Slow 

KID(t) 

Intermediate Impact 

K = I . 0  K~ 102t0 103 K=105 
�9 ' i Loading Rate, K, ksl 

Sec. 

FIG. 4.2 Effect of loading rate on K,c. 
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FIG. 4.3 Effect of temperature and loading rate on fracture toughness 
of an A36 steel. 

This effect of temperature and loading rate also is observed with Charpy V- 
notch test results, as shown schematically in Figure 4.6. Figure 4.7 shows Charpy 
V-notch test results for the same A36 structural steel described in Figure 4.3. 
Thus, the transition from brittle to ductile behavior begins at lower temperatures 
for specimens tested at slow loading rates compared with specimens tested at 
impact loading rates, for both fracture-mechanics-type tests, as well as the more 
conventional CVN tests. 

Fractographic analyses of numerous fracture surfaces show that the fracture- 
toughness transition behavior is associated with the onset of change in the 
microscopic-fracture mode at the crack tip. At the low end of the transition- 
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FIG. 4.4 Effect of temperature and loading rate on fracture toughness of an ABS-C 
steel. 

temperature range, the mode of fracture initiation is cleavage, and at the upper 
end the fracture initiation mode is ductile tear. In the transition-temperature re- 
gion, a continuous change in fracture mode occurs, often referred to as mixed- 
mode. 

This observation leads to the conclusion that the transition-temperature be- 
havior in K~ tests and Charpy V-notch tests reflects predominantly a gradual 
change in the microscopic mode of fracture from cleavage at very low temper- 
atures to tear dimples at the upper-shelf region of the CVN test results. 

4.3 Effect of Loading Rate on Fracture Toughness 

K k tests are conducted at "slow" loading rates such that the time to maximum 
load is in the range of about 10-60 s. Specifically, the loading rate is specified 
by ASTM to be within the range 30-150 ksiV~m./min. Because some structural 
materials are strain-rate sensitive, their fracture toughness at faster loading rates 
can be quite different from that measured in a "slow" K k test. Low-strength 
structural steels exhibit a large change in fracture toughness for different loading 
rates, as was shown in Figures 4.3, 4.4, and 4.5. These figures show critical stress- 
intensity factor test results conducted according to ASTM E 399 (Kic tests), Kic 
tests conducted at intermediate strain rates (K k (t)), and K[, tests conducted at 
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FIG. 4.7 Slow-bend and impact CVN test results for an A36 steel. 

impact loading rates, referred to as Krd (dynamic), similar to Kia results. Note that 
the shift between the slow-bend test results and the dynamicqoad  results for 
low-strength steels (r < 50 ksi) is over 150~ and that the difference in loading 
rates between slow and impact  is about six orders of magnitude.  

As a general rule, slow loading rates are conducted at strain rates of ap- 
proximately 10 -5 in . / in . / s ,  that is, the max imum load is reached in about I min, 
as in a s tandard tension test. Intermediate-loading-rate tests, Kic (t), are usual ly 
conducted at strain rates of about  10 -3 in . / s  or time to ma x i mu m load of about 
1 s. Dynamic tests usually are conducted at strain rates of 10 in . / i n . / s  wi th  time 
to max imum load of about 0.001 s. 

The more common reference to loading rate is: 

- Kcritical 
t (4.1) 

where /<  = rate of increase in the stress-intensity factor, ksi N/~-~m./s, 
Kcri t ical  = critical stress-intensity factor (Kic, Kic(t), K~d , KI, , K~), ksi N/~n., and 

t = time, in seconds, required to reach Kc~cal. 

There is a continual change in fracture toughness of structural steels wi th  
increasing loading rates, as shown in Figure 4.2. The rate of change of K I wi th  
respect to time is given in ksi X/~-~./s. "Slow" loading rates, that  is, those pre- 
scribed in the s tandard method  of KIc testing, are around 1 ksi V'~n./s, whereas 
those loading rates generally obtained in Kid testing are around 105 ksi x/in-~n./s. 
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Other structural materials, for example, aluminums, fitaniums, and very- 
high-strength steels (yield strengths of 140 ksi and higher), generally do not ex- 
hibit loading-rate effects. Thus, for these materials, there generally would be no 
difference between K~c and Kid values tested at the same temperature. 

4.4 Effect of Constraint on Fracture Toughness  

Ahead of a sharp crack, the lateral constraint (which increases with increasing 
plate thickness) is such that through-thickness stresses are present. Because these 
through-thickness stresses must be zero at each surface of a plate, they are less 
for thin plates compared with thick plates. For very thick plates, the through- 
thickness stresses at the centerline are large, and a triaxial tensile state of stress 
occurs ahead of the crack. This triaxial state of stress reduces the apparent duc- 
tility of the steel by decreasing the shear stresses. Because yielding is restricted, 
the constraint ahead of the crack is increased and thus the fracture toughness is 
reduced. This decrease in fracture toughness is controlled by the thickness of the 
plate, even though the inherent metallurgical properties of the material may be 
unchanged. Thus, the fracture toughness is smaller for thick plates compared 
with thinner plates of the same material. This behavior is shown schematically 
in Figure 4.8, which indicates that the minimum fracture toughness of a partic- 
ular material, Kic, is reached when the thickness of the specimen is large enough 
so that the state of stress is plane strain. 
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FIG.  4.8 Ef fect  of  th ickness  on K c. 
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In Figure 4.9, actual test results are presented  for a high-strength maraging  
steel that illustrate this behavior.  For thicknesses greater than some value related 
to the fracture toughness  and  yield s t rength of individual  materials, m a x i m u m  
constraint  occurs and plane-strain, KI~, behavior  results. In Chapter  3 it was 
shown that  this limiting thickness has been  defined to be B >- 2.5 (Kk/o-ys) 2, as 
given in the ASTM E 399 Standard Me thod  of Test for Kic" Conversely, as the 
thickness of the plate is decreased, even though the inherent metallurgical character- 
istics of the steel are not changed, the fracture toughness  increases. Thus plane- 
stress, Kc, behavior  exists for thin plates, as shown in Figure 4.9, compared  with 
thick plates. 

Figure 4.10 shows the shear lips at the surface of fracture test specimens 
wi th  different thicknesses machined  f rom the center of a single plate. Thus the 
material  at the centerline of each specimen where  fracture initiated was the same. 
The percentage of shear lips as compared  with the total fracture surface is a 
qualitative indication of fracture toughness.  A small percentage of shear-lip area 
indicates a relatively brittle behavior. A compar ison of the fracture surfaces, in 
Figure 4.10 shows that thinner  plates are more  resistant to brittle fracture than 
thick plates in that the percentage of shear lips is larger for the thinner specimens 
compared  wi th  the thicker ones. This qualitative behavior  is shown quantita- 
t ively in Figure 4.9. 

Pellini [1] described the physical significance of constraint  and plate thick- 
ness on fracture toughness  in terms of plastic flow, as shown in Figure 4.11. This 
figure shows that the introduct ion of a circular notch in a bar  loaded in tension 
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FIG. 4.10 Effect of specimen thickness (1/2, 1, 11/2, 2 in.) on toughness as 
determined by size of shear lips. 

causes an elevation of the stress-strain, or flow, curve. The plastic flow of the 
smooth  tensile bar, which  is usual ly used to develop convent ional  stress-strain 
curves, is " f ree"  flow because lateral contraction is not  constrained dur ing  the 
initial loading. 

In the no tched  bar, however,  the reduced  section deforms inelastically while 
the ends of the specimen are still loaded elastically. Since the amount  of elastic 
contraction (Poisson's ratio) is small compared  to the inelastic contraction of the 
reduced  section, a restriction to plastic flow is developed.  This restriction is in 
the nature of a reaction-stress system such that the Cx and o- z stresses restrict or 
constrain the flow in the r (load) direction. Thus,  the uniaxial stress state of the 
smooth bar is changed to a triaxial tensile stress system in the notched bar  com- 
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FIG. 4.11 Origins of constraint effects. 
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pared  wi th  the unno tched  bar. As the notch becomes more  sharp, the severity of 
the stress state increases. 

For a uni form triaxial state of stress, where  the three principle stresses, o-x, 
o-y, and 0-z are equal, there are no  shear  stresses. This results in almost  complete 
constraint against plastic flow. Thus the elastic stresses at the tip of a sharp crack 
are increased compared  with the lower  "free"-f low stresses in an unrest ra ined 
tension specimen. In the case of most  notched specimens,  0-y ~ 0-x or o-z, but  the 
stresses are not  equal. Thus, some shear stresses do  occur, and there is some 
nonlinear  behavior. 

The stress field for an element  within a s t ructure can be described by  three 
principal  stresses that  are normal  to each other, Figure 4.12. Shear stresses can 
be calculated from the principal stress components .  Assuming that 0-1 in Figure 
4.12 is the largest principal  stress and 0-3 is the smallest principal  stress, the 
m a x i m u m  shear stress component  along the two shaded  planes is: 

1 
Tmax = 2 (O'1 -- 0"3) (4.2) 

In a uniaxial tension test used to specify material  properties,  0-1 = 0-max and 
0"2 = 0"3 = 0. T h e r e f o r e  

0"1 ~ 
- ( 4 . 3 )  "rmax- 2 2 

Since the plastic deformation,  i.e., yielding, begins w h en  Cmax reaches a crit- 
ical value, a change in the relationship be tween "~max and 0-max represents a change 
in the plastic deformat ion  behavior  of the material.  Note  that yielding occurs 
w hen  the shear stress, ~max, reaches a critical value,  not  w h en  o-ma x reaches a 
critical value. 

The relationship be tween the shear stress and  the normal  stresses, 0-1, 0"2, 
and Ca, can result  in either yielding and relaxation of constraint or not  yielding 

~2 
r 

FIG. 4.12 Principal stresses and planes of 
maximum shear stress. 
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FIG. 4.13 Mohr's circle of stress analysis for stresses in a structure. 

and increased constraint. This behavior  is i l lustrated in Figure 4.13 using Mohr ' s  
circle of stress. Figure 4.13a shows the principle stress directions, with the largest 
being cr 1. For uniaxial loading, such as the case of a s tandard  tension test, o" 1 = 
appl ied stress and o- 2 = o- 3 = 0. At o- 1 = O-ma x, "rma • = O-max/2, as shown in Figure 
4.13b, and yielding occurs w h e n  "rma x = O-ys/2. 

In contrast  to the simple tension test, Figure 4.13c represents  a triaxial tensile 
state of stress such as wou ld  be expected in highly constrained connections (see 
Chapter  16). Because of the triaxial stress loading, the stresses approach the ul- 
t imate stress and fracture occurs. Yielding, which  is p reven ted  because "rma x is 
lOW, ma y  never  occur. 

Figure 4.14 is a schematic descript ion of the state of stress at the tip of a 
through-thickness crack in a sharply notched  specimen loaded  in tension. To 
satisfy compatibil i ty conditions, the plastic "cy l inder"  (plastic-zone region de- 
fined in Chapter  2) that develops  at the crack tip mus t  increase in diameter  wi th  
an increase in stress in the y direction due  to load. However ,  this can h ap p en  
only  if through-thickness l a t e r a l  contraction occurs in the z direction. This lateral 
contraction is constrained by  elastically stressed materials sur rounding  the "cyl-  
inde r"  and leads to the triaxial state of stress that raises the flow stress. Fur- 
thermore,  the material  behind  the notch is unstressed because of the free surface 
of the notch and adds to the lateral constraint  ahead of the notch. Therefore, as 
the thickness is increased, the constraint increases, and the flow stress curve is raised, 
as shown schematically in Figure 4.14. 

In summary,  the constraint  ahead of a sharp crack is increased by  increasing 
the plate thickness. Thus the critical stress intensity, Kc, for a particular structural  
material  tested at a part icular  tempera ture  and loading rate decreases wi th  in- 
creasing specimen thickness (Figures 4.8 and  4.9). Beyond some limiting thick- 
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FIG. 4.14 Constraint conditions for through-thickness cracks. 

ness, maximum constraint is attained, and the critical stress-intensity factor 
reaches the minimum plane-strain value, Kic. This maximum constraint occurs 
when the plate thickness is sufficiently large in a notched specimen of the par- 
ticular material being tested at a particular test temperature and loading rate. As 
described previously, the limiting thickness for plane-strain behavior under slow 
loading conditions has been established by the ASTM Standard Test Method E- 
399 [2] as: 

B >2 .5  (KIc) 2 
- -  ( 4 . 4 )  

\O-ys/ 

For dynamic loading, the limiting thickness would be: 

- -  ( 4 . 5 )  
\O-yd/ 

where B = thickness of test specimen. 
K~c = critical plane-strain stress-intensity factor under conditions of static 

loading described in ASTM Method E 399, "Standard Method of 
Test for Plane Strain Fracture Toughness of Metallic Materials" [2] 
as described in Chapter 3. 

~ry s = static tensile yield strength obtained in "slow" tension test as de- 
scribed in ASTM Test Method E, Standard Methods of Tension Test- 
ing of Metallic Materials [3]. 

K~a = critical plane-strain stress-intensity factor as measured by "'dy- 
namic" or "impact" test; the test specimen is similar to a Kit test 
specimen but  is loaded rapidly. As described in Chapter 3, Kia val- 
ues are presumed to be equivalent to Kia values [4]. 
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O-y d = dynamic tensile yield strength obtained in "rapid" tension test at 
loading rates comparable to those obtained in Kid tests; although 
extremely difficult to measure, a good engineering approximation 
based on experimental results of structural steels is: 

O'y d = O'y s q- (20 to 30 ksi) (4.6) 

This limiting constraint condition for Kic or Kid is established for a crack tip 
of "infinite" sharpness, namely, p = 0. This "infinite" sharpness is obtained by 
fatigue cracking the test specimens at low-stress levels, as described in Chapter 
3. As a test specimen is loaded during a fracture test, some local plastic flow will 
occur at the crack tip, and the crack tip will be blunted slightly. For a brittle 
material, that is, any structural material tested at a temperature and loading rate 
where it has very low fracture toughness, the degree of crack blunting is very 
small. Consequently, unstable crack extension will occur from a sharp crack. In 
essence, the material fractures under elastic loading and exhibits plane-strain 
behavior under conditions of maximum constraint. 

However, if the inherent fracture toughness of the structural material is such 
that it is not brittle at the particular test temperature and loading rate (e.g., the 
start of elastic-plastic behavior), an increase in plastic deformation at the crack 
tip occurs and the crack tip is "blunted." As a result, the limit of plane-strain 
constraint is exceeded. At temperatures above this test temperature, the inherent 
fracture toughness begins to increase rapidly with increasing test temperature 
because the effects of the crack blunting and relaxation of plane-strain constraint 
are synergistic. That is, the crack blunting leads to a relaxation in constraint that 
causes increased plastic flow, which leads to additional crack blunting. Thus, 
elastic-plastic behavior begins to occur rapidly at increasing test temperatures 
once this plane-strain constraint (thickness plus notch acuity) is exceeded. 

This behavior can be illustrated in terms of a constraint relaxation that 
changes the flow curve as shown schematically in Figure 4.15a. The degree of 
crack-tip blunting establishes the particular flow-stress curve, leading to plane- 
strain, elastic-plastic, or plastic behavior. For example, the dashed curves A and 
B in Fig. 4.15a represent flow curves of unconstrained material (as in standard 
tension tests) leading to plastic or elastic-plastic behavior, depending on the in- 
herent ductility of the structural material. Curve C represents the flow curve of 
a notched fully constrained material leading to failure under conditions of plane 
strain. If the material is tested at a temperature above the limit of plane strain 
such that partial crack-tip blunting occurs, a partial relaxation of constraint oc- 
curs, leading to elastic-plastic behavior. If the material is tested at still higher 
temperatures, considerable crack-tip blunting occurs, and considerable relaxation 
of constraint occurs, leading to plastic behavior. 

Figure 4.15b is a schematic of the metal-grain structure ahead of the crack 
tip and indicates the microscopic behavior of the particular structural material. 
The dark line tracings within grains indicate slip on crystal planes, which is 
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necessary to produce deformation. This deformation of individual grains is nec- 
essary to provide for growth of the plastic zone, ry, (approximated by the circle) 
ahead of the crack tip. Depending on the inherent metallurgical structure of the 
metal, continued loading either increases slip and deformation (elastic-plastic or 
plastic behavior) or leads to the development of cracks and /o r  voids (plane- 
strain behavior). A material that is brittle at a particular temperature will develop 
microcracks or voids before the plastic-zone size is very large, resulting in rapid 
or unstable crack growth, that o is, brittle fracture. As the test temperature is in- 
creased for successive test specimens, the metal becomes more ductile and slip 
occurs before microcracks occur, resulting in larger plastic-zone sizes. This is the 
beginning of the plane-strain transition where the individual grains begin to 
undergo large amounts of plasticity (microscopic plasticity), but the overall spec- 
imen is still elastic (macroscopic plane strain). This behavior was shown in Figures 
4.3, 4.4, and 4.5. For each of the loading conditions, there is a short region where 
the fracture toughness begins to increase rapidly, but  the overall behavior is still 
one of plane strain. 

The transition in behavior from elastic (plane-strain) to plastic behavior oc- 
curs over the region known as the transition-temperature region. Note that K~c 
or  Kid specimens cannot be used to measure the entire range of behavior since 
they require essentially elastic plane-strain behavior to satisfy the restrictions 
placed on the analysis described in Chapter 2. Other fracture-mechanics-type 
specimens (Ji~, CTOD, and R-curve) can be used to obtain quantitative esti- 
mates of the fracture toughness in the elastic-plastic region, as was described in 
Chapter 3. 

4.5 Loading-Rate Shift for Structural Steels 

4.5.1 CVN Temperature Shi f t  
The Kic, Kic (t), and Kid test results presented in Section 4.4 demonstrated the 

general effect of temperature and loading rate on Kic. A similar effect of loading 
rate exists for CVN specimens tested in three-point slow-bend and standard- 
impact loading. The general effect of a slow loading rate (compared with stan- 
dard-impact loading rates for CVN specimens) is to shift the CVN curve to the 
left and to lower the upper-shelf values. This behavior was shown schematically 
in Figure 4.6 and for actual CVN test results in Figure 4.7. 

The shifts in the transition temperature for slow-bend and impact KI~ and 
CVN test results for sixteen steels having yield strengths in the range 40-250 ksi 
are related to yield strength, as shown in Figure 4.16. Note the linear relation 
between yield strength and the temperature shift. 

The magnitude of the temperature shift caused by high-strain-rate testing 
should be measured, at the same energy level, from the onset of the dynamic 
temperature transition to the onset of the transition on the static curve as was 
shown in Figure 4.6. This onset of the dynamic temperature transition for the 
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CVN tests is defined arbitrarily by the intersection of tangent lines drawn from 
the lower shelf level and the transition region (Figure 4.6). The loading-rate shift 
has been verified by Roberts et al. [5] using the 15-ft-lb level. Thus, the fact that 
the shift exists does not depend on the particular means used to measure it. 
However, the onset of dynamic transition seems to be the best reference point 
from which to measure strain-rate effects because this point is located in the 
energy-absorption region where a change in the microscopic mode of fracture 
starts to occur at the initial crack front for both static and dynamic testing. Also, 
because the onset of the static temperature transition occurs at a lower temper- 
ature than that marking the onset of the dynamic temperature transition and 
because the static upper energy-absorption shelf is usually of lower magnitude 
than that measured in the dynamic test, the static and dynamic energy- 
absorption curves usually intersect. Thus, measurements of the temperature shift 
at temperatures above that defined by the onset of the impact CVN temperature 
transition may underestimate the magnitude of the shift. Below this reference 
temperature, the slopes with respect to the temperature axis of both the static 
and the dynamic CVN energy become very small; consequently, it is difficult to 
measure the magnitude of the shift between the two curves in the lower-shelf 
region. 

4.5.2 Kic-K~d I m p a c t - L o a d i n g - R a t e  Sh i f t  
The maximum difference in K~c and K~d fracture behavior for a given steel 

occurs between static loading and full-impact loading that correspond to strain 
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rates on the order 10 -5 s -1 and 10 s -1, respectively, as was  shown in Figures 4.3, 
4.4, and  4.5. Moreover, various studies [6,7] have shown that the temperature 
shift between static loading and impact  loading decreases as the room temper- 
ature yield strength of the steel increases, as shown in Figure 4.16. The magni tude  
of the temperature shift between slow loading and impact  loading (in both CVN 
and KIc-K~d tests) in steels of various yield strengths can be approximated by: 

Tshif t = 215 - 1 . 5 C r y  s (4.7) 

for 36 ksi < O'y s ~ 140 ksi (250 MPa < (yy~ < 965 MPa) and 

Tshif  t = 0 (4.8) 

f o r  O-y s ~ 140 ksi 

where Zshif t = absolute magni tude  of the shift in the transition temperature 
curves between slow loading and impact  loading, ~ and 

O-y~ = room temperature yield strength, ksi. 

4.5.3 Kit(t) Intermediate-Loading-Rate Shif t  
For the various Ktr K k (t), and Kid tests, strain rates are calculated for a point 

on the elastic-plastic boundary  as determined by Irwin using the following 
equation: 

2(Yys 
- (4.9) 

tE 

where O'y s = yield strength for the test temperature and loading rate, 
t = loading time for the test, e.g., the time stated in the brackets for 

the rapid-load Kit(t) test results, and 
E = elastic modulus  of the material tested. 

= Kcritical (4.10) 
t 

The rate of application of K is: 

where Kcritical = the K k, Kic (t), o r  Kid value at instability, and 
t = loading time for the test. 

K~c transition curves obtained at intermediate loading rates (10 -5 s -1 < ~ < 
10 s -1) are always between those obtained under  static (~ = 10 s s 1) and under  
impact  (r -~ 10 s 1) loading. Test results at an intermediate loading rate that 
corresponded to a strain rate of about 1 0  - 3  S - 1  at the elastic-plastic boundary  
were presented ha Figures 4.3, 4.4, and 4.5 for ASTM A36, ABS-C, and A572 
Grade 50 steels, respectively. The data suggested that the shift between a K k 
curve obtained under  static load (r -~ 10 5 s-a) and under  an intermediate loading 
rate (r --~ 10 -3 S 1) was approximately equal to 25% of the total shift, Equation 
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(4.5), between the curves obtained under static loading and under impact 
loading. 

4.5.4 Predictive Relationship for Temperature Shift 
Based on the preceding observations for Kic transition behavior under static, 

intermediate, and impact rates of loading, a generalized characterization for the 
dependence of temperature shift, Tshi~, strain rate, G and yield strength, O-ys, for 
a material can be formulated, Figure 4.17. For intermediate strain rates in the 
r a n g e  10  -3 S -1 ~ ~ ~ 10 S -1 and for steels having yield strengths of less than 140 
ksi (965 MPa), the relationship among Tshift, ~, and O-y s, Figure 4.18, can be ap- 
proximated by: 

Z s h i f  t = ( 1 5 0  - -  O ' y s ) ( ~ )  0"17 (4.11) 

where Z s h i f  t is in ~ Cys is in ksi, and r is in s -1. 
The plane-strain fracture-toughness value for a given steel tested at a given 

temperature and for strain rate equal to or less than 10 -s s -1 is constant and is 
equal to the static Kic value. Although the plane-strain fracture toughness behav- 
ior for a given steel tested at a given temperature and at a strain rate greater 
than 10 s -1 is yet to be established, it is generally assumed that the value is 
almost constant and is independent of the rate of loading [6-11]. 

4.5.5 Significance of Temperature Shift 
Because of the temperature shift, increasing the loading rate can decrease 

the fracture-toughness value at a particular temperature for steels having yield 

200 I I I I I I 
(~ys, ksi 

30 

160  

~ 5o 

~ 120  

~ SO ~ 

F- 
4 O  

0 I ] J ] I I 
10-5 10 -4 iO-3 10-2 iO-i IO o I0 i 

STRAIN RATE,~, sec - I  

FIG, 4,1"7 Shift in transition temperature for various steels 
and for strain rates greater than 10 -s s 1. 



Effects of Temperature, Loading Rate, and Constraint 113 

200 

IOO 
b 

50 

w nt" 
o 20  
I-- 

LLJ 
I--- 

5 

2 

1 
i0-~ 

I I I ~ l l l l ]  I ~ I I ~ l , I  I I I t I I I I I }  I I I I I I I I }  

O-ys, ksi 

50  

_ 7 0  

I 

Tshfft = (150-  O'y=) ~ O.Z7 

iO -2 10 - I  100 101 

STRAIN RATE,g ,  sec -1 

FIG. 4.18 Shift in transition temperature for various steels and for strain rates in the 
range 10 -z s -1 - ~ -< 10 s -L  

strengths less than 140 ksi. The change in fracture-toughness values for loading 
rates varying from slow to impact rates is particularly important to those appli- 
cations where the actual loading rates are slow or intermediate. Many types of 
structures such as buildings, bridges, ships, and pressure vessels fall into this 
classification. 

For example, for a design stress of about 20 ksi (138 MN/m2), a Kic of 40 
ksiX/~n. (44 M N / m  3/2) for a given steel would correspond to the tolerance of a 
through-thickness flaw of approximately 3 in. (76 ram). If a structure were loaded 
statically, this size flaw could be tolerated at extremely low temperatures. If the 
structure were loaded dynamically, however, the temperature at which this size 
flaw would cause failure would be much higher. That is, using the test results 
for an ABS-C ship steel presented in Figure 4.4 as an example, the static Kic value 
of 40 ksi X/~n. occurs at -225~ whereas the dynamic Kid value of 40 ksiX/~m. 
occurs at -50~ Similar observations could be made for other steels as shown 
in Figures 4.5 and 4.6. This difference between the static and dynamic results 
decreases with increasing yield strength, as indicated in Equation 4.5 for T~hift. 

If the loading rates of structures are closer to those of slow loading than to 
impact loading, a considerable difference in the behavior of these structures 
would be expected. Thus, not only should the effects of temperature and con- 
straint (plate thickness) on structural steels be established, but more important, 
the maximum loading rates that will occur in the actual structure being analyzed under 
operating conditions should be established. As will be discussed in Part IV, the load- 
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ing-rate shift has been used in establishing the AASHTO material fracture- 
toughness requirements for bridge steels [12]. 

The results presented in Figure 4.16 show that the largest shifts in transition 
temperature occurred for the low-strength steels and decreased with increasing 
yield strength up to strength levels of about 140 ksi. Above 140 ksi, no shift in 
transition temperature was observed. The shift in K~c behavior as a function of 
loading rate was presented in Figures 4.3, 4.4, and 4.5, for the low-strength steels. 
Figure 4.19 shows similar results for a 100-ksi yield strength steel, but the shift, 
as predicted, is smaller. Figure 4.20 shows test results for a 250-ksi yield strength 
steel, that, as predicted, has no temperature shift between slow and impact test 
results. 

To determine whether the shift in CVN test values is the same as the shift 
in Kic test results, dynamic K i d  test results were shifted by an amount equal to 
the CVN transition-temperature shifts and compared with the actual slow-bend 
K~c test results. Figures 4.21 and 4.22 show examples of these predictions for steels 
with yield strengths of about 40 ksi and 100 ksi, respectively. In general, the 
measured values agreed quite well with the predicted values for these steels. It 
should be emphasized that a prediction can be made either from slow-bend Kic 
values to dynamic values (/<i4), or vice versa. 
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Because dynamic Kid tests are extremely difficult to conduct and analyze, 
the preceding developed prediction procedure is quite useful in obtaining a first- 
order approximation of the effects of loading rate on the Kid behavior of steels 
by adjusting experimentally obtained slow-bend K k values. Further application 
of this observation is described in Chapter 5 on Correlations Between Various 
Kid Values and Fracture-Toughness Test Results. 
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CVN- K d- K= Correlations 

5.1 Genera l  

CHAPTER 3 DESCRIBED various fracture mechanics test methods that can be used 
to measure the resistance force of structural materials regardless of the fracture 
toughness level. That is, test methods ranging from linear elastic, K~c test methods 
to fully plastic J-R or 8 U test methods were described. Furthermore, the relation- 
ships between K-J-B were described so that the engineer can estimate the resis- 
tance force in terms of a Kc value for comparison with the driving force, K], as 
described in Chapter 2. Thus, regardless of the inherent fracture toughness of a 
structural material or the service loading conditions, it is possible to use fracture 
mechanics to predict the fracture behavior of actual structures. 

Unfortunately, fracture mechanics tests are complex and expensive to con- 
duct, and very few laboratories are equipped to conduct all of the various types 
of tests. The cost of machining, fatigue precracking, and testing a K~, Jc, or 8u 
specimen and the size requirements necessary to ensure valid K~c or  Kid test re- 
sults render the tests impractical as quality-control tests. Thus, although most 
codes and specifications were developed using principles of fracture mechanics, 
the specific fracture toughness tests specified for material purchase or quality 
control are in terms of auxiliary test specimens, such as the CVN impact test 
specimen rather than the expensive fracture mechanics types of tests. Conse- 
quently, the need exists to correlate K~ data with notch-toughness test results 
obtained with smaller and less costly specimens. 

For example, the American Association of State Highway and Transportation 
Officials (AASHTO) material requirements for bridge steels [1] are based on con- 
cepts of fracture mechanics, but  are specified in terms of Charpy V-notch impact 
test results. Fracture toughness requirements for thick-walled nuclear pressure- 
vessel steels are based on minimum dynamic fracture toughness values, Kia (ac- 
tually KIR for critical reference values [2]). However, the actual material fracture 
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toughness requirements for steels used in these pressure vessels are specified 
using NDT (nil-ductility transition) values and CVN impact values using lateral 
expansion measurements. Proposed fracture toughness requirements for welded 
ship hulls were developed using Kia/Cry ~ values, but the proposed material pro- 
curement values were in terms of NDT and CVN impact values. Thus empirical 
correlations as well as engineering judgement and experience are used to translate 
fracture-mechanics guidelines or controls into actual material fracture-toughness 
specifications. 

5.2 Two-Stage CVN-KIa-K c Correlation 

Many correlations have been developed using a wide variety of test specimens. 
However, because the CVN-impact test specimen is the most widely used quality 
control and specification specimen, the correlations presented in this chapter deal 
primarily with the CVN-impact test specimen as related to K c results. 

The Charpy V-notch impact specimen (ASTM E 23, Standard Methods for 
Notched Bar Impact Testing for Metallic Materials [3]) undergoes a transition in 
the same temperature zone as the impact plane-strain fracture toughness (Kid), 
as shown in Chapter 4. Thus, it is not surprising that a correlation between these 
test results has been developed for the transition region. This correlation is given 
by the equation." 

(KIa)2 = 5 (CVN) (5.1) 
E 

where Kid is in psi X/~., E is in psi, and CVN is in if-lb. The validity of this 
correlation is apparent from the data presented in Figure 5.1 for various grades 
of steel ranging in yield strength from about 36 to 140 ksi, and in Figure 5.2 for 
eight heats of SA 533B, Class 1 steel. Consequently, a given value of CVN impact 
energy absorption corresponds to a given Kia value as predicted by Equation 
(5.1). The loading rates in both tests are the same. Thus, except for size, the only 
difference is notch acuity, and this is accounted for empirically by the factor 
of 5. 

Recall that the temperature shift presented in Chapter 4, which described 
the loading rate shift between slow, Kic, and impact, Kid, results are: 

Tshift = 215 - 1 . 5 O ' y  s (5.2) 

Using these two relationships, the engineer can take CVN impact test results, 
which generally are widely available or fairly easy to obtain, and predict K k 
values as follows and as shown schematically in Figure 5.3: 

1. Obtain or test CVN impact specimens in the lower transition region for the 
material of interest. 

2. At each temperature for which CVN values are available, calculate the 
corresponding Kia values using Equation (5.1). 
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3. Shift the Kid values to KI~ values using Equation (5.2). 
4. If intermediate loading rate KI~ (1.0) values are required, use 3/4 of the Kid to 

KI~ shift as shown in Figure 5.3. 

5.3 K I c - C V N  U p p e r - S h e l f  C o r r e l a t i o n  

The relationship between Kic and upper-shelf CVN test results is based on the 
results of various investigations by Clausing [4], Holloman [5], and Gross [6]. 
Clausing showed that the state of stress at fracture initiation in the CVN impact 
specimen is plane strain, which is the state of stress in a thick Kic specimen. 
Holloman has shown that for the dimensions used in the CVN specimen, the 
maximum possible lateral stress is obtained, indicating a condition approaching 
maximum constraint. Tests by  Gross on CVN specimens of various thicknesses 
showed that the transition temperature for a standard CVN specimen is identical 
to the transition temperature for a CVN specimen of twice the standard width, 
substantiating the observation that the standard CVN test specimen has consid- 
erable constraint at the notch root. 

The upper-shelf KIc-CVN correlation is shown in Figure 5.4. It was developed 
empirically from results obtained on 11 steels having yield strengths in the range 
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110-246 ksi (Table 5.1). The Kic values for these steels ranged from 87 to 246 
ksiX/~n., and the CVN impact values ranged from 16 to 89 ft-lb. Since the de- 
velopment of this correlation, additional test results have verified the correctness 
of this relation for upper-shelf values. 

At the upper shelf, the effects of loading rate and notch acuity are not as 
critical as in the transition-temperature region. Thus, the differences in the K~ 
and CVN test specimens (namely, loading rate and notch acuity) are not that 
significant, and a reasonable correlation would  be expected, as follows: 

( K I - - ~ c l 2 - - 5 ( C g N - C r Y S ~  (5.3) 
O ' y s /  O'y s 20 / 

where K~c = critical plane-strain stress-intensity factor at slow loading rates, 
ksiV~n., 

~ry s = 0.2% offset yield strength at the upper shelf temperature, ksi, and 
CVN = standard Charpy V-notch impact test value at upper-shelf, ft-tb. 
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In a discussion of a paper on the J-integral as a fracture criterion, P. C. Paris 
[7] states that, "This paper (J-integral) finally explains the reasonableness of the 
Rolfe-Novak-Barsom correlation of upper shelf Charpy values, CVN with Kic 
numbers. This equation relating CVN, a limit-load-relating energy parameter, to 
Kic is not only now acceptable but is, for us, in agreement with the J failure 
criteria." 

Thus, in addition to empirically relating Kic to CVN test results over a wide 
range of strength and fracture toughness levels, the KIc-CVN relation shown in 
Figure 5.4 appears to have some theoretical basis as expressed in the develop- 
ment of the J-integral and has been substantiated by additional tests by other 
investigators. 

Because K~r is a static test and the CVN impact test is an impact test, the 
relationship presented in Equation (5.3) is limited to steels having yield strengths 
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greater than 100 ksi, where the effects of loading rate are small. However, because 
this correlation is an upper-shelf correlation, where the slow-bend and impact 
CVN values are constant for steels of various yield strengths, Equation (5.3) may 
be applicable to steels having yield strengths < 100 ksi. Because the upper-shelf 
CVN impact results are higher than the upper-shelf CVN slow-bend results, sub- 
stituting the dynamic yield strength, O-yd, into Equation (5.3) may give a better 
correlation for steels having a yield strength < 100 ksi. However, the extension 
of any correlation beyond the limits for which it was developed should be done 
with caution. 

5 .4  K m V a l u e  at  N D T  T e m p e r a t u r e  

In the drop weight NDT test (ASTM E 208, Standard Method for Conducting 
Drop Weight Test to Determine Nil-Ductility Transition Temperatures of Ferritic 
Steels [8]), a specimen is subjected to a crack initiated from a brittle weld bead 
under impact-loading conditions (Figure 5.5). After examining the crack shape 
obtained in this type of test, Irwin et al. [9] proposed an analysis for determining 
a dynamic fracture-toughness value, Kid, from the drop weight test results. Irwin 
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TABLE 5.1. Longi tud ina l  Mechanica l  Propert ies  of Steels Inves t igated  for R o o m  Tempera ture  K~c- 
CVN Upper-Shelf  Correla t ion 

CHARPY 
V-NOTCH 

YIELD ENERGY 
STEEL STRENGTH TENSILE ABSORPTION 

& MELTING 0.2% STRENGTH, ELONGATION REDUCTION AT +80~ KI~, 
PRACTICE* OFFSET, ksi ksi IN 1 IN., % OF AREA % (ft-lb) ksi~i~m. 

A517-F, A M  110 121 20.0 66.0 62 170 
4147, AM 137 154 15.0 49.0 26 109 
HY-130, A M  149 159 20.0 68.4 89 246 
4130, A M  158 167 14.0 49.2 23 100 
12Ni-5Cr-3Mo, A M  175 181 14.0 62.2 32 130 
12Ni-5Cr-3Mo, 183 191 15.0 61.2 60 220 

VIM 
12Ni-5Cr-3Mo, 186 192 17.0 67.1 65 226 

VIM 
18Ni-8Co-3Mo 193 200 12.5 48.4 25 105 

(200 Grade),  A M  
18Ni-8Co-3Mo 190 196 12.0 53.7 25 112 

(200 Grade),  A M  
18Ni-8Co-3Mo 187 195 15.0 65.7 49 160 

(190 Grade),  VIM 
18N-8Co-3Mo 246 257 11.5 53.9 16 87 

(250 Grade),  VIM 

NOTE: A M  signifies electric-furnace air-melted; VIM signifies vacuum- induc t ion -me l t ed .  

assumed that at the NDT temperature, the plate surface reached the dynamic 
yield stress, (J'yd, corresponding to the test temperature. Furthermore, analyses 
showed that the pop-in crack geometry had an a/2c ratio of 1 to 4, where a is 
the crack length and c is half the crack width. These observations led to the 
following relationship for a part-through-thickness crack: 

Kid = 0.78 (V/~)O-yd (5.4) 

Shoemaker [10] observed that the NDT temperature is close to the temper- 
ature at which a 1-in.-thick Kic specimen tested under impact loading ceases to 
satisfy the ASTM requirements for valid Kic tests. The thickness requirement for 
valid Kic tests is given by 

(/2 
B -> 2.5 --Kic (5.5) 

\~ys/  

where B = specimen thickness, and 
O-ys = yield strength. 

This relationship can be used to represent this observation by Shoemaker con- 
cerning the dynamic Kid value at NDT temperature. The resulting equation is 

Kid ~- 0.64 ( ~ )  O'y d (5.6) 
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where Kia = critical plane-strain stress-intensity factor at NDT temperature 
and under  dynamic loading (~ ~ 10 s-l); and 

O ' y c t  ---- dynamic yield strength at NDT temperature. 

Pellini [11] estimated the factor relating Kid and r to be 0.5. However, the 
differences in the various factors are slight, and the suggested relationship be- 
tween K~d and O'y d at the NDT temperature is: 

Kid = 0.6 (V':m-~) O-y d (5.7) 

where Kid = dynamic critical plane-strain stress-intensity factor at the NDT 
temperature, ksi q /~ . ,  and 

O'y d = dynamic yield strength at the NDT temperature, ksi. 
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The values of the dynamic yield strength, Oryd, a r e  approximately equal to 
the static yield strength plus 25 ksi, that is Cry a -~ Cry~ + 25 ksi. Thus, using 
Equation (5.7), the calculated Kid values at NDT for an A36 steel and an A572 
Grade 50 steel would  be 

A36: Kid "~ 0-60"yd ~ 0.6(40 + 25) ~ 39 ksi V'~m. 
A572 Grade 50: K~d = 0.6O'y d ~ 0.6(55 + 25) - 48 ksi X/~m. 

In Chapter 4, Kid test results of these two steels indicate measured values of about 
40 and 50 ksiV~m, compared with the above calculated values of 39 and 48 
ksih/]mm., respectively. Thus, Equation (5.7) appears to give a realistic approxi- 
mation to K~d at their NDT temperature for low-strength structural steels. 

5.5 Comparison of CVN-KId-KIc-J and 8 Relations 

In Section 5.2, the CVN-KId-KIc correlation was described. Previously, in Chapter 
3, relations between K C, J~, and ~ were presented. All of these relations were 
used by Wellman [12] to predict K~ values for 5 different steels and compare the 
predictions. The various relations used were as follows: 

Two-stage CVN-KId-KIc 

Kid = ~v/5 (CVN) E (5.8) 

Temperature shift between Kid and K c 

Tshif t = 215 -- 1.5Cry s (5.9) 

CTOD-K c 

J-integral 

Kr = X/1.7E(r,ow8 c (5.10) 

~1  El~c KIc = ~ ~2 (5.11) 

In addition, the Roberts-Newton [13] lower-bound CVN-KIc relation was also 
used. This relation is as follows: 

K c = 9.35 (CVN)  ~ (5.12) 

Note that this relation does not account for the temperature shift and was 
developed as a conservative lower-bound relation between impact CVN test re- 
sults and slow Kic test results. Also, unlike J and CTOD test results for the elastic- 
plastic and plastic behaviors, this correlation is based on initial crack extension 
and does not account for the increased fracture toughness accompanying sub- 
critical ductile crack extension. 
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The steels studied were: 

STEEL r 
ABS-B 38 
A516 39 
A533 62 
A508 71 
A517 108 

The results of that study are presented in Figures 5.6 through 5.10 and show the 
benefits of using correlations to estimate K c values. 

In all cases, the Roberts-Newton lower-bound curve severely underestimates 
the true fracture toughness at elevated temperatures. The two-stage CVN-K~d-K~c 
correlation appears to match the CTOD-K~ relation quite well, but its usefulness 
is limited to the lower region of the transition-temperature curve. 

The K,-CTOD and K~-J relations yield results for the lower strength structural 
steels that increase with temperatures as might be expected. The high-strength 
steel (A517) behaved in a manner somewhat different from the lower-strength 
steels. Because of the higher yield strength, there is a much smaller loading-rate 
shift. Also because of the higher yield strength, the determination of stable crack- 
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ing is much more difficult for the A517 steel than for the lower-yield-strength 
steels. This is analogous to the difficulty encountered in rating the fracture ap- 
pearance in Charpy V-notch specimens of high-strength steels. However, the gen- 
eral appearance of the temperature-transition curve, with a lower shelf, a lower- 
and upper-transition region, and an upper shell  is maintained but at lower 
fracture toughness levels. 

Figure 5.11 is a schematic showing the general regions of transition- 
temperature curves as described in Chapter 3. They can be divided into four 
regions, which are (1) lower shell  (2) lower transition, (3) upper transition, and 
(4) upper shelf. 

The lower-shelf region is characterized by little or no change in fracture 
toughness with changes in temperature. All fracture surfaces show brittle behav- 
ior both for initiation and propagation. Behavior is nearly linear-elastic, and K~c 
can be used to describe the behavior throughout most of this region. 

The lower-transition region is characterized by a ductile behavior along the 
fatigue crack front followed by brittle crack propagation with no evidence of 
prior stable cracking. The fracture toughness increases steadily with increasing 
temperature from near the linear-elastic K~c values to the fracture toughness at 
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the initiation of a fibrous thumbnail visible to the naked eye. This increase in 
fracture toughness takes place over a temperature range of about 200~ Finite 
element analyses show that within this range (which varies with yield strength 
and specimen size), a plastic hinge develops in the three-point bend test speci- 
men. The development of a plastic hinge demonstrates that the lower transition 
region is definitely a region of elastic-plastic fracture behavior. 

In the upper-transition region, the failure initiates by stable ductile tearing 
that is recognizable by a coarse fibrous "thumbnail" detectable by unaided visual 
observation of the fracture surface. This ductile "thumbnail" initiation is followed 
by brittle propagation. The significant increase in the CTOD values in the upper- 
transition and upper-shelf regions represents increased resistance to ductile crack 
propagation. If only the initiation of ductile crack propagation is plotted, there 
would be no significant increase in CTOD values with temperatures in the upper- 
transition and upper-shelf regions. 

The upper-shelf region is characterized by fibrous ductile tearing over the 
entire surface. The exact location of the start of the upper shelf is somewhat 
ambiguous due to the data scatter in the upper-transition region. This ambiguity 
is avoided if the upper shelf is arbitrarily defined to start at the temperature at 
which all specimens show 100% fibrous tearing failures. 
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Fracture-Mechanics Design 

6.1 Introduction 

"DESIGN" IS A TERM used in different ways by engineers. From a structural view- 
point, the term usually refers to the synthesis of various disciplines (statics, 
strength of materials, structural analysis, matrix algebra, etc.) to create a structure 
that is proportioned and then detailed into its final shape. When the word "de- 
sign" is used in this sense, designing to prevent fracture usually refers to using 
an appropriate stress level as well as to the elimination (as much as possible) of 
those structural details that act as stress raisers and that can be potential fracture- 
initiation sites; for example, weld discontinuities, mismatch, and intersecting 
plates. Unfortunately, large complex structures (either welded or bolted) rarely 
are designed (or fabricated) without these discontinuities, although good design 
and fabrication practices can minimize their size and number. 

From a materials viewpoint, the word "design" usually refers to the selection 
of a material and of the appropriate design stress level at the particular service 
temperature and loading rate to which the structure will be subjected. Thus, from 
this viewpoint, designing to prevent fracture refers to appropriate material se- 
lection as well as to selection of the appropriate allowable stress. 

Both these approaches to design are valid, but they should not be confused. 
The first (and traditional) definition assumes that the designer starts with a given 
material and design stress level (often specified by  codes). Thus, the design in- 
volves the process of detailing and proportioning members to carry the given 
loads without exceeding the allowable stress. The allowable stress is usually a 
certain percentage of the yield strength for tension members and a certain per- 
centage of the buckling stress for compression members. These "allowable" de- 
sign stress levels assume "perfect" fabrication in that the structures are usually 
assumed to have no crack-like discontinuities, defects, or cracks. It is realized 
that stress concentrations or mild discontinuities will be present, but the designer 
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assumes that his structural materials have sufficient ductility (which is a different 
property than notch toughness) to yield locally and redistribute the load in the 
vicinity of these stress concentrations or mild discontinuities. 

The second use of the term "design" refers to selection of materials and 
allowable stress levels based on the realization that discontinuities in large com- 
plex structures may be present or may initiate under cyclic loads or stress- 
corrosion cracking and that some level of notch toughness (which is a different 
property than ductility) may be desirable. This aspect of design has recently been 
made more quantitative by the development of fracture mechanics as an engi- 
neering science. 

To provide a safe, fracture-resistant structure, both of these design approaches should 
be followed. The designer must properly proportion the structure to prevent failure 
by either tensile overload or compressive instability and by unstable crack 
growth. Historically, most design criteria have been established to prevent yield- 
ing (either in tension or compression) and to prevent buckling. The yielding and 
buckling modes of failure have received considerable attention because analytical 
design procedures were available and could be used in various theories of failure. 
The maximum shearing stress theory of failure and the Euler buckling analysis 
are among the most widely used analytical design principles to prevent failure 
by general yielding or buckling. The recent development of fracture mechanics 
as an analytical design tool finally "fills the gap" in the designer's various tech- 
niques for the safe design of structures. 

Numerous textbooks describe the various design techniques to prevent ei- 
ther general yielding or buckling by proper proportioning of the various struc- 
tural members, and the reader is referred to the large number of design textbooks 
in the particular field of structures (bridges, ships, pressure vessels, aircraft, etc.) 
for these well-established design procedures. 

This book deals primarily with the selection of materials and appropriate 
design stress levels for fracture-resistant structures. This design approach as- 
sumes that discontinuities may be present in large complex structures. However, 
the incidence of fractures (as well as fatigue cracks) can be reduced and eliminated 
by good design and detailing practices and by minimizing discontinuities. 

The remainder of this chapter deals with a description of how fracture me- 
chanics can aid the engineer in the initial selection of: 

1. Materials, 
2. Design stress levels, and 
3. Tolerable crack sizes for quality control or inspection 

for fracture-resistant design of any large complex structures such as bridges, 
ships, pressure vessels, aircraft, and earth-moving equipment. Thus, this book 
should be used in conjunction with textbooks that describe the more traditional 
methods of designing to prevent either the buckling or yielding modes of failure 
to ensure that all possible failure modes are considered. 
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Regardless of the type of structure to be considered, fracture mechanics de- 
sign assumes that the engineer has established the following general information: 

1. Type and overall dimensions of the structure (bridge, pressure vessel, etc.). 
2. General size of the tension members (length, diameter, etc.). 
3. Additional performance criteria and service conditions (e.g., minimum 

weight, least cost, maximum resistance to fracture, specified design life, 
loading rate, operating temperature). 

4. Applied stress and cyclic stress range, where crack growth can occur (as 
discussed in Chapters 7-11). 

With this basic information, the designer can incorporate fracture mechanics 
values at the service temperature and loading rate in the "design" of a fracture- 
resistant structure. The fatigue life can be estimated as -well. 

If the designer knows or can measure the critical value of fracture toughness 
at the service conditions (that is, K~c, K c, Kid, etc., as described in Chapter 3) or 
can estimate these values using the correlations described in Chapter 5, the phi- 
losophy of design using fracture mechanics is fairly straightforward. Basically, 
the designer should make sure that the applied stress intensity factor, K T, is al- 
ways less than the critical stress intensity factor, Kc, that is appropriate for the 
particular structure in the same manner that ~ is kept below O'y s to prevent 
yielding. 

Fracture-mechanics "design" can follow either a fail-safe or a safe-life prin- 
ciple, both of which have been used extensively in design. Fail-safe design as- 
sumes that if an individual member fails, the overall structure is still safe front 
total fracture. Conversely, safe-life principles assume that for the particular ser- 
vice loading the structure will last the entire design life of the structure and 
failure will not occur while the structure is in service. Structures with multiple- 
load paths are essentially fail-safe structures because of the structural redun- 
dancy. Safe-life structures may or may not have multiple-load paths, that is, 
redundancy. In either case, the objective is to keep the applied K~ below the 
critical Kc throughout the life of the structure. 

Currently, most engineers recognize the fact that discontinuities may be pres- 
ent in large complex structures or that they may initiate and grow during the 
service life of the structure. The structural designer, therefore, should not limit 
his or her analysis to the traditional approaches of design whereby factors of 
safety or indices of reliability for unflawed structures are used but also should 
consider the possible presence of discontinuities in his or her structure. 

It should be emphasized that fractures in structures are rare. Hence, fracture 
mechanics is not widely used, and this is actually a desirable situation. However, 

1. As designs become more complex, 
2. As the use of high-strength thick welded structural materials becomes more 

common compared with the use of lower-strength thinner bolted plates, 
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3. As the fabrication and construction become more complex, 
4. As the magnitude of loading increases, 
5. As actual factors of safety decrease because of the use of computer design, 

the probability of fracture in large complex structures increases, and the designer 
should be aware of what can be done to prevent brittle fractures. 

In this chapter, design procedures using fracture-mechanics concepts will be 
limited to design considerations related to the terminal failure by fracture after 
possible crack extension has occurred by fatigue or stress corrosion crack growth. 
Crack growth to terminal conditions is covered in Chapters 7-11. 

Chapters 12, 13, and 14 in Part IV will focus on general methods to avoid 
fracture and fatigue failures in both new and existing structures. For existing 
structures, the options generally are more limited than in new design and the 
actual presence of discontinuities or fatigue cracks is more likely. Hence the con- 
cepts of fitness-for-service or life extension described in Chapter 14 clearly are 
pertinent for many structures that have seen extensive service. However, the 
principles described in this chapter serve as the basis for the application to new 
and existing structures described in Part IV. 

6.2 General Fracture-Mechanics Des ign  Procedure 
for Terminal Failure 

The critical stress-intensity factor for a particular material at a given temperature 
and loading rate is related to the nominal stress and flaw size as follows: 

K~c, Kc, K~(t), Kid = Co'X/a (6.1) 

where Kic, K c, etc. = critical fracture toughness of a material, ksi ~ (Chapter 
3), tested at a particular temperature and loading rate 
(Chapter 4). If Jc or 8c values are obtained, convert these 
to K c, as discussed in Chapters 3 and 5. 

C = constant, function of crack and specimen geometries, 
Chapter 2. 

(r = nominal applied stress, ksi, using tradition design 
methodologies. 

a = flaw size as a critical dimension for a particular crack 
geometry, Chapter 2. 

Thus, the maximum flaw size a structural member can tolerate at a particular 
stress level is: 

[K,c, K~, K,~ (t), K:aI~ 
a = ~ . ~  (6.2) 

Accordingly, the engineer can analyze the safety of a structure against failure 
by brittle fracture in the following manner: 
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1. Determine the values of the appropriate critical K value [K w KIc(t ), K c, Kid, 
etc.] and the corresponding yield strength at the service temperature and 
loading rate for the materials being considered for use in the structure. Note 
that for a complete analysis of welded structures, fracture toughness values 
for the weldment also should be determined. 

2. Select the most probable type of flaw that can exist in the member being 
analyzed and the corresponding K I equation. Figure 6.1 shows the fracture- 
mechanics models that describe three of the more common types of flaws 
occurring in structural members. Complex-shaped flaws often can be 
approximated by one of these models. Additional equations to analyze other 
crack geometries were described in Chapter 2. 

3. Determine the stress-flaw-size relation at various possible design stress 
levels using the appropriate K~ expression and the appropriate critical Kc 
value. 

As an example, the relation among stress, flaw size, and stress intensity 
factor, K I, for the through-thickness crack geometry shown in Figure 6.1a is: 

~"///A ~////A 

Through Thickness Crack 

~////////-///'///A ~ a 
§ 

~ i  Surface Crack 

KI = 1.12o v~-Q 
where Q = f(a/2c,o) 

I U.//////////A 

Edge Crack 

K I = 1 .120~ 

FIG. 6.1 K~ values for different crack 
geometries. 
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K I = (y~c~a (6.3) 

Assume that the material being analyzed has a Kic value at the service tem- 
perature of 50 ksiX/~m, and a y ie ld strength of 100 ksi. Substi tut ing K~ = Kic, the 
possible combinations of stress and crit ical f law size at fai lure are described by: 

K,~ = 50 k s i ~  = ~rX/~ 

Using this equation, values of the critical crack size (2a) for var ious stress 
levels are calculated as follows: 

c~, ksi 2a, in. 

10 16 
20 4 
30 1.8 
40 1.0 
50 0.64 
60 0.44 
70 0.32 
80 0.24 
90 0.20 

100 0.16 

These results are plotted in Figure 6.2. The curve labeled K~c is the locus of 
points at which unstable crack g rowth  (fracture) will occur. Thus, if the nominal  
design stress level is 30 ksi, then the m a x i m u m  tolerable flaw size, or critical crack 
size, 2a, is 1.8 in. Conversely, if the nominal  design stress level is 60 ksi, the critical 
crack size is 0.44 in. It can be seen that there is no  single critical crack size for a 
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particular structural material (at a given temperature and loading rate) but  rather 
a "semi-infinite" number of critical crack sizes, depending on the nominal design 
stress level. Figure 6.3 shows the locus of values of stress and flaw size for a 
"design K{' of K~c/2, that is, a factor of safety of two against fracture based on 
the critical stress-intensity factor using the traditional definition of factor of 
safety. In this case, a structure having a flaw size of 0.22 in. loaded to a design 
stress of 30 ksi has a factor of safety of two against fracture. Similarly the K~ = 
25 ksiX/~m, curve is the locus of all stress levels and corresponding flaw sizes 
with a factor of safety of two against fracture. 

Obviously, for high fracture-toughness materials (compared with materials 
with lower fracture toughness), the possible combinations of design stress and 
allowable flaw sizes that will not lead to failure are lar,~er. In Figure 6.4 the locus 
of failure points for a material with a KIr of 100 ksiVin, is shown along with the 
locus of failure points of the material having a Kt~ of 50 ksiX/~m. For the material 
with a Krc of 100 ksiV'~m., the tolerable flaw sizes at all stress levels are consid- 
erably larger than are those for the material with the lower fracture toughness, 
and the possibility of fracture is reduced considerably. 

Thus, it can be seen that to minimize the possibility of brittle fracture in a 
given structure, the designer has three primary factors that can be controlled: 

1. Material fracture toughness at the particular service temperature and 
loading rate (critical K), ksiX/~m. 

2. Nominal stress level (r ksi. ,oo  
eo "(i 
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3. Flaw size present in the structure (a), in. 

All three of these factors affect the possibility of a brittle fracture occurring 
in structures. Other factors such as temperature, loading rate, residual stresses, 
stress concentrations, and so on merely affect the three primary factors. It should 
be noted that flaws need not be present for brittle fractures to occur if the other 
factors are sufficiently severe and if the general level of constraint is high. An 
example of this behavior, i.e., high stresses at the toes of welds that join inter- 
secting plates, will be described as a case study in Part V. Under these conditions, 
several factors other than the fracture toughness would be the controlling factors 
and the application of fracture mechanics technology is not appropriate for an- 
alyzing the fracture initiating event because there is no pre-existing crack. 

Design engineers have known about these three primary factors for many 
years and have reduced the susceptibility of their structures to brittle fractures 
by  applying these common sense principles to their structures qualitatively. The 
traditional use of "good design" practice, that is, by  using appropriate stress 
levels and minimizing discontinuities, has led to the reduction of brittle fractures 
in many structures. In addition, the use of good fabrication practices, that is, 
eliminating or decreasing the flaw size by proper welding control and inspection, 
as well as the use of materials with good notch-toughness levels (for example, 
as specified in a Charpy V-notch impact test), has minimized the probability of 
brittle fractures in structures. This has been the traditional design approach to 
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reducing brittle fractures in structures and has been quite successful. However, 
fracture mechanics offers the engineer the possibility of a quanti tat ive approach 
to designing to prevent brittle fractures in structures containing crack-like 
imperfections. 

In summary, the general relationship among material fracture toughness (Kc), 
nominal stress (o-), and flaw size (a) is shown schematically in Figure 6.5. If the 
particular combinations of stress and flaw size in a structure reach the K~ level, 
fracture can occur. Thus, there are many combinations of stress and flaw size, r 
and af, that may cause fracture in a structure that is fabricated from a structural 
material having the particular K~ value at a particular service temperature and 
loading rate. Conversely, there are many combinations of stress and flaw size, 
for example, o- o and ao, that will not cause failure of a particular material. 

As will be discussed later, K I can increase throughout the life of a structure 
because of crack growth by fatigue. This behavior is shown schematically in 
Figure 6.6 for a crack, a, increasing from a i to af by fatigue. 

As discussed previously, a useful analogy for the designer is the relation 
among applied load (P), nominal stress (r and yield stress (r in an unflawed 
structural member and among applied load (P), stress intensity factor (KI), and 
critical stress intensity factor for fracture (K~, Kic, Kid, etc.) in a structural member 
with a flaw. In an unflawed structural member, as the load, P, is increased, the 
nominal stress increases until an instability (yielding at O-y,) occurs. As the load 
is increased in a structural member with a flaw (or as the size of the flaw grows 
by fatigue or stress corrosion), the stress intensity factor, K~, is increased until an 
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instability (fracture at K c, Kic, Kid , etc.) occurs. Thus, the K I level in a structure 
should always be kept below the appropriate critical K c value in the same manner 
that the nominal design stress (o-) is kept below the yield strength (r 

Another analogy that may be useful in understanding the fundamental as- 
pects of fracture mechanics is the comparison with the Euler column instability 
(Figure 6.7). The stress level required to cause instability in a column (buckling) 
decreases as the L / r  ratio increases. Similarly, the stress level required to cause 
instability (fracture) in a flawed tension member decreases as the flaw size (a) 
increases. As the stress level in either case approaches the yield strength, both 
the Euler analysis and the K~ analysis are invalidated because of yielding. To 
prevent buckling, the actual stress and L / r  value must be below the Euler curve. 
To prevent fracture, the actual stress and flaw size, a, must be below the K c line 
shown in Figure 6.7. 

Obviously, using a material with a high level of fracture toughness (for ex- 
ample, a KI~ level of 100 ksiN/=m~m, compared with 50 ksiN/in~n, as shown in Figure 
6.4) will increase the possible combinations of design stress and flaw size that a 
structure can tolerate without fracturing. 

6.3 D e s i g n  Se l ec t ion  of  Mater ia ls  

Current methods of design and fabrication of large complex structures are such 
that engineers expect these structures to be able to tolerate design stress loading 
in tension without failing. For yield stress loading, the critical crack size, a, is 
proportional to (Kic/Oys) 2, (KId/O'yd) 2, or (Kc/crys) 2. Thus, these (Kc/o-ys) 2 ratios be- 
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come good indexes for measuring the relative fracture toughness of structural 
materials. Because for most structural applications it is desirable that the struc- 
ture tolerate large flaws without fracture, the use of materials with as high a 
Kc/r s ratio as is possible consistent with economic considerations is a desirable 
condition. 

The question becomes, How high must these ratios be to ensure satisfactory per- 
formance in large complex structures, where complete inspection for initial cracks and 
continuous monitoring of crack growth throughout the life of a structure may not always 
be possible, practical, or economical? 

No simple answer exists because the answer is obviously dependent on the 
type of structure, frequency of inspection, access for inspection, quality of fab- 
rication, design life of the structure, consequences of failure for a structural mem- 
ber, redundancy of load path, probability of overload, fabrication and material 
costs, etc. However, fracture mechanics does provide an engineering approach 
to evaluate this question rationally. For example, conservative assumptions are 
that flaws do exist in structures and that yield stress loading is possible in parts 
of the structure. Under these conditions, the Kc/r s ratios for materials used in 
a particular structure are one of the primary controlling design parameters that 
can be used to define the relative safety of a structure against fracture. 

As an example of the use of the Kic/~ry ~ ratio as a material selection param- 
eter, the behavior of a wide plate with a through-thickness center crack of length 
2a, Figure 6.1, is analyzed for materials having assumed levels of strength and 
fracture toughness. The total crack length, 2a, is calculated from the following 
relationship for a through-thickness crack in a wide plate, Figure 6.1, 

Kic = O-designV~ (6.4) 

( )2 
1 KI~ (6.5) Therefore, a = -- - -  
Tr \ IJ'design / 

( / 2a = _2 __KIc (6.6) 
"IT \O"design/ 

Table 6.1 presents assumed values of K,~ for various steels having yield 
strengths that range from 40 to 260 ksi. It should be emphasized that there is no 
single unique critical stress-intensity factor for any one steel at a given test tem- 
perature and rate of loading because the various K~, Kic, Ki~(t ), or Kid values for 
a given steel depend on the thermomechanical history, that is, heat treatment, 
rolling, etc. For each of these steels, the critical crack size, 2a, is calculated for 
four design stress levels, that is, 100% ~ry~, 75% ~ys, 50% ~y~, and 25% ~y~. 

The results presented in Table 6.1 demonstrate the influence of strength level, 
fracture toughness, and design stress level on the critical crack size in a wide 
plate. For example, the critical flaw size for the 260-ksi yield strength steel loaded 
to 50% of the yield strength (design stress of 130 ksi) is 0.24 in. If a design stress 
of 130 ksi were required for a particular structure, it would  be preferable to use 
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TABLE 6.1. Values of Critical Crack Size as a Function of Yield Strength and Fracture Toughness 
ASSUMED CRITICAL FLAW SIZE, 2a (in.) 

Kic (ACTUAL DESIGN STRESS LEVEL, ksi SHOWN IN PARENTHESES) 
VALUES, 

%~, ksi ksiX/i-~n. ~ = 100%o-y s o- = 75%Cry s o" = 50%O'y s o- = 25%(ry s 

260 80 0.06(260) 0.11(195) 0.24(130) 0.96(65) 
220 110 0.16(220) 0.28(165) 0.64(110) 2.55(55) 
180 140 0.39(180) 0.68(135) 1.54(90) 6.16(45) 
180 220 0.95(180) 1.69(135) 3.80(90) 15.22(45) 
140 260 2.20(140) 3.90(108) 8.78(70) 35.13(35) 
110 170 1.52(110) 2.70(82.5) 6.08(55) 24.33(27.5) 
80 200 3.98(80) 7.07(60) 15.92(40) 63.66(20) 
40 100 3.98(40) 7.07(30) 15.92(20) 63.66(10) 

a lower-strength, higher fracture-toughness material (e.g., the 180-ksi yield 
strength material) at a design stress of 75% O-y S (135 ksi). The reason is that for 
either of the two 180-ksi yield-strength steels analyzed in Table 6.1, the critical 
crack sizes are much larger than 0.24 in. For example, the critical crack size is 
0.68 in. for the material with a Kic of 140 ksiX/:-m~m, and 1.69 in. for the material 
with a K~c of 220 k s i ~  

Obviously, of these two materials, the one with higher fracture toughness 
would  be a more fracture-resistant structural material, but  may be a more ex- 
pensive material also. This point illustrates one of the basic aspects of fracture- 
resistant design, namely economics, that is not as obvious in other more tradi- 
tional modes of design. That is, structural materials that have very high levels 
of fracture toughness at service temperatures and loading rates are available. 
However, because the cost of these materials generally increases with their ability 
to perform satisfactorily under more severe operating conditions, the engineer 
usually does not want to specify more fracture toughness than is required for 
the particular application. Thus the problem of fracture-resistant design is one 
of optimizing structural performance consistent with safety and economic con- 
siderations. However, this is no different from the general definition of good 
engineering design, that is, an optimization of performance, safety, and cost. 

Further analysis of Table 6.1 indicates that the traditional method of selecting 
a design stress as some percentage of the yield strength does not always give 
the same degree of safety and reliability against fracture as it is presumed to 
give for yielding. For example, assume that the design stress for the two steels 
having yield strengths of 220 ksi and 110 ksi is 50% O-y s, or 110 ksi and 55 ksi, 
respectively. For the 220-ksi steel  the critical crack size is 0.64 in., whereas, for 
the 110-ksi yield-strength steel, the critical crack size is 6.08 in. If the design stress 
for the lower-yield-strength steel were increased to 100% (rys (110 ksi), the critical 
crack size would be 1.52 in. This critical crack size is still significantly larger than 
the 0.64-in. size for the 220-ksi yield-strength steel with a design stress of 50% 
O-y s. 

For the lower-strength steels shown in Table 6.1 that have higher values of 
Kic/Crys, the critical crack sizes become extremely large, indicating that fracture 
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no longer controls the design in these cases. This is analogous to saying that for 
very low L/r  ratios, the calculated Euler buckling stress is well above the yield 
stress and the Euler buckling analysis no longer controls the design. 

In summary, there may be situations where the designer should specify a 
lower-yield-strength material at a higher design stress level (as a percentage of the 
yield strength), which will actually improve the overall safety and reliability of a 
structure from a fracture-resistant design viewpoint. Good design dictates that 
the engineer design to prevent failure of his or her structure against all possible 
modes of failure, including fracture. 

6.4 Des ign  Analysis  of Failure of a 260-In.-Diameter 
Motor Case 

An excellent example of the fact that specifying a percentage of yield strength is 
not always the best method of establishing the design stress level is the failure 
of a 260-in.-diameter motor case during hydrotest [1,2]. The motor case failed 
during hydrotest at a pressure of 542 psi, which was about 56% of the planned 
proof pressure. The motor case was constructed of 250 Grade maraging steel 
plate joined primarily by submerged arc automatic welding. 

Gerberich [2] summarized the failure as follows: 

"Although this motor case was designed to withstand proof pressures of 
960 psi, it failed during hydrotest at a pressure of 542 psi. In this 240 ksi yield 
strength material, the failure occurred at a very low membrane stress of 100 
ksi. The fracture was both premature and brittle with crack velocities ap- 
proaching 5000 feet/second. The result is this 65-ft-high chamber literally fly- 
ing apart is shown in Figure 6.8. Post-failure examination revealed that the 
fracture had originated in an area of two defects that had probably been pro- 
duced by manual-gas-tungsten arc weld repairs. After the crack initiated, it 
branched into multiple cracks [as shown in Figure 6.9], leading to complete 
catastrophic failure of the motor case. 

"The real lesson in this failure is the lack of design knowledge that went 
into the material selection. First, the chamber was 0.73 in. thick, which put  it 
into the plane-strain regime for the high-strength material being considered. 
Grade 250 maraging steel which had a yield strength of about 240 ksi was 
chosen. For the plane-strain conditions this was not a particularly good choice 
since the base metal had a plane-strain fracture toughness, Krc, of only 79.6 
ksiX/~m. At the design stress of 160 ksi, a critical defect only 0.08 in. in depth 
could have caused catastrophic failure. Still, the chamber manufacturer 
thought that defects of this size could be detected. In retrospect, this was not 
a very judicious decision. Furthermore, the error was compounded by the fact 
that welding this material provided an even lower Kic value ranging from 39.4 
to 78.0 ksixT~n~n., the toughness level depending on the location of the flaw in 
the weld." 
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FIG. 6.8 Failed motor case with pieces laid out in approximately the proper relation to 
each other. (Courtesy of J. E. Srawley, NASA Lewis Research Center.) 

A post-failure analysis was run on several types of flaw configurations and 
weld positions which indicated the Kic value to range from 38.8 to 83.1 ksi~q-~n. 
with the average being 55.0 ksiV~m-Tm. Because the exact value of the fracture tough- 
ness at the failure origin in the chamber is not known, this average value is used 
as an estimate of K~c. Post-failure examination of the fracture origin indicated the 
responsible defect had an irregular banana shape that could best be approxi- 
mated by an internal ellipse that was 0.22 in. in depth and 1.4 in. long. The 
critical dimension was the in-depth value of 0.22 in. since the crack would first 
propagate through the thickness from this dimension. To calculate the critical 
defect size from the fracture-mechanics principles, a solution for an internal el- 
lipse gives 

Kr = r (ac) 

where f(a-c) : Trl/2 ( Q )  1/2 

and a is the half-crack depth, c is the half-crack length, and f(a/c) is related to 
the complete elliptical integral of the second kind (Chapter 2). However, as a/c 
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FIG. 6,9 Map of fracture path about failure 
origin; dashed lines indicate weld (Ref. 2). 

approaches 0, 1/Q approaches 1.0 andf(a/c) approaches ('or) 1/2, and this equation 
approaches 

K, = ~(~a)  1/2 

For the shape of flaw under consideration, the difference between Equations 
(6.5) and (6.6) is only 4%, and so for the sake of simplicity_, the second equation 
is utilized. Based on the fracture toughness of 55.0 ksi Vin.,  the second equation 
was utilized to make a plot of membrane stress versus defect size for crack 
instability. This is shown in Figure 6.10 as the curve for Grade 250 maraging 
steel. An intercept of the 100-ksi failure stress for the chamber predicts a critical 
defect size, 2a, of 0.2 in., which is very close to the observed value also indicated 
in Figure 6.10. Besides the Grade 250 data, Figure 6.10 includes a curve for Grade 
200 maraging steel. Although this material has a yield strength that is 20% lower 
than a Grade 250, its fracture toughness is about triple the average Kic value for 
the Grade 250, with Krc being about 150 ksiV~n, for a member 0.7 in. thick. Using 
the 150-ksiX/i-~n. value for Kic and Equation (6.6), a curve for Grade 200 maraging 
steel was constructed for Figure 6.10. Significantly, the defect that failed the 
Grade 250 chamber would  not have failed a Grade 200 chamber, and, in fact, 
yield stresses could have been reached without failure. At the failure stress of 
100 ksi, it would have taken a flaw 1.42 in. in depth to burst a Grade 200 chamber. 
This would not have been possible since the thickness was only 0.73 in. Even at 
the design stress of 160 ksi, it would take a flaw 0.56 in. in depth to cause plane- 
strain fracture, and this is a very large flaw. 
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FIG. 6.10 Design curves for critical defect  in 260-in,  motor  case (Ref, 2). 

Thus, the Grade 200 maraging steel would have been a more reliable ma- 
terial for this chamber than the Grade 250 maraging steel. The proof of this is 
that there was a competition to make the 260-in.-diameter chamber for NASA, 
and the competitor used Grade 200 maraging steel successfully. Not only were 
there two successful proof tests of Grade 200 chambers, but there were also two 
firings that developed thrusts of more than 6 million lb. 

In summary, using a lower-strength steel with higher fracture toughness (a 
larger Kic/Gys ratio), even at a design stress which was a higher percentage of 
the yield strength, would have been better. 

A failure in an F-111 Wing Pivot Fitting occurred in a D6-AC steel heat 
treated to obtain a high-strength level so that the design stress level of % o-ul t 
would lead to a weight reduction [3]. However, this also led to a lower fracture- 
toughness level so that the actual degree of safety was lowered. In this case, it 
also seems preferable to have used a heat treatment that gave a higher fracture 
toughness (but a lower o-ult) and to have used a design stress somewhat higher 
than 2/30-u~ t so that the actual design stresses were the same but the critical crack 
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size was larger. This example plus the example of the 260-in. missile motor case 
illustrate that both the yielding and fracture modes of failure should be consid- 
ered in structural design. 

6.5 Design Example--Selection of a High-Strength Steel for a 
Pressure Vessel 

As a simplified example of the desirability of using fracture-mechanics principles 
to select materials during the preliminary design stages, assume that a high- 
strength steel pressure vessel must be built to withstand 5000 psi of internal 
pressure, p, that the diameter, d, of the vessel is nominally 30 in., and that the 
wall thickness, t, must be equal to or greater than 0.5 in. The designer can use 
any yield-strength steel available, but  in addition to satisfactory performance, 
cost and weight of the vessel are important factors that must be considered. The 
steels available for use in the vessel are shown in Table 6.2 along with their yield 
strengths, assumed K~c values at the service temperature and assumed cost of 
each steel. 

TABLE 6.2. Yield-Strength and Fracture-Toughness Values of Steels Used in Example Problem as 
Well as A ssumed  Costs* 

YIELD STRENGTH, K k VALUES, 
STEEL (ry s (ksi) ksiX/vm~m. COST, $/lb 

A 260 80 1.40 
B 220 110 1.40 
C 180 140 1.00 
D 180 220 1.20 
E 140 260 0.50 
F 110 170 0.15 

*Assumed values for example only. 

6.5.1 Case I - - T r a d i t i o n a l  Design Approach  
The traditional design approach is to assume "perfect" fabrication, and 

therefore there is no flaw. The factor of safety would be based on yielding only, 
e.g., (rae~i ~ = Cry~/2 for a factor of safety of 2. 

This design procedure is direct since: 

- -  O ' y s  

O'design 2 

and t - pd 
20"design 

Knowing t for each of the six steels studied in this example, the estimated weight 
per foot and cost per foot are: 
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w e i g h t / f t  = v o l u m e / f t  x density 

v o l u m e / f t  = "~dt x 12 In. 

Therefore 
w e i gh t / f t  = ~dt x 12 x densi ty  

and  
cos t / f t  = w e i g h t / f t  • cos t / lb  

A typical calculation for Steel D wi th  o'y s = 180 ksi is as follows: 

O'y s __ 180  
= 90 ksi (raesign- 2 2 

t = pd _ (5000) (30) = 0.83 inches 
2~rdesi ~ 2 (90,000) 

v o l u m e / f t  = (3.14)(30)(0.83) • 12 = 78.5(12) = 942 in.3 
we igh t / f t  = v o l u m e / f t  • densi ty  = 942 • 0.283 = 267 lb / f t  
cos t / f t  = we igh t / f t  • cos t / f t  = 267 x ($1.20) = $320/ft  

The values for the other steels are calculated In a similar manner  and are 
presented  in Table 6.3. These results show the direct effect of reducing weight  
by  using a higher-strength steel. The cost per  foot is not  necessarily directly 
related to yield strength because of the numerous  factors involved  in pricing of 
structural materials. However ,  weight  is decreased directly b y  increasing the 
yield strength. And,  if fracture is possible, the overall  safety and reliability of the 
vessel m a y  be decreased, as will be il lustrated In the fol lowing examples. No  Kic 
calculations are made  in Case I because it is assumed there are no  cracks. 

TABLE 6.3. Compar ison  of Results for tra,sig n = ~ry~/2, Example Problem 

r WEIGHT, COST, 
STEEL %~, ksi ksi t, in. lb/ft $/ft 

A 260 130 0.58 185 259 
B 220 110 0.68 218 306 
C 180 90 . 0.83 267 267 
D 180 90 0.83 267 267 
E 140 70 1.07 343 172 
F 110 55 1.36 437 66 

6.5.2 Case I I - -Frac ture -Mechan ics  Design 
In this case, it is assumed that a flaw is present.  As a first step, the designer  

should estimate the m a x i m u m  possible flaw size that can exist in the vessel wall, 
based on fabrication, inspection, and service considerations. In this part icular  
design example,  assume that we want  to p reven t  failures caused by  a possible 
surface flaw of dep th  0.5 in. wi th  an a/2c ratio of 0.25, as sh o w n  in Figure 6.11. 
This size flaw m a y  be due  to improper  fabrication or crack g rowth  by  fatigue or 
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FIG. 6.11 Section of pressure vessel with surface flaw for example problem. 

stress corrosion. Obviously, the decision regarding the maximum possible flaw 
size will depend on many factors related to the design, fabrication, and inspec- 
tion for the particular structure, but the designer must use the best information 
available and make the decision. Too often, this step in the design process has 
been overlooked or, at best, casually handled by assuming that the fabrication 
will be inspected and "all injurious flaws removed," to quote one specification. 

The general relation among/(i ,  o-, and a for a surface flaw as developed in 
Chapter 2 is 

K I = 1.12~ ~ Q - M  k 

where M k = magnification factor for deep flaws (similar to the tangent correc- 
tion factor in Chapter 2), assumed in this example to vary linearly 
between 1.0 and 1.6 as a/ t  (crack depth/vessel thickness) varies 
from 0.5 to 1.0. Note that for a/ t  values less than 0.5, M k ~ 1.0. 

Q = flaw shape parameter as shown in Figure 6.12 (also Figure 2.7-- 
Chapter 2) 

o- = applied hoop stress, ksi, equal to pd/2t for the vessel section 
shown in Figure 6.11. 

Rearranging the preceding equation yields 
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(3" ~ 

1 . 1 2 ~ / - ~  �9 M k 

The design stress, o-de~g n for a factor of safety of 2.0 against fracture is cal- 
culated by first replacing K I with Kide~ig ~ = Kic/2 as follows: 

~ ~ 1 . 1 2 V ~  �9 M k 

and 

t -  pd 
20"design 

For a = 0.5, and the different values of Kic for the steels shown in Table 6.2, 
the calculated design stress values, or, for each of the steels being studied are 
found by (1) calculating the design stress based on the fracture resistance needed 
for an 0.5-in.-deep crack and then (2) calculating the vessel thickness required at 
that stress level. Because M k and Q are functions of the design stress, an iterative 
procedure must be used. 
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A step-by-step calculation of the value for Steel D (Table 6.2) (O'y s 
is as follows: 

Given 

for Steel D 

1. Kic = 220 ksiV~m. 
2. a = 0.5in.  
3. Assume that o-/o-ys 
4. Assume that M k 

Thus 

= 180 ksi) 

o- = 

1.12 X/~wa �9 M k 

= 0.55 and  thus Q = 1.4 (Figure 6.12). 
= 1.0 (Figure 6.13) for the first trial. 

220 ( V ~ )  
2 

= 

craesign 1.12V'(3.14)(0.5) �9 1.0 

o-design = 9 5  k s i  

Using o- = 95 ksi, solve for the wall thickness, t, required to contain the 
design pressure of 5000 psi (5 ksi): 

t = p d  
2o- 

= (5)(30) _ 0.8 inches 
2(95) 

16 
O -It 

r  ,,~ I-- 

g 
~ 1.0 

~ ~ _  0,5) 
<z 05 10 

o/t 

FIG. 6.13 Assumed magnification factor MK, for 
example problem. 
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For t = 0.8 inches  

a 0.5 
. . . .  0.63 
t 0.8 

therefore  M k = 1.15 

also O'des ig  n __ __95 = 0.53 
(J'ys 180 

therefore  Q = 1.4 

U s i n g  M k = 1.15 a n d  Q = 1.4, a s e c o n d  i t e ra t ion  resu l t s  i n  

110V~-~ 

O'de~ign 1.12X/3.14(0.5) " 1.15 

O'des ig  n ~-~ 82.2 ksi  

t = __Pd = (5)(30) 

2(r 2(82.2) 

t = 0.91 inches  

For  (t = 0.91 inches)  

Therefore  

a 0.5 

t 0.91 

M k -- 1.06 

- -  - 0.55 

a n d  O'design __ __82"2 = 0.46 
~ys 180 

therefore  Q = 1.42 

U s i n g  Mk = 1.06 a n d  Q = 1.42, 

110 lV .42 

(rdesign = 1.12X/3.14(0.5) �9 1.06 

O'desig n = 9 0  k s i  

t -  pd _ 5(30) 

2(r 2(90) 

t = 0.83 inches  

A s s u m i n g  tha t  t wi l l  be  -~0.85 in., 
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a 0.5 
- - -  - 0.59 

t 0.85 

thus M k = 1.11 

also 

then 

Therefore,  

o-design 90 
- -  0.5 

O'y s 180 

Q -~ 1.42 

110x/1.42 

O'design 1 . 1 2 ~ ( 0 . 5 )  �9 1.11 

O'desig n = 8 5 . 8  k s i  

(5)(30) 
t - - -  

2(85.8) 

t = 0.87 inches 

As the fourth iteration, for o- = 86 ksi and t = 0.87 in., assume that 

1 .  O'design/o-y s = 86/180 = 0.48, and therefore Q = 1.42. 
2. a / t  = 0.5/0.87 and therefore M k = 1.10. 

110X/1.42 

O'design 1.12\ 3./K~(0.5) �9 1.10 

O'desig n = 8 7  k s i  

Thus, for a design stress of 87 ksi, the required wall  thickness, t, is 

t - pd _ (5)(30) _ 0.86 inches 
20"desig n 2(87) 

This value agrees closely wi th  the initial value of thickness of 0.86 in. for 
the assumed value, and thus fur ther  trials are not  required. Note  that the con- 
vergence is fairly rapid.  

Wall thickness for the remaining steels in this example are calculated in a 
similar manner  and are presented in Table 6.4. These results show that to with- 
s tand an internal pressure of 5000 psi in a 30-in.-diameter vessel having a 0.5- 
in.-deep surface flaw, the design stresses and wall thickness that should be used 
to give the same resistance to fracture vary  considerably for the steels investi- 
gated. For example,  the allowable design stress level for the 260-ksi yield-strength 
steel is only 35 ksi, and  the required wall thickness is 2.14 in., whereas  for a 
lower-strength steel having a 180-ksi yield strength and a Kic of 140 ksiN/vm~m., the 
design stress is 61 ksi and the required wall  thickness is 1.23 in. If a 180-ksi yield- 
s trength steel wi th  even  higher  fracture toughness is selected, that is, steel D 
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TABLE 6.4. Compar ison  of Results for K 1 = Kic/2 , Example Problem 

YIELD 
STRENGTH, Kic, K I = K~/2, WEIGHT, COST, 

STEEL (Yys (ksi) O-~i~ ~' ksik/Vm~m, ksiVin, t, in. lb/ft $/ft 

A 260 35 80 40 2.14 685 959 
B 220 48 110 55 1.56 499 699 
C 180 61 140 70 1.23 394 394 
D 180 87 220 110 0.86 272 330 
E 140 95 260 130 0.79 253 127 
F 110 72 170 85 1.04 333 50 

with a Kic value of 220 ksix/in~n., the design stress can be increased to 87 ksi and 
the wall thickness decreased to 0.86 in. 

Because each of the vessels in this example is designed on the basis of equiv- 
alent resistance to fracture in the presence of a 0.5-in.-deep surface flaw, there would 
be an obvious savings in weight of the vessel by using a lower-strength steel 
with high fracture toughness compared with the 260-ksi yield-strength steel. That 
is, the weight is proportional to the wall thickness, and the required wall thick- 
nesses for the lower-strength, higher-fracture toughness steels are less than for 
the higher-strength less fracture tough steels. 

To show that the highest-strength steel may not yield the least weight or 
most economical vessel, estimates of the weight per foot and assumed cost per 
foot of the vessel (neglecting the costs of forming, fabrication, etc.) are presented 
in Table 6.4. The weights per foot of vessel were calculated by estimating the 
volume of material as the cross-sectional area ('~dt) times a 12-in. length and then 
multiplying by the density of s teel  0.283 lb / in  3. 

These results show the significant effect of fracture toughness on the allow- 
able design stress and illustrate dramatically that high-strength materials with 
low values of fracture toughness do not necessarily yield the least weight vessel 
when fracture is a possible mode of failure. When cost is the primary criterion, 
the advantage of the lower-strength, higher-fracture toughness materials based 
on the assumed prices is obvious. 

6.5.3 General Analysis of Cases I and II  
Comparison of the required thicknesses tabulated in Tables 6.3 and 6.4 shows 

that for the two lowest-strength steels, yielding is the most likely mode of failure 
and the factor of safety against fracture will be larger than 2.0. Specifically for 
steel F, the required vessel thickness is 1.36 in., and the design stress (~ys/2) is 
55 ksi; thus, the factor of safety against yielding is 2.0. The corresponding K I 
value is 63 ksik/V~m., which gives a factor of safety against fracture of 170/63 = 
2.7. However, to have a factor of safety of at least 2 against both modes of failure, 
a wall thickness of 1.36 in. is required. 

Conversely, the required thickness for the highest-strength steel is 2.14 in. 
based on a factor of safety against a fracture of 2.0. However, the corresponding 
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TABLE 6.5. Comparison of Factors of Safety Against Yielding and Fracture for Example Problem 

STEEL 

THICKNESS THICKNESS 
REQUIRED REQUIRED 

FOR FOR 
FACTOR FACTOR THICKNESS 

OF SAFETY OF SAFETY REQUIRED 
YIELD 2 AGAINST 2 AGAINST TO SATISFY 

STRENGTH, YIELDING, FRACTURE, BOTH 
ksi in. in. CRITERIA, in. 

A 260 0.58 2.14 2.14 
B 220 0.68 1.56 1.56 
C 180 0.83 1.23 1.23 
D 180 0.83 0.86 0.86 
E 140 1.07 0.79 1.07 
F 110 1.36 1.04 1.36 

TABLE 6.6. Weight and Cost of Steel for Factor of Safety of 2.0 or Greater Against Both Yielding 
and Fracture in Example Problem 

YIELD 
STRENGTH, WEIGHT, 

STEEL Cry s (ksi) t, in. lb/ft COST, $/ft 

A 260 2.14 685 959 
B 220 1.56 499 699 
C 180 1.23 394 394 
D 180 0.86 275 330 
E 140 1.07 343 172 
F 110 1.36 437 66 

design stress value is 35 ksi, which gives a factor of safety against yielding of 
2 6 0 / 3 5  = 7.43. 

The thickness required for factors of safety of 2 against yielding and fracture 
are tabulated in Table 6.5 and illustrate the necessity of considering all possible 
modes of failure prior to selecting a final geometry (thickness) as well as selecting 
a particular material. 

As a last step in this example, the required thicknesses for a factor of safety 
of at least 2.0 against both yielding and fracture are listed in Table 6.6. In addition, 
the corresponding weight per foot and cost per foot are tabulated for each ma- 
terial. Analysis of the results shows that steel D would be the optimum selection 
on the basis of minimum weight and steel F would  be the least expensive steel. 
Note that for both cases, the factors of safety against both yielding and fracture 
are 2.0 or greater. Thus, the vessels are compared on an equivalent performance 
basis and show the advantage of using fracture mechanics during the material 
selection process. 



Fracture-Mechanics Design 159 

6.6 References  

[1] Srawley, J. E. and Esgar, J. B., "Investigation of Hydrotest Failure of Thiokol Chemical 
Corporation 260-Inch-Diameter SL-1 Motor Case," NASA TMX-1194, Cleveland, January 1966. 

[2] Gerberich, W. W., "Fracture Mechanics Approach to Design-Application," presented in a Short 
Course on Offshore Structures, University of California, Berkeley, CA, 1967. 

[3] Fracture Prevention and Control, Proceedings ASM Symposium, March 13-16, 1972, Los Angeles, 
CA. 



Part III: Fatigue and 
Environmental Behavior 



MNL41-EB/Nov. 1999 

Introduction to Fatigue 

7.1 In troduct ion  

THE DISCUSSION in the preceding chapters described the fracture behavior of com- 
ponents subjected to a monotonically increasing load. However, most equipment 
and structural components are subjected to repeated fluctuating loads whose 
magnitude is well below the fracture load under monotonic loading. Examples 
of equipment and structures subjected to fatigue loading include pumps, vehi- 
cles, earthmoving equipment, drilling rigs, aircraft, bridges, ships, and offshore 
structures. 

Fatigue is the process of cumulative damage in a benign environment that 
is caused by repeated fluctuating loads and, in the presence of an aggressive 
environment, is known as corrosion fatigue. Fatigue damage of components sub- 
jected to normally elastic stress fluctuations occurs at regions of stress (strain) 
raisers where the localized stress exceeds the yield stress of the material. After a 
certain number of load fluctuations, the accumulated damage causes the initia- 
tion and subsequent propagation of a crack, or cracks, in the plastically damaged 
regions. This process can and in many cases does cause the fracture of compo- 
nents. The more severe the stress concentration, the shorter the time to initiate a 
fatigue crack. 

The number of cycles required to initiate a fatigue crack is the fatigue-crack- 
initiation life, N i. The number of cycles required to propagate a fatigue crack to 
a critical size is called the fatigue-crack-propagation life, Np. The total fatigue 
life, Nt, is the sum of the initiation and propagation lives, 

Nt = Ni + Np (7.1) 

There is no simple or clear delineation of the boundary between fatigue-crack 
initiation and propagation. Furthermore, a pre-existing crack in a structural com- 
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ponent can reduce or eliminate the fatigue-crack-initiation life and, thus, decrease 
the total fatigue life of the component. 

Concern with fatigue damage was recognized in Europe early in the nine- 
teenth century [1,2]. In 1852, Wohler conducted comprehensive experiments on 
axles [2] subjected to tensile, bending, and torsional repeated-load fluctuations. 
This work is important because it formed the basis for the Goodman diagram 
[2], which is the first developed methodology to predict the fatigue limit, at any 
stress ratio, given as a function of the ultimate tensile strength. Fatigue was 
incorporated into design criteria near the end of the nineteenth century and has 
been studied since. However, the most significant developments have occurred 
since the 1950s. At present, fatigue is part of design specification for many en- 
gineering structures. 

7.2 Factors Affecting Fatigue Performance 

Many parameters affect the fatigue performance of structural components. They 
include parameters related to stress (load), geometry and properties of the com- 
ponent, and the external environment. The stress parameters include state of 
stress, stress range, stress ratio, constant or variable loading, frequency, and max- 
imum stress. The geometry and properties of the component include s~ess 
(strain) raisers, size, stress gradient, and metallurgical and mechanical properties 
of the base metal and weldments. The external environment parameters include 
temperature and aggressiveness of the environment. The effects of most of these 
parameters are discussed in the following chapters. 

The primary factor that affects the fatigue behavior of structural components 
is the fluctuation in the localized stress or strain. Consequently, the most effective 
methods for increasing the fatigue life significantly are usually accomplished by 
decreasing the severity of the stress concentration and the magnitude of the 
applied nominal stress. In many cases, a decrease in the severity of the stress 
concentration can be easily accomplished by using transition radii in fillet 
regions, keyways, geometrical changes, and by minimizing the size of weld 
discontinuities. 

The corrosion-fatigue behavior of components is affected by the same 
parameters that affect the fatigue behavior as well as factors that do not affect 
fatigue, for example, frequency and waveform of the stress cycle and the en- 
vironment. Unfortunately, at present, the only means of determining the 
corrosion-fatigue behavior of materials is by conducting the tests on the actual 
material-environment system of interest. Environmental effects are discussed in 
Chapter 11. 

7.3 Fatigue Loading 

Structural components are subjected to a variety of load (stress) histories. The 
simplest of these histories is the constant-amplitude cyclic-stress fluctuation 
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TIME 

FIG. 7.1 Terminology used in constant-amplitude fatigue. 
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shown in Figure 7.1. This type of loading usually occurs in machinery parts such 
as shafts and rods during periods of steady-state rotation. The most complex 
fluctuating-load history is a variable-amplitude random sequence as shown in 
Figure 7.2. This type of loading is experienced by many structures, including 
offshore drilling rigs, ships, aircraft, bridges, and earthmoving equipment. 

APPLIEDI  ,,,, ^ 
STRESS 

T I ME 

FIG. 7,2 Random-stress loading. 

7.3.1 Constant-Amplitude Loading 
Constant-amplitude load histories can be represented by a constant load 

(stress) range, Ap(Ao-); a mean stress, O-mean; an alternating stress or stress ampli- 
tude, Cramp; and a stress ratio, R, Figure 7.1. The stress range is the algebraic 
difference between the maximum stress, o- . . . .  and the minimum stress, o-mi n, in 
the cycle 

AO" ~ O'ma x - -  O~min 

The mean stress is the algebraic mean of O'ma x 

O'ma x q- O'mi n 
O'mean - -  2 

and O-mi n in the cycle 

(7.2) 

(7.3) 

The alternating stress or stress amplitude is half the stress range in a cycle 
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Ao- _ Crma• + O'~C~ (7.4) 
(} 'amp ~'~ 2 2 

The stress ratio, R, represents the relative magnitude of the minimum and 
maximum stresses in each cycle 

R = r (7.5) 
O'ma x 

Thus, a complete reversal of a load from a minimum compressive stress to an 
equal maximum tensile stress corresponds to R = -1.0, Figure 7.3a, and a stress 
fluctuation from a given minimum tensile load to a maximum tensile load would 
be characterized by a positive value for R that is larger than zero and is less than 
1.0, 0 K R < 1.0, as shown in Figure 7.3c. 

7.3.2 Var iab le -Ampl i tude  Load ing  
Variable-amplitude random-sequence load histories are very complex func- 

tions in which the probability of the same sequence and magnitude of stress 
ranges recurring during a particular time interval is very small. Such histories 
lack a describable pattern and cannot be represented by an analytical function. 
Examples of this type of fatigue-load histories include wind loading on aircraft, 
wave loading on ships and offshore platforms, and truck loading on bridges. 

Between the extremes of constant-amplitude cyclic-stress histories and vari- 
able-amplitude random-sequence stress histories, there are a multitude of stress 
patterns of varying degrees of complexity. Many of these histories can be de- 
scribed by analytic functions and represented by various parameters. Some sim- 
ple variable-amplitude stress histories are those corresponding to a single cycle 

(a) 

CO mi 
R = - I : C O M P L E T E  REVERSAL OF LOAD 

(b) 

03 
CO 

I - -  
CO J ~,J " J  "1  - - R  = O: ZERO TO FULL TENSILE LOAD 

CO ~ CTmean 
C~ . . . . .  

I.-- 
CO 

O < R < 1 TENSILE TO TENSILE LOAD 

FIG. 7.3 Comparison of R-ratios for various Ioadings: R = Ormin/O'ma x" 
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or multiple high-tensile-load cycles superimposed upon constant-amplitude cy- 
clic-load fluctuations, Figure 7.4. Further discussion of variable-amplitude load 
histories is presented in Chapter 9. 

7.4 Fatigue Testing 

Fatigue tests are conducted on small laboratory specimens, specimens that sim- 
ulate actual structural components, or on actual components. The objective of 
such tests is to develop information on the fatigue behavior of a particular ma- 

TIME 

(o) SINGLE HIGH CYCLE 
SUPERIMPOSED LOADING 

o 

TIME 

(b) MULTIPLE HIGH CYCLE 
SUPERIMPOSED LOADING 

TiME 

(r VARIABLE MULTIPLE HIGH 
SUPERIMPOSED LOADING 

FIG. 7.4 Single or multiple high-cycle superimposed 
loading: (a) single high-cycle superimposed loading, 
(b) multiple high-cycle superimposed loading, and (c) 
variable multiple high-cycle superimposed loading. 
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terial, weldment, or geometry. This information can then be used to select the 
proper material, design, or both, for a particular application. Ideally, the material 
condition, stress history, and environment for the test closely simulate the actual 
service conditions for the structure under consideration. 

7.4.1 Small Laboratory Tests 
Small laboratory test specimens usually have simple geometries and are 

tested to obtain basic material properties for base metal and weldments. They 
can be used to study fatigue-crack-initiation or propagation life, but, in some 
cases, no distinction is made between the two life regions. Obtaining only the 
total life on small specimens complicates the use of the results to predict the 
behavior of actual structural components that have different size, shape, surface, 
and material conditions from those for the tested specimens. It is preferable to 
determine the initiation and propagation behaviors separately and then to com- 
bine them, as appropriate, to predict the behavior of an actual structural 
component. 

Although there are many small specimens that have been used in laboratory 
tests, the following specimens and the corresponding test procedures will be 
discussed briefly because of their importance in the development of the present 
knowledge on fatigue behavior of materials and structural components. 

7.4.1a. Fatigue-Crack-Initiation Tests 

Stress-Life Tests 

Extensive laboratory fatigue investigations have been conducted to evaluate 
the fatigue behavior of metals by testing a series of specimens in a rotating beam 
test, a flexure test, or an axial load test. For the rotating beam test, a polished, 
round specimen with a reduced cross section is supported as a beam and is 
subjected to a bending moment while being rotated so that fibers of the specimen 
are subjected alternately to compression and tension stresses of equal magnitude. 
For the flexure test, a specimen is bent back and forth as a beam instead of being 
rotated and, for the axial load test, the specimen is subjected to an alternating 
axial stress. In the flexure and the axial load tests, the specimen may be polished 
or may be cut from a plate so that the mill surface is left intact. In the rotating 
beam test, the stress ratio, R, which is the algebraic ratio of minimum to maxi- 
mum stress, is -1.0, while in the other two tests the effect of various stress ratios 
may be investigated. In addition, there is a stress gradient over the cross section 
of the flexure or rotating beam specimen, whereas the stress is uniformly dis- 
tributed over the cross section of the axially stressed specimen. 

In each of the tests, the specimen is subjected to alternating stresses that 
vary between fixed limits of maximum and minimum stress until failure occurs. 
This procedure is repeated for other specimens at the same stress ratio but at 
different maximum stress values. The results of the tests are plotted to form an 
S-N diagram, where S represents the maximum stress, ~r . . . .  in the cycle and N 
represents the number of cycles required to cause failure. An S-N diagram for 
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polished specimens of A514 steel obtained from a series of rotating beam tests 
is shown in Figure 7.5 [3]. Because the number of cycles to failure span several 
orders of magnitude, and because most tests have been conducted under rotating 
bending, R = -1.0, where zlo. is equal to 2o- . . . .  the data are usually presented 
as a semilog plot of o-ma• and the number of cycles to cause failure as shown in 
Figure 7.5. At any point, on the curve, the stress value is the "fatigue strength"--  
the value of maximum stress that will cause failure at a given number of stress 
cycles and at a given stress ra t io--and the number of cycles is the "fatigue l i f e " -  
the number of stress cycles that will cause failure at a given maximum stress 
and stress ratio. As shown in Figure 7.5, the fatigue strength of a structural steel 
decreases as the number of cycles increases until a "fatigue limit" is reached. If 
the maximum stress does not exceed the fatigue limit, an unlimited number of 
stress cycles can be applied at that stress ratio without causing failure. Tests on 
a large number of steels having tensile strengths up to 200,000 psi indicate that 
the fatigue limit of polished rotating beam specimens is about one-half the tensile 
strength. The fatigue limit of polished rotating beam specimens is about the same 
as that for axially loaded polished specimens, although the fatigue strength at a 
lower number of cycles is different. 

Some materials, such as aluminum, do not exhibit a well-defined fatigue 
limit. Rather, the test results continue to decrease even beyond 107 cycles of load- 
ing, as shown in Figure 7.6 [4]. 

The influence of the stress ratio on fatigue strength is illustrated by the S-N 
curves for axially loaded polished specimens of A514 steel shown in Figure 7.7 

120 

110 TENSILE STRENGTH = 119.3 ksi 

100 O ~  TEST SPEED = 10,000 CPM 

u~ 
90  R=- I  

x 

7(] ~ FATIGUE LIMIT = 60 ksl 

10 ~ 10 4 10 ~ 10" 10 ~ I0~ 

NUMBER OF CYCLES, N 

FIG. 7.5 S-N diagram for polished specimens of an A517 steel 
obtained from rotating-beam fatigue tests. 
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5 o  I 
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2o  
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I i l l l t H I  I I I t 

10 4 i0 ~ IO s i0 7 I0 8 tO 9 

LOG N 

FIG. 7.6 Typical S-N fatigue test results for materials with no 
fatigue limit. {From N. Willems, J. T. Easley, and S. 3". Rolfe, 
Strength of Materials, McGraw-Hill, New York, 1981, Figure 
14.14). 

[5]. Stress ratios of 0, - 1 / 2 ,  and -1  correspond to the following respective load- 
ing conditions: zero to tension, half compression to full tension, complete reversal 
of stress between equal compression, and tension stresses. The curves show that 
the fatigue strength decreases significantly as the stress ratio decreases. However, 
the apparent effect of stress ratio on the fatigue behavior is an artifact of the 
method adopted for presenting the S-N data in terms of r215 rather than in terms 
of the stress range, A~, which is the primary stress parameter affecting fatigue 
performance. Representation of the data in Figure 7.7 in terms of &r (rather than 
o- .... ) versus N shows that stress ratio has less of an effect on the fatigue behavior 
of the tested specimens than would be predicted from Figure 7.7. 

These S-N curves can be used to construct a fatigue chart shown in Figure 
7.8 [3] for the polished A514 steel specimens. Each curved line in the chart rep- 
resents the locus of all combinations of maximum and minimum stress at which 
failure will occur in the indicated number of cycles. Lines can be drawn from 
the origin to represent various stress ratios. Such charts are convenient for de- 
termining fatigue strength at a stress ratio different from those at which the tests 
were conducted. 

Strain-Life Tests 

Because the nominal stresses in most structures are elastic, the zone of plas- 
tically deformed metal in the vicinity of stress concentrations is surrounded by 
an elastic stress field. The true strains, ~, and true stresses, o-, of the plastic zones 
are limited by the elastic displacements of the surrounding elastic stress field. 
Therefore, even when the structure is stress controlled, the localized plastic zones 
are approximately strain controlled. Consequently, to predict the effects of stress 
concentration on the fatigue-crack-initiation behavior of structures, the fatigue 
behavior of the localized plastic zones has been simulated by testing smooth 
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FIG.  7.8 F a t i g u e  c h a r t  f o r  a x i a l l y  l o a d e d  p o l i s h e d  s p e c i m e n s  o f  an  A517  s tee l .  



172 FRACTURE AND FATIGUE CONTROL IN STRUCTURES 

specimens under strain-controlled conditions, Figure 7.9, such that the minimum 
cross section for the specimen is some fraction of the plastic-zone size. However, 
suitable correction factors must be used to account for differences in stress state, 
size, and strain gradient between the smooth specimen and the plastic zone for 
the structural detail of interest [5]. Assuming that such correction factors are 
available, fatigue data obtained by testing smooth specimens under strain- 
controlled conditions can be used to predict the fatigue-crack-initiation behavior 
in structural components. This approach is not used in this book to analyze 
fatigue behavior of materials or components and, thus, will not be discussed 
further. 

Fracture-Mechanics Tests 

To predict the effects of stress concentration on the fatigue behavior of struc- 
tures, the strain-life approach simulates the fatigue behavior of the localized plas- 
tic zone by testing smooth specimens under strain-controlled conditions, Figure 
7.9. A better simulation of the fatigue behavior of this region is by testing notched 
specimens under stress-controlled conditions, Figure 7.9, because the applied 
stress can be related more directly to the applied loads. This approach is pre- 
sented in detail in Chapter 8 on Fatigue-Crack Initiation. 

Z~O- 

\ 
'~'--..FREE BODY 

OF STRUCTURE 
AE ~ STRAIN 

CONTROLLED 

T   ,MEN 

AE 

Ao- 

FIG. 7.9 Strain-controlled test specimen 
simulation for stress concentrations in 
structures. 

STRUCTURE UNDER 
/STRESS-CONTROLLED 

CONDITIONS 
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7.4.1b. Fatigue-Crack-Propagation Tests 

Most fatigue-crack-propagation tests are conducted by subjecting a fatigue- 
cracked specimen to cyclic-load fluctuations. Figure 7.10 shows a specimen that 
has been used extensively to obtain fatigue-crack-propagation data. 

An incremental increase of crack length is measured visually at low mag- 
nification, ultrasonically, or by using electrical potential methods, and the cor- 
responding number of elapsed load cycles are recorded. The data are presented 
as a linear plot of crack length, a, and the corresponding total number of load 
cycles, N. An increase in the magnitude of cyclic-load fluctuation results in a 
decrease of fatigue life of specimens having identical geometry (Figure 7.11). 
Furthermore, the fatigue life of specimens subjected to a fixed constant-amplitude 
cyclic-load fluctuation decreases as the length of the initial crack is increased 
(Figure 7.12). Consequently, under a given constant-amplitude stress fluctuation, 
most of the useful cyclic life is expended when the crack length is very small. 
Various a versus N curves can be generated by varying the magnitude of the 
cyclic-load fluctuation and /o r  the size of the initial crack. These curves reduce 
to a single curve when the data are represented in terms of crack-growth rate 
per cycle of loading, da/dN, and the fluctuation of the stress-intensity factor, AK v 
because AK I is a single-term parameter that incorporates the effect of changing 
crack length and cyclic-load magnitude. The parameter AK I is representative of 
the mechanical driving force and is independent of geometry. The most com- 
monly used presentation of fatigue-crack-growth data is a log-log plot of the rate 

FIG. 7.10 Compact-tension specimen 
used to determine fatigue crack 
propagation (specimen length is about 
5 in.). 
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of fatigue-crack growth per cycle of load fluctuation, da/dN,  and the fluctuation 
of the stress-intensity factor, AK I. 

7.4.2 Tests of Actual or Simulated Structural Components 
Ideally, fatigue tests are conducted on actual structural components under 

conditions that closely simulate the loading and environment for the actual struc- 
ture. Figure 7.13 is a photograph of a full-scale fatigue test of a 25-ft-long welded 
beam subjected to four-point loading. Data obtained from such tests can be used 
directly in design. However, these tests are difficult to conduct, time consuming, 
and usually very costly. Consequently, simple specimens that simulate structural 
components such as shown in Figure 7.14 are more commonly tested. Generally, 
these specimens are tested to failure to obtain information on the total fatigue 
life of the components. Test data from simulated and actual welded structural 
components are presented in Chapter 10. 

7 . 5  S o m e  C h a r a c t e r i s t i c s  o f  F a t i g u e  C r a c k s  

Initiation and propagation of fatigue cracks are caused by localized cyclic-plastic 
deformation. A fatigue crack initiates more readily and propagates more rapidly 
as the magnitude of the local cyclic-plastic deformation increases. Thus, a smooth 
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F IG.  7 .13 Fu l l -sca le  fa t igue  tes t  of  w e l d e d  b e a m  
used  as s t ructura l  c o m p o n e n t  ( s p e c i m e n  length 
is a b o u t  25 ft), 
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FIG. 7.14 Fatigue specimen used to 
determine fatigue behavior of welded 
attachment (specimen length is about 
2 ft). 

component free of imperfections and geometrical discontinuities does not fail by 
fatigue when subjected to elastic-stress (strain) fluctuations. However, when the 
same component is subjected to stress ranges approximately equal to or larger 
than the yield strength of the material, the plastic deformation causes the com- 
ponent to deform along slip planes that coincide with maximum shear stress--  
about 45 to 60 ~ from the direction of the load in the case of axial loading, which 
results in slip steps on the surface. These steps correspond to stress raisers that 
become the nucleation sites for fatigue cracks which initiate along the maximum 
shear planes and propagate normal to the maximum tensile-stress component. 
Because the initial surface was free of stress raisers, the plastically induced stress 
raisers can occur at various locations on the surface, resulting in possible initi- 
ation of multiple fatigue cracks as shown in Figure 7.15. The stochastic character 
of this process results in the possible initiation of multiple cracks and their prop- 
agation at different rates until one reaches a critical size, causing failure of the 
component under the applied loads, Figure 7.15. 

The probability for fatigue cracks to initiate at identical stress raisers sub- 
jected to the same stress range is equal. Consequently, multiple fatigue cracks 
may initiate in a uniformly loaded region of a component that contains stress 
raisers of equal severity. 

The geometry of a component, (e.g., change in cross section), the type of 
loading, as well as other factors, can significantly affect the location of fatigue- 
crack initiation, the rate of crack propagation, and the shape of the propagating 
crack. Figure 7.16 [6] is a schematic representation of these observations for 
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FIG. 7.15 Multiple fatigue-crack initiation in a smooth specimen. 

smooth and notched components with round, square, and rectangular cross sec- 
tions under various loading conditions. 

In most structural components, fatigue cracks initiate and propagate from 
stress raisers. The stress raisers in unwelded components can be either surface 
imperfections or geometrical changes. In welded components, the stress raisers 
can be embedded imperfections, such as gas pockets, entrapped slag and lack 
of fusion, weld terminations and weld toes, or geometrical changes. The effects 
of these stress raisers on the fatigue behavior of weldments are discussed in 
Chapter 10. 

A fatigue crack propagates normal to the primary tensile-stress component 
trying to assu_me a constant stress-intensity factor, K (or strain-energy-release 
rates, G), along the entire crack front. Thus, a fatigue crack that initiates from a 
point source in a uniform uniaxial tensile field propagates as a penny-shaped 
crack if the source is embedded and as a semicircular part-through crack if the 
source is on the surface, Figure 7.17. A crack that initiates from an irregularly 
shaped imperfection in a uniaxial tensile field propagates at different rates to 
achieve the circular crack-front shape, Figure 7.18. 

A constant-K crack front in a pure bending stress field is a straight line as 
in a single-edge-notch specimen. Thus, a fatigue crack that initiates from a point 
source on the tension surface of a specimen in bending initially assumes a semi- 
circular shape and then propagates more rapidly along the tension surface than 
in the depth direction until it reaches a constant-K straight-line crack front. The 
relative rate of crack propagation along the surface and in the depth direction 
depends on the stress gradient along the depth such that the higher the stress 



FIG. 7.16 Schematic representation of marks on surfaces of 
fatigue fractures produced in smooth and notched components 
with round, square, and rectangular cross sections, and in thick 
plates, under various loading conditions at high and low nominal 
stress. (From Metals Handbook, Voh 10, 8th ed., American 
Society for Metals, Metal Park, OH 44073, 1975, p. 102. With 
permission.) 
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FIG. 7.17 Semi-circular surface crack propagating from 
a single source. 

gradient, the slower the relative propagation in the depth direction. Fatigue 
cracks in complex stress fields--like those possible when nominal, residual, and 
thermal stresses are superimposed--can exhibit complex fronts with widely vary- 
ing propagation rates at different points and at the same relative point for dif- 
ferent crack sizes. 

Visually, a fatigue crack on a fracture surface appears smoother than the 
surrounding fracture regions, Figure 7.18. Microscopically, the fatigue region ex- 
hibits striations, Figure 7.19, which corresponds to crack extension with each 
cycle of a load. Usually, these striations are more distinct for aluminum than for 
steel. 

FIG. 7.18 Growth of a fatigue crack from 
irregularly shaped porosity maintaining a 
penny-shaped crack front. 
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FIG. 7.19 Fatigue striations on a fracture surface 
of an a luminum alloy. 

FIG. 7.20 Scanning electron micrograph of a 
fatigue crack surface in an A36 steel, X2500. 

Figure 7.20 is a scanning electron micrograph of a fatigue surface in A36 
steel. Although the surface indicates the presence of striations, some of the 
striation-like features are caused by the composite properties of ferrite-pearlite 
steels [7]. Ferrite-pearlite steels behave as particulate composites such that the 
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FIG. 7.21 Scanning electron micrograph of a 
fatigue crack profile in an A36 steel, X6000. 

path of least resistance to fatigue-crack growth is through the ferrite matrix, and 
the pearlite colonies tend to retard crack growth. Figure 7.21 is a light micrograph 
of a cross-sectional portion of the fatigue surface shown in Figure 7.20. The mi- 
crograph shows that plastic deformation under cyclic loading is more extensive 
in the ferrite matrix than in the pearlite colonies. It also shows that secondary 
fatigue cracks preferentially seek to propagate around a pearlite colony rather 
than through it. Such secondary cracks make it very difficult to delineate the true 
striations on the fatigue surface. 

Finally, an aggressive environment may eliminate the striation from the sur- 
face of a corrosion fatigue crack, thus making it very difficult to distinguish 
between corrosion-fatigue crack extension under cyclic loading and stress- 
corrosion crack extension under static loading. 
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Fatigue-Crack Initiation 

8.1 General Background 

THE FATIGUE LIFE of structural components is determined by the sum of the 
elapsed cycles required to initiate a fatigue crack and to propagate the crack 
from subcritical dimensions to the critical size. Consequently, the fatigue life of 
structural components may be considered to be composed of three continuous 
stages: (1) fatigue-crack initiation, (2) fatigue-crack propagation, and (3) fracture. 
The fracture stage represents the terminal conditions (i.e., the particular combi- 
nation of o-, a, and Kic ) in the life of a structural component. The useful life of 
cyclically loaded structural components can be determined only when the three 
stages in the life of the component are evaluated individually and the cyclic 
behavior in each stage is thoroughly understood. 

Conventional procedures used to design structural components subjected to 
fluctuating loads provide a design fatigue curve which characterizes the basic 
unnotched fatigue properties of the material and a fatigue-strength-reduction 
factor. The fatigue-strength-reduction factor incorporates the effects of all the 
different parameters characteristic of the specific structural component that make 
it more susceptible to fatigue failure than the unnotched specimen, such as sur- 
face finish, geometry, defects, as well as others. The design fatigue curves are 
based on the prediction of cyclic life from data on nominal stress (or strain) 
versus elapsed cycles to failure (S-N curves), as determined from laboratory spec- 
imens. Such data are usually obtained by testing unnotched specimens, and rep- 
resent the number of cycles required to initiate a crack in the specimen plus the 
number of cycles required to propagate the crack from a subcritical size to a 
critical dimension. The dimensions of the critical crack required to cause failure 
depend on the magnitude of the applied stress and on the specimen size, as well 
as on the particular testing conditions used. 
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Figure 8.1 is a schematic S-N curve divided into an initiation component 
and a propagation component. The number of cycles corresponding to the en- 
durance limit primarily represents initiation fife, whereas the number of cycles 
expended in crack initiation at a high value of applied alternating stress is neg- 
ligible. As the magnitude of the applied alternating stress increases, the total 
fatigue life decreases and the percent of the total fatigue life to crack initiation 
life decreases. Consequently, S-N-type data do not provide complete information 
regarding safe-life predictions in structural components, particularly in compo- 
nents having surface irregularities different from those of the test specimens and 
in components containing crack-like imperfections. This occurs because the ex- 
istence of surface irregularities and crack-like imperfections reduces and may 
eliminate the crack-initiation portion of the fatigue life of structural components. 

Many attempts have been made to characterize the fatigue behavior of met- 
als [1-3]. The results of some of these attempts have proved invaluable in the 
evaluation and prediction of the fatigue strength of structural components. How- 
ever, these fatigue-strength-evaluation procedures are subject to limitations, 
caused primarily by the failure to distinguish adequately between fatigue-crack 
initiation and fatigue-crack propagation. 

Notches in structural components cause stress intensification in the vicinity 
of the notch tip. The material element at the tip of a notch in a cyclically loaded 
structural component is subjected to the maximum stress fluctuations, Ar x. 
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FIG. 8.1 Schematic S-N curve divided into initiation and propagation components. 
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Consequently, this material element is most susceptible to fatigue damage and 
is, in general, the site of fatigue-crack initiation. The maximum stress on this 
material element [4] is: 

2 K~ 
O'max = ktcr - V ~  ~ p  (8.1) 

and the maximum stress range is: 

2 AK~ 
AO'ma x = k t (Aft) - ~ Vpp (8.2) 

where k t is the stress-concentration factor for the notch and P is the notch-tip 
radius. Although these equations are considered exact only when P approaches 
zero, Wilson and Gabrielse [5] showed, by using finite element analysis of rela- 
tively blunt notches in compact-tensions specimens, where the notch length, G, 
was much larger than p, that these relationships are accurate to within 10% for 
notch radii up to 0.18 in. 

Thorough understanding of fatigue-crack initiation requires the develop- 
ment of accurate predictions of the localized stress and strain behavior in the 
vicinity of stress concentrations. Developments in elastic-plastic finite-element 
stress analysis in the vicinity of notches contribute significantly to the develop- 
ment of quantitative predictions of fatigue-crack initiation behavior for structural 
components. 

8.2 Effect of Stress Concentration on Fatigue-Crack Initiation 

The effect of a geometrical discontinuity in a loaded structural component is to 
intensify the magnitude of the nominal stress in the vicinity of the discontinuity. 
The localized stresses may cause the metal in that neighborhood to undergo 
plastic deformation. Because the nominal stresses in most structures are elastic, 
the zone of plastically deformed metal in the vicinity of stress concentrations is 
surrounded by an elastic-stress field. The deformations (strains) of the plastic 
zone are governed by the elastic displacements of the surrounding elastic-stress 
field. In other words, when the structure is stress controlled, the localized plastic 
zones are strain controlled. Consequently, to predict the effects of stress concen- 
trations on the fatigue behavior of structures, the fatigue behavior of the localized 
plastic zones has been simulated by testing smooth specimens under strain- 
controlled conditions, Figure 8.2a. A better simulation of the effects of stress con- 
centrations on the fatigue behavior of structures is obtained by testing notched 
specimens under stress-controlled conditions, Figure 8.2b, because the applied 
stress can be more directly related to the structural loading. 

The use of linear-elastic fracture-mechanics parameters to analyze the 
fatigue-crack-initiation behavior of notched specimens has been demonstrated 
in limited work by Forman [6], by Constable et al. [7], by  Jack and Price [8], by 
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FIG. 8.2 Test specimen simulation of stress concentrations in structures: (a) 
strain-controlled specimen; (b) stress-controlled specimen, 

Barsom and McNicol [9], and by Clark [10]. The fatigue-crack initiation behavior 
of an HY-130 steel was studied by Barsom and McNicol [9] under axial zero-to- 
tension cyclic load. The test data are presented in Figure 8.3 in terms of the stress 
range, Ar versus the number of cycles for fatigue crack initiation, and in Figure 
8.4 in terms of the stress-intensity-factor range divided by the square root of the 
notch-tip radius, AK~/V~p, versus the number of cycles for fatigue crack initiation. 
The stress-intensity-factor range was calculated as for a fatigue crack of length 
equal to the total notch depth. The data in Figure 8.3 demonstrate the severe 
detrimental effects of stress concentration whose magnitude increases as the 
notch-tip radius decreases and as the notch length increases. Figure 8.4 demon- 
strates that AKI/X/pp may be used as a correlating parameter to account for the 
effects of notch geometry and stress range on the fatigue-crack initiation behavior 
of the steel. 

The fatigue-crack-initiation behavior in various steels was investigated by 
Barsom and McNicol [11] in three-point bending at a stress ratio, R (ratio of 
nominal minimum applied stress to nominal maximum applied stress), equal to 
+0.1. The data were obtained by testing single-edge-notched specimens having 
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a notch that resulted in a stress concentration of about 2.5. The fatigue-crack- 
initiation behavior of all the specimens tested is presented in Figure 8.5 in terms 
of the number of cycles for fatigue-crack initiation, N i, versus the ratio of the 
stress-intensity-factor fluctuation to the square root of the notch-tip radius, 
AKI/X/-pp. Because the same nominal notch length and tip radius were used for 
all specimens of the steels investigated, the differences in the fatigue-crack- 
initiation behavior shown in Figure 8.5 are related primarily to inherent differ- 
ences in the fatigue-crack-initiation characteristics of the steels. The data show 
that fatigue cracks do not initiate in steel structural components when the body 
configuration, the notch geometry, and the nominal-stress fluctuations are such 
that the magnitude of the parameter AK]/Vpp is less than a given value charac- 
teristic of the steel. In general, the value of this fatigue-crack-initiation threshold, 
AKI/VPp)t h, increased with increased yield strength or tensile strength of the steel. 

8.3 Generalized Equation for Predicting the 
Fatigue-Crack-Initiation Threshold for Steels 

To develop a generalized equation for predicting the fatigue-crack-initiation 
threshold for steels, the effect of stress ratio, R, on the threshold value must be 
established. Consequently, the fatigue-crack-initiation behavior for steels having 
yield strengths between 36 and 110 ksi was studied by Barsom at stress ratios of 
-1.0, 0.1, and 0.5 [12]. Analysis of the test results showed that stress ratio had a 
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negligible effect, if any, on the fatigue-crack-initiation threshold from notches 
when the AK in the AK/Vp# parameter are based on the total stress (tension plus 
compression) range. A plot of the data in terms of the AKtotal/Vp# values at the 
threshold and R is shown in Figure 8.6 [12,13] where AKtota 1 is calculated by using 
the total stress (tension plus compression) range. The data in Figure 8.6 indicate 
that the fatigue-crack-initiation damage caused by a compressive-stress range is 
equal to the damage caused by a tensile-stress range having the same magnitude. 
Although cracks can initiate under compressive cyclic loading, they would prop- 
agate only through the plastically deformed region where inelastic tensile stresses 
reside in the plastic zone at the tip of the notch and arrest in the vicinity of its 
boundary. However, under tensile-cyclic loading, once initiated, the crack would 
propagate beyond the plastically deformed region causing fracture of the 
specimen. 

Analysis of the available data indicates that the fatigue-crack-initiation 
threshold for various steels subjected to stress ratios between -1 .0  and 0.5 can 
be estimated best by using the relationship [14], 

(AKtotal / 
~--P-P/th = 10 ~ (8.3) 

where AKtota 1 is the stress-intensity factor range, calculated by using the sum of 

1 5 0  t 

140 

130 

120 

I10, 

IOO 

9 0  [ 

= 8 0  

6O 

50 

40 

30 

20 

IO 

- f , 0  

i i i i [ i i I [ i i I i 

A517-F STEEL �9 

HY-  80 STEEL []  

[] 
A537-1  STEEL O 

A36 STEEL 

1 ksi : 6,895 MPa 

l l I 1 

0 0.5 

STRESS RATIO, R 

FIG. 8.6 Independence of fatigue-crack-initiation threshold from 
stress ratio. 

180 

160 

140 

120 

I00 

8 0  ~ 

<1 
6O 

4O 

2O 



Fatigue-Crack Initiation 189 

the tensile- and compressive-stress ranges, and Cys is the yield strength of the 
steel, Figure 8.7 [14]. 

8.4 Methodology for Predicting Fatigue-Crack Initiation 
from Notches 

Most structural components are subjected to a nominal elastic-stress (strain) field. 
However, the localized strains at regions of strain raisers embedded in the elastic 
field can be plastic. Under cyclic loading, these plastically deformed regions can 
become the nuclei of the fatigue-crack-initiation sites. 

The fatigue-crack-initiation behavior for components that contain localized 
plastic deformation surrounded by an elastic-strain field can be analyzed accu- 
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rately by using the maximum-stress-range parameter, Ao- .... . For notches with 
length larger than p, AK~/Vpp is directly related to A~ . . . .  and the relationship 
between these two parameters is accurately predicted by Equation (8.2). How- 
ever, for blunt notches, d~O'ma • should be calculated accurately by using theory of 
elasticity and finite-element analyses when necessary or may be obtained from 
available handbooks [15]. 

The fatigue-crack-initiation behavior for the specimens shown in Figure 8.8 
are presented in Figure 8.9 [16] as a function of the &Ki/X~p parameter. The data 
separation for cycles larger than 10 3 is caused by the inaccuracy of the relation- 
ship between AK~/V~p and Ao'ma x for very blunt notches. The fatigue-crack- 
initiation data for lives equal to or less than 10 3 cycles was obtained under gen- 
eral yielding conditions, which caused further separation of the data. 
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The fatigue-crack-initiation data for b lunt  and sharp notches embedded  in 
an elastic field can be correlated better  by  using A ( T r n a x  = kt(Acr ) rather  than 
ACrma x = (2/~)(K~/X/p~).  The use of an accurate value for k t to calculate ACma x 
results in an excellent correlation for notches whose  plastic zone is fully sur- 
r ounded  by  an elastic-stress field, Figure 8.10 [16]. 

The transition from a plastic zone e m b e d d e d  in an elastic field to general  
yielding of the specimen is gradual  and is s trongly influenced by  the size of the 
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notch and its plastic zone relative to the size of the specimen. Thus, the data 
separation in Figure 8.10 was influenced by the large size of the hole relative to 
the specimen dimensions and would  have been different had the ratio of the hole 
size and specimen width, the specimen geometry, and loading been different. 

The most general correlation for fatigue-crack-initiation from various 
notches having plastic zones embedded in an elastic field or under general yield- 
ing conditions appears to be possible by using the measured stabilized cyclic 
strain range at the root of the notch, G. Such a correlation is presented in Figure 
8.11 [16] for the fatigue-crack-initiation data obtained by testing the specimens 
shown in Figure 8.8. Experimental determination of G should be conducted for 
components that would be subjected to general yielding conditions and whose 
fatigue-crack-initiation lives are very short (-<10 3 cycles). However, must struc- 
tural components are not subjected to such severe loading conditions, and, there- 
fore, their fatigue-crack-initiation behavior can be determined accurately by us- 
ing the ZXO'ma x parameter. 

The analyses and correlations discussed in this chapter can be used to eval- 
uate quantitatively the fatigue-crack-initiation behavior of steels and can be in- 
corporated in design considerations. However, more research is needed to de- 
termine the effects of various metallurgical and mechanical parameters on the 
fatigue-crack-initiation behavior of various metals. 
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Fatigue-Crack Propagation 
under Constant and Variable- 
Amplitude Load Fluctuation 
9.1 General Background 

THE LIFE OF STRUCTURAL components that contain cracks or that develop cracks 
early in their lives may be governed by the rate of subcritical crack propagation. 
Proof-testing or nondestructive testing procedures or both may provide infor- 
mation regarding the relative size and distribution of possible pre-existing cracks 
prior to service. However, these inspection procedures are usually used to estab- 
lish upper limits on the size of undetectable discontinuities, rather than actual 
crack size. These upper limits are determined by the maximum resolution of the 
inspection procedure. Thus, to establish the minimum fatigue life of structural 
components, it is reasonable to assume that the component contains the largest 
discontinuity that cannot be detected by the inspection method. The useful life 
of these structural components is determined by the fatigue-crack-growth be- 
havior of the material. Therefore, to predict the minimum fatigue life of structural 
components and to establish safe inspection intervals, an understanding of the 
rate of fatigue-crack propagation is required. The most successful approach to 
the study of fatigue crack propagation is based on fracture-mechanics concepts. 

The fatigue-crack-propagation behavior for metals can be divided into three 
regions (Figure 9.1). The behavior in Region I exhibits a "fatigue-threshold"cyclic 
stress-intensity-factor fluctuation, AKth, below which cracks do not propagate un- 
der cyclic-stress fluctuations [1-15]. Region II represents the fatigue-crack prop- 
agation behavior above AKth [16] which can be represented by: 

da 
- -  = A (AK) m (9.1) 
dN 
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FIG. 9.1 Schematic representation of 
fatigue-crack growth in steel. 

where a = crack length, 
N = number  of cycles, 

&K = stress-intensity-factor fluctuation, and 
A and m are constants. 

In Region III the fatigue-crack growth per cycle is higher than that predicted 
for Region II. The data [16-21] show that the rate of fatigue-crack growth in- 
creases and that under  zero-to-tension loading (that is, dlK = Km~ ) this increase 
occurs at a constant value of crack-tip opening displacement, ST, and at a cor- 
responding stress-intensity-factor value K T, given by: 

8T __ /~X _ 1.6 • 10 -3 in.  (0 .04 m m )  (9.2)  
EOy s 
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where K w = stress-intensity-factor-range value at a stress ratio, R, equals zero, 
corresponding to onset of acceleration in fatigue-crack-growth 
rates, 

E = Young's modulus, and 
O ' y  s = yield strength (0.2% offset) (the available data indicate that the 

value of K T can be predicted more closely by using a flow stress, 
~f, rather than ~ys, where (rf is the average of the yield and tensile 
strengths). 

Acceleration of fatigue-crack-growth rates that determines the transition 
from Region II to Region III appears to be caused by  the superposition of a 
ductile tear mechanism onto the mechanism of cyclic subcritical crack extension, 
which leaves fatigue striations on the fracture surface. Ductile tear occurs when 
the strain at the tip of the crack reaches a critical value [22]. Thus, the fatigue- 
rate transition from Region II to Region III depends on Kma x and on the stress 
ratio, R. 

Equation (9.2) is used to calculate the stress-intensity-factor, K T (or AK w for 
zero-to-tension loading), value corresponding to the onset of the fatigue-rate 
transition from Region II to Region III in materials that have high fracture tough- 
ness, such as Steel A in Figure 9.1. Acceleration in the rate of fatigue-crack growth 
occurs at a stress-intensity-factor value slightly below the critical-stress-intensity 
factor, Kic, when the Kic (or Kc) of the material is less than K T, Steel B in Figure 
9.1 [22]. Furthermore, acceleration in the rate of fatigue-crack growth in an ag- 
gressive environment may occur at the threshold stress-intensity factor, Kisc~. The 
effect of an aggressive environment on the rate of crack growth is discussed in 
Chapter 11. Crooker [20] has shown that the &K T of aluminum and titanium 
alloys can also be predicted by using Equation (9.2). 

9.2 Fatigue-Crack-Propagation Threshold 

The early investigations of fatigue-crack propagation by Frost and co-workers 
[2,3] indicated a significant deceleration in the fatigue-crack growth rates at low 
stresses. Their data suggested the possible existence of a threshold for fatigue- 
crack propagation below which fatigue cracks should not propagate. The exis- 
tence of such a threshold was predicted by an elastic-plastic analysis conducted 
by McClintock [3]. The work of Linder [4] and Paris [5] showed that the fatigue- 
crack-propagation threshold can be established in the context of linear-elastic 
fracture mechanics and that a threshold stress-intensity-factor range, AKth, can 
be determined below which fatigue cracks should not propagate. 

In the late 1960s; Elber [6] noted that fatigue-crack surfaces interfere with 
each other through a closure mechanism. This plastically induced closure results 
from the presence of residual plastic deformation left behind in the wake of the 
growing fatigue crack. Soon after, Schmidt's [7] experimental studies indicated 
that crack closure may have a significant effect on the threshold behavior. The 
presently available data support this observation but  indicate that crack closure 
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can be related to four closure mechanisms [8], shown schematically in Figure 9.2: 
(1) plastically induced closure resulting from the presence of residual plastic de- 
formation left in the wake of the growing fatigue crack, Figure 9.2c; (2) surface- 
roughness-induced closure caused by deviations of the crack trajectory associated 
with microstructural characteristics of the material (for example, grain size and 
interlamellar spacing), Figure 9.2d; (3) Mode II-induced closure caused by the 
displacement of the fatigue crack tip along shear planes, thus preventing a per- 
fect match of the fatigue-crack surface features left behind the propagating crack, 
Figure 9.2e; and (4) environmentally induced closure resulting from corrosion 
products within the crack that wedge the crack surfaces, Figure 9.2f. Several of 
these mechanisms can be operative at the same time. 

Several factors may influence the fatigue-crack-propagation threshold, in- 
cluding [8] yield strength, grain size and other microstructural elements, mean 
stress, stress history, residual stress, mode of crack-tip opening, Young's modu-  

Kmin 

LOAD CYCLE NO CLOSURE PLASTICITY- INDUCED 
CLOSURE 

(a) (b) (c) 

ROUGHNESS- INDUCED MODE TT- INDUCED OXI DE-INDUCED 
CLOSURE CLOSURE CLOSURE 

(d) (e) (f) 

FIG. 9.2 Schematic illustration of four crack-closure mechanisms. 
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lus, temperature, and environment. The effects of most of these factors on &Kth 
can be explained by their relationship to the various mechanisms of crack closure. 

Sufficient data are available to show the existence of a fatigue-crack propa- 
gation threshold, dlKth, below which existing fatigue cracks do not propagate 
under cyclic loading. However, more work is needed to understand better the 
effects of various factors on the magnitude and the existence of &Kth and to use 
it properly in design. Future work on &Kth should define better the effects of 
microstructure and material properties, various testing procedures, crack and 
specimen size and geometry, variable-amplitude loading, and various loadings 
(out-of-plane bending, torsion, and biaxial and triaxial loading.). Kitagawa and 
coworkers [14] found a constant &Kth value for crack lengths larger than 0.5 mm. 
However, below this crack size, a transfer occurred where the fatigue limit of an 
unnotched material, rather than &Kth, became the threshold condition for prop- 
agation. A similar trend for very small cracks was found by Haddad et al. [15]. 
These observations are extremely important for proper use of AKth in structural 
design. Moreover, preliminary fatigue tests for welded components suggest that 
the fatigue threshold under variable-amplitude cyclic-loading conditions can 
change significantly [26] and may be eliminated. 

Despite the need for further understanding of z~Kth, the available data for 
long fatigue cracks subjected to constant-amplitude cyclic loading in various 
room temperature laboratory atmospheres suggest that the stress ratio is the most 
important factor affecting the magnitude of z~Kth. 

Figure 9.3 presents data published by various investigators [10-12,24] on 
fatigue-crack-propagation values for steels. The data show that conservative es- 
timates of AKth for martensitic, bainitic, ferrite-pearlite, and austenitic steels sub- 
jected to various stress ratios, R, larger than +0.1 can be predicted from [20]: 

z~Kth = 6.4(1 - 0.85 R)ksi~n~n. (9.3a) 

dlKth = 7(1 - 0.85 R ) M N / m  3/2 (9.3b) 

The value of &Kth for R < 0.1 is a constant equal to: 

5.5 ksiV~n.(6 M N / m  3/2) (9.3c) 

The data in Figure 9.3 show that the primary factor affecting d~Kth is the 
stress ratio and that the mechanical and metallurgical properties of these steels 
have a negligible effect on the fatigue-crack-propagation threshold. 

Lindley and Richards [25] have compiled values obtained by various inves- 
tigators on a wide range of steels. The data show that Equation (9.3) can be used 
to predict lower-bound values of &Kth for various steels. Similar data have been 
published by Sasaki et al. [26] and by Priddle [27] which include weld metal that 
support the use of Equations (9.3a) and (9.3b). 

Finally, an analysis of experimental results published in the literature for 
nonpropagating fatigue cracks in various metals has been conducted by Harrison 
[10]. His analysis suggests that the fatigue-crack-propagation threshold for a 
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number of materials can be superimposed by using the parameter A K t h / E  , where 
E is Young's modulus. 

9.3 Constant Amplitude Load Fluctuation 

9.3.1 Martensitic Steels 
Extensive fatigue-crack-growth-rate data for various high-yield strength (O-y~ 

greater than 80 ksi or 552 M N / m  2) martensitic steels show that the primary 
parameter affecting growth rate in Region II is the range of fluctuation in the 
stress-intensity factor and that the mechanical and metallurgical properties of 
these steels have negligible effects on the fatigue-crack-growth rate in a room 
temperature air environment [20]. The data for these steels fall within a single 
band, as shown in Figure 9.4, and the upper bound of the scatter of the fatigue- 
crack-propagation-rate data for martensitic steels in an air environment can be 
obtained from: 

da 
m dN 0.66 X 10 8 ( A K I ) 2 ' 2 5  (9,4) 

where a = in. 
AK I = ksiX/~n. 

The applicability of Equation (9.4) to martensitic steels ranging in yield 
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strength from 80 to 300 ksi (552 to 2068 M n / m  2) has been established [16,17]. 
The validity of Equation (9.4) has been established further by using data obtained 
by testing various grades of ASTM A514 steels [28,29] (Figure 9.5) [28]; ASTM 
A517 Grade F steel [9]; ASTM A533 Grade B, Class i steel and ASTM A533 Grade 
A and ASTM A645 steels [31]. 

9.3.2 Ferri te-Pearli te  Steels 
The fatigue-crack-growth rate behavior in ferrite-pearlite steels [16] prior to 

the onset of fatigue-rate transition and above AKth is presented in Figure 9.6. The 
data indicate that realistic estimates of the rate of fatigue-crack growth in these 
steels can be calculated from: 

da 
dN 3.6 X 10-I~ 3"0 (9.5) 
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where a = in., and 
&K[ = ksix/in~. 

9.3.3 Aus ten i t i c  Stainless Steels 
Extensive fatigue-crack-growth-rate data for austenitic stainless steels in Re- 

gion II have been obtained. Data for solution-annealed and cold-worked Type 
316 stainless steel and for solution-annealed Type 304 stainless steel were ob- 
tained by James [32]. Data on these types of steels were also obtained by Sha- 
hinian et al. [33]. Weber and Hertzberg [34] examined the effect of thermome- 
chanical processing on fatigue-crack propagation in Type 305 stainless steel. The 
steel was evaluated in the coarse-grained, cold-worked, and recrystallized con- 
ditions. A summary of their data shows that crack propagation was essentially 
similar irrespective of thermomechanical processing. Data from these and other 
investigations indicate that conservative and realistic estimates of fatigue-crack- 
propagation rates for austenitic steels in a room temperature air environment can 
be obtained from: 

da 
- -  z dN 3.0 x 10-~~ 325 (9.6) 

where a = in. 
a G = ksi~n~n. 

9.3.4 A l u m i n u m  and Ti tanium A l loys  
The preceding discussion shows that the Region II fatigue-crack-growth-rate 

behavior of steels in a benign environment is essentially independent of me- 
chanical and metallurgical properties of the material. 
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Figures 9.7 and 9.8 [19] present the fatigue-crack-growth behavior of alu- 
minum and titanium alloys, respectively. The data indicate that, like steels, the 
fatigue-crack-growth rates for aluminum and titanium alloys fall within different 
but distinct scatter bands. However, the scatter bands for aluminum and titanium 
alloys are larger than for steels. Thus, it is apparent that for a given metal system 
subjected to a benign environment, the fatigue-crack-growth behavior in Region 
II is not a pertinent factor in material selection considerations within a given 
metal system. 

The fatigue-rate transition from Region II to Region III for aluminum and 
titanium alloys has been investigated by Clark and Wessel [35] and by Crooker 
[19,36]. The data show conclusively that Equation (9.2) can be used to determine 
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O 0  

the stress-intensity-factor value corresponding to the transition from Region II 
crack-growth-rate behavior to Region III in aluminum and titanium alloys. 

9.4 Effect of Mean Stress on Fatigue-Crack 
Propagation Behavior 

The effect of mean load on fatigue-crack-initiation and propagation behavior can 
be studied by using the load ratio parameter, R, where R is equal to Pm~/Pmax = 
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Kmin/K . . . .  and Pmin(Kmin) and Pmax(Krnax) are the minimum and maximum loads 
(stress-intensity-factor values) in the cyclic process, respectively. 

Several investigations have been conducted to study the effect of mean stress 
and stress ratio on fatigue-crack-propagation rate [6,28,37-40]. Available exper- 
imental data on ASTM A514 Grade B steel show no systematic change in fatigue- 
crack-growth rate with changes in R values from 0 to 0.82 (Figure 9.5) [28]. The 
data also show that this change in R values has negligible effects on the rate of 
crack propagation in Region II. On the other hand, Crooker [38] observed that 
the compression portion of fully reversed tension-compression cycling increased 
the growth rate in HY-80 steel by approximately 50% as compared with zero- 
tension cycling. Data on fatigue-crack growth in a 140-ksi (965-MN/m 2) yield- 
strength martensitic steel [39] showed a systematic increase in growth rate with 
increase in R values from 0 to 0.75 and with decrease in R values from 0 to -2 ,  
but  that maximum nominal stress levels of 0.39 to 0.94 of the yield strength had 
no apparent effect (Figure 9.9). The maximum increase in fatigue-crack-growth 
rate as a function of variation of R from - 2  to 0.75 was less than a factor of 2. 

Crooker et al. [38,39] studied the effect of stress ratio, R, in the range - 2  
R ~ 0.75 by using part-through-crack specimens subjected to axial loads. Because 
of the difficulties encountered in measuring crack depth in these specimens, the 
rate of fatigue-crack growth was calculated by measuring the rate of growth on 
the surface of the specimens and by  assuming that the crack shape did not 
change (that is, a circular crack front remained circular) as the crack size in- 
creased. Despite reservations relating to the accuracy of this assumption and to 
the use of part-through-crack specimens for fatigue-crack-growth studies, anal- 
ysis of the data presented in Figure 9.9 showed that the effect of positive stress 
ratio, R --- 0, on the rate of fatigue-crack growth in the 140-ksi yield-strength steel 
investigated can be predicted by using: 

da A(AK) 2"25 
d---N = (1 - R) ~ (9.7) 

where A is a constant. 
The upper bound of the scatter band of martensitic steels represented by  

Equation (9.4) is also presented in Figure 9.9. The data suggest that Equation 
(9.4) can be used to estimate conservative fatigue-crack-growth rates in marten- 
sitic steels subjected to various values of stress ratio. 

The general effect of stress ratio, R, on fatigue-crack-growth rates in Regions 
I, II, and III are presented schematically in Figure 9.10 [41]. Data in support of 
this generalized behavior have been published by Wei [41]. 

9.5 Effects on Cyclic Frequency and Waveform 

The effect of loading rate on fracture toughness was presented in Chapter 4. The 
available data show that the rate of loading can affect the fracture toughness 
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significantly and that the magnitude of this effect increases with decrease in yield 
strength. Because a change in cyclic frequency corresponds to a change in the 
rate of loading, the effect of cyclic frequency on fatigue-crack-growth rate was 
investigated by Barsom for a 36-ksi and a 180-ksi yield strength steel�9 

The fatigue-crack-growth rate for A36 steel (O-y s = 36 ksi) under cyclic fre- 
quencies of 6 to 3000 cycles per minute (cpm) is presented in Figure 9.11. Similar 
data for a 12 Ni-5Cr-3Mo maraging steel (O-ys = 180 ksi) were obtained under 
cyclic frequencies of 6 to 600 cpm [21,42,43]. The data show that the rates of 
fatigue-crack growth in a room temperature benign environment were not af- 
fected by the frequency of the cyclic-stress fluctuations. 



Fatigue-Crack Propagation under Constant and Variable-Amplitude Load Fluctuation 207 

10-4  

.r 

z" @ Io -5 

n~ 

~ i0 - 6  

o 

or- 
co 10- 7 

~1 | I 
I 

d 

I 

| 

o 

i /  
r; 
r 

f = 2 , 0  TO 2 5 . 0 H z  

o 
lO-e I i J i 

I0 lOO 

STRESS INTENSITY RANGE, AK, k s i v ~ .  

FIG. 9.10 Effect of stress ratio, R, on 
f a t i g u e - c r a c k - g r o w t h  behavior. 

The discussions in the preceding sections show that the stress-intensity- 
factor fluctuation, AK~, is related to the magnitude of the stress fluctuation and 
to the square root of crack length. This parameter does not account for possible 
differences in growth rates that may exist between various cyclic waveforms such 
as sine and square waves. Consequently, data on the fatigue-crack-growth rate 
of 12Ni-5Cr-3Mo maraging steel in a room temperature air environment were 
obtained under sinusoidal, triangular, square, positive sawtooth (/~), and negative 
sawtooth (N) cyclic-stress fluctuations. The combined data, presented in Figure 
9.12 [42], show that the rates of fatigue-crack growth in a room temperature air 
environment were not affected by the form of the cyclic-stress fluctuations. 

The effects of cyclic frequency and waveform on corrosion-fatigue crack- 
growth rates are presented in Chapter 11. 

9.6 Effects of Stress Concentration on Fatigue-Crack Growth 

The effects of stress-concentration factors on fatigue-crack initiation was dis- 
cussed in Chapter 8. Because the fluctuation of the stress-intensity factor is the 
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primary fatigue-crack-propagation force, it can be surmised that the rate of fa- 
tigue-crack propagation in the vicinity of a stress raiser, such as a notch, would 
be governed by the local stress-intensity-factor fluctuation. That is, the fatigue- 
crack-propagation rate per cycle, da/dN, in the shadow of a notch must be gov- 
erned by the relationship: 

da 
dN - a(AKeff)m (9.8) 

where A and m = constants, 
d~K~ff ~ kt(a)Ar 

d~r = nominal stress fluctuation, 
a = crack length, and 

kt(a ) = stress-concentration factor; this factor is a function of crack 
length such that as the crack propagates outside the field of 
influence of the notch, kt(a) approaches unity (see Chapter 2 
for cracks emanating from notches). 
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Equation (9.8) could be used to analyze the fatigue-crack-growth behavior of 
cracks emanating from holes, nozzle corners, or other regions of stress 
concentrations. 

Novak and Barsom [44] summarized the state of the art of all available 
theoretical K I analyses for cracks in the vicinity of stress concentrations. The 
accuracy of some of these analyses was verified by their experimental results on 
the brittle-fracture behavior for cracks emanating from notches. These analyses 
can be used in conjunction with Equation (9.8) to predict the rate of growth of 
cracks in the shadow of stress concentrations. 

9.7 F a t i g u e - C r a c k  P r o p a g a t i o n  i n  S t ee l  W e l d m e n t s  

Fatigue-crack-growth rates in weldments of various steels are available in the 
literature [31,45-48]. Fatigue-crack-growth rates in the weld metal and the heat- 
affected zone of submerged arc weldments of ASTM A533 Grade B, Class 1 steel 
have been obtained by Clark [45]. In general, fatigue cracks initiated in the heat- 
affected zone grew into the adjacent weld metal. Figures 9.13 and 9.14 present 
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the fatigue-crack-growth behavior in the weld metal and in the heat-affected 
zone, respectively. The data show that the rate of fatigue-crack growth in the 
weld metal and in the heat-affected zone was equal to or less than that in the 
base metal and that the upper bound of the scatter band established by testing 
the base metal at room temperature may be used as a conservative estimate of 
fatigue properties of the weld metal and the heat-affected zone. This conclusion 
is confirmed by data obtained on HY-140 steel weldments ~46], on a 5% nickel 
steel (ASTM A645) weldment [31], on a Type 308 weld metal [47], on a Type 316 
weld metal [47], and for structural C-Mn steel weld metals, heat-affected zones, 
and base metals [48]. 

As-welded structural components usually contain residual tensile stresses 
often of yield stress magnitude [49]. Consequently, fatigue cracks in regions of 
tensile-residual stresses propagate under high stress ratios. Preceding discussions 
showed that high stress ratios affect the magnitude of AKth and the magnitude 
of K T but  have negligible effect on the fatigue-crack-growth-rate behavior in Re- 
gion II. This observation is supported further by  Maddox [48]. 

9.8 Design Example 

For most structural materials, the tolerable flaw sizes are much larger than any 
initial undetected flaws. However, for structures subjected to fatigue loading (or 
stress-corrosion cracking), these initial cracks may grow throughout the life of 
the structure. Thus, to ensure that the structural component does not fracture, 
the calculated critical crack size, acr, at design load must be large, and the number 
of cycles of loading required to grow a small crack to the critical crack must be 
greater than the design life of the structure. 

Although S - N  curves have been widely used to analyze the fatigue behavior 
of steels and weldments, closer inspection of the overall fatigue process in com- 
plex welded structures indicates that a more rational analysis of fatigue behavior 
is possible by using concepts of fracture mechanics. Specifically, fabrication flaws 
may be present in welded structures, even though the structure has been in- 
spected. Accordingly, a conservative approach to designing to prevent fatigue 
failure would be to assume the presence of an initial flaw and analyze the fatigue- 
crack-growth behavior of the structural member. The size of the initial flaw 
is obviously dependent on the detail geometry, quality of fabrication, and 
inspection. 

A schematic diagram of the general relation between fatigue-crack initiation 
and propagation is shown in Figure 9.15. The question of when does a crack 
"initiate" to become a "propagating" crack is somewhat philosophical and de- 
pends on the level of observation of a crack, that is, crystal imperfection, dislo- 
cation, microcrack, lack of penetration, and so on. A conservative approach to 
fatigue would be to assume an initial flaw size on the basis of the quality of 
inspection used and then to calculate the number of cycles it would take for this 
crack to grow to a size critical for fracture. 
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and  "propagat ion"  life. 

The procedure to analyze the crack-growth behavior in steels and weld met- 
als using fracture-mechanics concepts is as follows: 

1. On the basis of quality of inspection, estimate the maximum initial flaw 
size, a 0, that may be present in the structure and the associated K I relation 
(Chapter 2) for the member being analyzed. 

2. Knowing Kc or KIr and the nominal maximum design stress, calculate the 
critical flaw size, aCt, that would cause fracture. 

3. Obtain an expression relating the fatigue-crack-growth rate of the steel or 
weld metal being analyzed. The following conservative estimates of the 
fatigue-crack growth per cycle of loading, da/dN, have been determined for 
martensitic steels (for example, A514/517) as well as ferrite-pearlite steels 
(for example, A36) in a room temperature air environment and were 
discussed previously, 

da 
martensitic steels: ~-~ = 0.66 X 10-8(AKI) 2"25 (9.4) 

da 
ferrite-pearlite steels: d---N = 3.6 X 10-1~ 3 (9.5) 

where da/dN = fatigue-crack growth per cycle of loading, in./cycle, and 
AK 1 = stress-intensity-factor range, ksiX~n. 

4. Determine AK using the appropriate expression for K~, the estimated initial 
flaw size, a0, and the range of live-load stress (cyclic-stress range). 

5. Integrate the crack-growth-rate expression between the limits of a 0 (at the 
initial KI) and act (at Ktc ) to obtain the life of the structure prior to failure. 

A numerical example of this procedure is as follows: 

1. Assume the following conditions: 
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a. A514 steel, o M = 100 ksi (689 MN/mZ). 
b. KIc = 150 ksi~X/~.(165 MN / mn3/2). 
c. a 0 = 0.3 in. (7.7 mm),  edge crack in tension (Chapter 2). 
d.  O'ma x = 45  ksi (310 MN/m2);  

O'mi n = 25 ksi (172 MN/m2);  
4o" = 20 ksi (138 M N / m  2) (live-load stress range). 

e. K I = 1.12V~o-Va edge crack in tension (Chapter 2). 
2. Calculate act at o- = 45 ksi (310 MN/m2):  

= d KI c )2 = ~ 150 ~2 
act \1.12V'~ �9 ~max  \1.12(1.77)(45)/ = 2.8 in. (71.1 nm) 

3. Assume an increment of crack growth,  Aa. In this case assume that Aa = 0.1 
in. (2.5 mm). If smaller increments of crack growth were assumed, the 
accuracy would  be increased slightly. 

4. Determine the expression for &K I for aavg , which is the average crack size 
between the two crack increments a i and ai+0.1 ~. 

aK I = 1.12X/~Ao-~'-a-avg 

= 1.98 (20)X/aavg 

5. Using the appropriate expression for crack-growth rate, 

da/dN = 0.66 x 10-S(&K1) 2-2s 

solve for &N for each increment of crack growth, replacing da/dN by 
&a / &N: 

&a 
A N =  

0.66 x 10-s[1.98(20)X/aavg] 2'25 

&N = 12,500 cycles 

for the first increment of crack extension from a 0 = 0.30 in. to a = 0.40 in. 
6. Repeat for a = 0.4 to 0.5 in. (10.2 to 12.7 mm), and  so on, by  numerical  

integration, as shown in Table 9.1. The flaw size--l ife results for this 
example are presented in Figure 9.16. If only the desired total life is 
required, the expression for &N can be integrated directly. In this example, 
direct integration yielded a life of 87,600 cycles, while the numerical 
technique gave a life of 86,700 cycles. 

Note that the total life to propagate a crack from 0.3 to 2.8 in. (7.6 to 71.1 
mm) in this example is 86,700 cycles. If the required life were 100,000 cycles, this 
design would  be inadequate,  and one or more of the following changes should 
be made: 
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TABLE 9.1. Fatigue-Crack Growth Calculations. 
8a 

AN= 
0.66 x 10-s[1.98(Ar aX/~g] z25 

where Aa = 0.10 in. (2.54 mm), and 

A~ = 20 ksi (138 MN/m 2) 

a 0, in. af in. a~.,~, in. AK, ksiX/V'm~m. AN, cycles GN, cycles 

0.3 0.4 0.35 23.5 12,500 12,500 
0.4 0.5 0.45 26.7 9,750 22,250 
0.5 0.6 0.55 29.4 7,550 29,800 
0.6 0.7 0.65 32.2 6,150 35,950 
0.7 0.8 0.75 3.6 5,200 41,150 
0.8 0.9 0.85 36.6 4,600 45,750 
0.9 1.0 0.95 38.8 4,100 49,850 
1.0 1.1 1.05 40.5 3,700 53,550 
1.1 1.2 1.15 42.5 3,300 56,850 
1.2 1.3 1.25 44.5 2,950 59,800 
1.3 1.4 1.35 46.1 2,700 62,500 
1.4 1.5 1.45 47.7 2,550 65,050 
1.5 1.6 1.55 49.3 2,350 67,400 
1.6 1.7 1.65 51.0 2,200 69,600 
1.7 1.8 1.75 52.5 2,050 71,650 
1.8 1.9 1.85 54.0 1,900 73,550 
1.9 2.0 1.95 55.6 1,800 75,350 
2.0 2.1 2.05 56.8 1,700 77,050 
2.1 2.2 2.15 58.5 1,600 78,650 
2.2 2.3 2.25 59.6 1,500 80,150 
2.3 2.4 2.35 60.8 1,450 81,600 
2.4 2.5 2.45 62.5 1,400 83,000 
2.5 2.6 2.55 63.5 1,350 84,350 
2.6 2.7 2.65 64.8 1,200 85,550 
2.7 2.8 2.75 66.0 1,150 86,700 

1 in. = 25.4 mm 

1 ksi~m~m. = 111 MN m 3/2 

1. I nc rea se  the  cr i t ica l  c rack  s ize  at  f a i lu re  [acr = 2.8 in. (71.1 m m ) ]  b y  u s i n g  a 
m a t e r i a l  w i t h  a h i g h e r  Krc va lue .  

2. L o w e r  the  d e s i g n  s t ress ,  ~ . . . .  to i nc rease  t he  cr i t ica l  c rack  s ize  at  fa i lure .  
3. L o w e r  the  s t r e s s  r a n g e  (Ao-) to  d e c r e a s e  t he  rate of c rack  g r o w t h ,  t h e r e b y  

i n c r e a s i n g  the  n u m b e r  of  cyc les  r e q u i r e d  for  the  c rack  to g r o w  to the  cr i t ica l  
s ize.  N o t e  tha t  b e c a u s e  the  r a t e  o f  c rack  g r o w t h  is a p o w e r  f u n c t i o n  of  &or, 
o r  a c t u a l l y  AK, l o w e r i n g  the  s t ress  r a n g e  s l i g h t l y  has  a s ign i f i can t  benef ic ia l  
effect  on  the  life. 

4. I m p r o v e  the  f a b r i c a t i o n  q u a l i t y  a n d  i n s p e c t i o n  c a p a b i l i t y  so  tha t  the  in i t i a l  
f l aw  s ize  (a0) is  r e d u c e d .  I t  is  c lea r  f r o m  Table  9.1 a n d  F i g u r e  9.16 tha t  m o s t  
of  t i le  l ife is  t a k e n  u p  in  the  e a r l y  s t ages  of  c r a c k  p r o p a g a t i o n .  In  fact,  to 
d o u b l e  the  in i t i a l  c r ack  s ize  d u r i n g  the  e a r l y  s t a g e s  of  p r o p a g a t i o n  r equ i r e s  
a l m o s t  one  t h i r d  the  to ta l  n u m b e r  of  cycles .  There fo re ,  a n y  d e c r e a s e  in  
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initial flaw size has a very significant effect on the fatigue life of a structural 
member. 

In this example, if a 0 were only 0.2 in. (5.1 mm), the design would be sat- 
isfactory. That is, the number of cycles to grow a crack from 0.2 to 0.3 in. (5.1 to 
7.6 mm) is about 18,000 cycles, as indicated in Figure 9.16, which [added to the 
86,700 cycles required to grow the crack from 0.3 to 2.8 in. (7.6 to 71.1 mm)] 
would make the total life equal to 104,700 cycles. It should be noted that for 
steels with high fracture toughness levels, the state of stress ahead of large cracks 
may be plane stress, and thus larger cracks could be tolerated than are calculated 
on the basis of plane-strain behavior. However, because the crack-growth rate 
increases rapidly for large cracks, a significant increase in the fracture toughness 
of the material (that is, in the size of the tolerable crack at failure) may result in 
a negligible increase in the fatigue life of the structural member. 

9.9 Variable-Amplitude Load Fluctuation 

9.9.1 P r o b a b i l i t y - D e n s i t y  Dis t r ibu t ion  
Many engineering structures such as bridges, ships, and others are subjected 

to variable-amplitude random-sequence load fluctuations. The probability of oc- 
currence of the same sequence of stress fluctuations for a given detail in such 
structures obtained during a given time interval is very small. Consequently, the 
magnitude of stress fluctuations must be characterized to study the fatigue be- 
havior of components subjected to variable-amplitude random-sequence stress 
fluctuations. The magnitude of the stress fluctuations should be characterized 
and described by analytic functions. The use of probability-density curves to 
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characterize var iable-ampli tude cyclic-stress fluctuations appears  to be ve ry  use- 
ful [28,50-52]. 

Stress history, or stress spectrum, for a part icular  location in a structure sub- 
jected to var iable-ampli tude stress f luctuat ion can be def ined in terms of the 
f requency of occurrence of m a x i m u m  (peak) stresses. Usually, frequency-of- 
occurrence data are presented  as a his togram, or a bar  graph (Figure 9.17), in 
which  the height  of the bar  represents the percentage of recorded m ax im u m  
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stresses that fall within a certain stress interval represented by the width of the 
bar. For example, 20.2% of the maximum stresses in Figure 9.17a fall within the 
interval between 7.5 and 8.5 ksi (52 to 59 MN/m2). The frequency of occurrence 
of stress ranges can be represented by similar plots with the vertical scale 
changed according to the relationship between r . . . .  ~rmin, and stress range, ~r r, or 
Ao-. Since stress range is the most important stress parameter controlling the 
fatigue life of structural components, stress range is used to define the major 
stress cycles in the following discussion. 

The frequency-of-occurrence data can be presented in a more general form 
by dividing the percent of occurrence for each interval, that is, the height of each 
bar, in Figure 9.17a by the interval width to obtain a probability-density curve 
such as shown in Figure 9.17b. Thus, data from sources that use different stress- 
range intervals can be compared by using the probability-density curve. The area 
under the curve between any two values of Act represents the percent occurrence 
within that interval. 

A single nondimensional mathematical expression can be used to define the 
probability-density curves for different sets of data. For example, Klippstein and 
Schilling [61] showed that the following nondimensional mathematical expres- 
sion, which defines a family of skewed probability-density curves referred to as 
Rayleigh curves or distribution functions, can be used to fit a probability-density 
curve accurately to each available set of field data for bridges: 

p' = 1.011 x' e -1/2(x')2 (9.9) 

where x' = (o- r - O'rmm)/O'rd, G, (i.e., Ao 0 is the stress range, and Crmi~ (i.e., 
Ao'min) and r (that is, AO-d) are constant parameters that define any particular 
probability-density curve from the family of curves represented by Equation 
(9.9). Equation (9.9) is plotted in Figure 9.18a. As illustrated in Figure 9.18b, a 
particular curve from the family is defined by two parameters: (1) the modal 
stress range, o-~, which corresponds to the peak of the curve; and (2) the pa- 
rameter o'ra, which is a measure of the width of the curve or the dispersion of 
the data. The curve could be shifted sideways by changing or . Mathematical 
expressions for the modal, median, mean, and root-mean-square (rms) values of 
the spectrum are given in Figure 9.18. The root-mean-square (rms) value is de- 
fined as the square root of the mean of the squares of the individual values of 
x' or r Stress (o-) is represented as S in Figure 9.18. 

9.9.2 Fatigue-Crack Growth  Under Variable-Amplitude Loading 
Many attempts have been made to predict fatigue-crack-growth behavior 

under variable-amplitude loading. The following sections present the behavior 
under simple and complex variable-amplitude loading. The simple loadings cor- 
respond to a single or multiple high-tensile-load fluctuations superimposed upon 
constant-amplitude cyclic-load fluctuations (Figure 7.4). Complex variable- 
amplitude loadings correspond to multivalue cyclic-load fluctuations. 
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9.9.3 Single and Multiple High-Load F l u c t u a t i o n s  
Several investigators [53-60] observed that changes in cyclic-load magnitude 

(Figure 7.4) may result in retarded or accelerated fatigue-crack-growth rate. Ex- 
tensive published data show that the rate of fatigue-crack growth under constant- 
amplitude cyclic-load fluctuation can be retarded significantly as a result of ap- 
plication of a single or multiple tensile-load cycles having a peak load greater 
than that of the constant-amplitude cycles (Figure 9.19). Von Euw [61] observed 
that the minimum value of fatigue-crack-growth rate did not occur immediately 
following the high-tensile-load cycle but that the rate of growth decelerated to a 
minimum value. This deceleration region has been termed "delayed retardation," 
Figure 9.19b. 

Several models have been advanced to explain the phenomenon of crack- 
growth delay. In general, these models attribute the delayed behavior to crack- 
tip blunting, residual stresses [62,63] crack closure [6], or a combination of these 
mechanisms. A crack-tip-blunting model advocates that high-tensile-load cycles 
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FIG. 9.19 Retardation in fatigue-crack-growth 
behavior. 
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cause crack-tip blunting, which in turn causes retardation in fatigue-crack growth 
at the lower cyclic-load fluctuations until the crack is resharpened. The residual- 
stress model suggests that the application of a high-tensile-load cycle forms re- 
sidual compressive stresses in the vicinity of the crack tip that reduce the rate of 
fatigue-crack growth. Finally, the crack-closure model postulates that the delay 
in fatigue-crack growth is caused by the formation of a zone of residual tensile 
deformation left in the wake of a propagating crack that causes the crack to 
remain closed during a portion of the applied tensile-load cycle. Consequently, 
fatigue-crack growth delay occurs because only the portion of the tensile-load 
cycles above the crack-opening level is effective in extending the crack. These 
models are useful to describe trends in fatigue-crack-growth-rate behavior caused 
by single or multiple high-tensile-load cycles but are of little value to predict 
fatigue lives under these conditions. Fatigue-crack-growth delay has been shown 
to be strongly dependent on all the loading variables, such as the stress-intensity- 
factor-fluctuation, AK I, of the high tensile-load cycle, the AK~ for the constant- 
amplitude cycles (Fig. 9.20) [57], the stress ratios of these AK I values and the 
number of constant-amplitude cycles between the high-tensile-load cycles 
[55,57,64,65]. Extensive research is necessary to further our understanding of the 
significance of these variables in order to develop equations that can be used to 
predict accurately the fatigue life of components subjected to single or multiple 
high-tensile-load cycles. 

9.9.4 Variable-Amplitude Load Fluctuations 
Extensive investigations have been conducted to develop methods to predict 

fatigue lives under variable-amplitude load fluctuations. Some of these investi- 
gations resulted in models that can be used to describe trends in fatigue-crack- 
propagation rates but with varying degrees of success in predicting fatigue lives 
under variable-amplitude loads [28,51,62,63]. This section presents the root mean 
square (RMS) model advanced by Barsom [28,50,66], which relates fatigue-crack- 

DELAY 

AK 

FIG. 9.20 Schematic showing 
effect of ~LK on fatigue-crack- 
growth delay. 
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growth rate per cycle to an effective stress-intensity factor characteristic of the 
probability-density curve. 

9.9.4.1 The Root-Mean-Square (RMS) Model Incremental increase of crack 
length and the corresponding number of elapsed load cycles can be measured 
under variable-amplitude random-sequence load spectra. However, unlike con- 
stant-amplitude cyclic-load data, the magnitude of AK I changes for each cycle. 
Reduction of data in terms of fracture-mechanics concepts requires the establish- 
ment of a correlation parameter that incorporates the effects of crack length, 
cyclic-load amplitude, and cyclic-load sequence. 

Barsom [28] attempted to determine the magnitude of constant-amplitude 
cyclic-load fluctuation, which results in the same a versus N curve obtained un- 
der variable-amplitude cyclic-load fluctuation when both spectra are applied to 
identical specimens (including initial crack length). In other words, one of the 
objectives of his investigation was to find a single stress-intensity parameter, such 
as mean, modal, or root mean square, that can be used to define the crack-growth 
rate under both constant and variable-amplitude loadings. The selected param- 
eter must be a characteristic of the probability-density curve. 

This methodology for analyzing the fatigue behavior under variable- 
amplitude loading should be applicable to loading conditions that result in rel- 
atively smooth, continuous crack-length (a) versus number-of-cycles (N) curves, 
as shown in Figure 9.21. Such curves can be obtained from many variable- 
amplitude loadings and from frequently applied overloads but not from single 
or infrequent overloads. 

Variable-amplitude random-sequence load spectra having Rayleigh proba- 
bility-density curves of Pra/P~ (or ~rd/Crrm) values equal to 0.5 and 1.0 were 
investigated as part of Project 12-12 of the National Cooperative Highway Re- 
search Program (NCHRP) of the National Academy of Sciences [28,50,52]. A typ- 
ical portions of the 500-cycles loading block for each is shown in Figure 9.22. 

A correlation between data obtained under constant-amplitude and variable- 
amplitude random-sequence load spectra was obtained on the basis of the root 
mean square of the load distribution, where the root mean square is the square 
root of the mean of the squares of the individual load cycles in a spectrum. The 
combined crack-growth-rate data are presented in Figure 9.23 as a function of 
AKrm s. The data show that, within the limits of the experimental work, the av- 
erage fatigue-crack-growth rates per cycle, da/dN, under variable-amplitude ran- 
dom-sequence stress spectra can be represented by: 

da 
m z aN a(aKr~s)m (9.10) 

where A and m are constant and, 
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AK~s = ~ n AK2 (9.11) 

The root-mean-square value of the stress-intensity factor under constant- 
amplitude cyclic-load fluctuations is equal to the stress-intensity-factor fluctua- 
tion. Consequently, the average fatigue-crack-growth rate can be predicted for 
constant-amplitude and variable-amplitude random-sequence stress fluctuations 
by using Equation (9.10), 

9.9.4.2 Fatigue-Crack Growth Under Variable-Amplitude Ordered- 
Sequence Cyclic Load The root-mean-square stress-intensity factor AKrm s is char- 
acteristic of the load-distribution curve and is independent of the order of the 
cyclic-load fluctuations. To determine whether the order of load fluctuations af- 
fects the average rate of crack growth, fatigue tests were performed on identical 
specimens under random and ordered variable-amplitude cyclic-load fluctua- 
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FIG. 9.22 Two variable-amplitude random-sequence load fluctuations 
investigated. 

tions that represent the same load-distribution curve with Prd/Prm ~ 1.0 [28,50]. 
The tests were conducted at a constant minimum load, Pmin, with P r ~ n / P ~  = 
0.25. 

Fatigue-crack-growth rate tests were conducted by using the variable- 
amplitude random-sequence load fluctuations shown in Figure 9.24a. In other 
tests these same load fluctuations were arranged in descending magnitudes, Fig- 
ure 9.24b, ascending magnitudes, Figure 9.24c, and combined ascending- 
descending magnitudes, Figure 9.24d. The fatigue-crack-growth data obtained 
under these various conditions and under a constant-amplitude cyclic-load fluc- 
tuation of Pr = APrrns, Figure 9.24e, are presented in Figure 9.25. The data show 
that the average rate of fatigue-crack growth is represented accurately by Equa- 
tion (9.10) regardless of the order of occurrence of the cyclic-load fluctuations. 
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The preceding results were obtained by testing A514 Grade B steel under vari- 
able-amplitude random and ordered-sequence cyclic-load fluctuations. Because 
several investigators [53-60] have noted that changes in cyclic-load magnitude 
can lead to accelerated or retarded rates of fatigue-crack growth in various met- 
als, the applicability of the RMS model to steels of various yield strengths was 
investigated under NCHRP Project 12-14 [66]. Fatigue-crack-growth rates under 
constant-amplitude and variable-amplitude random-sequence load fluctuations 
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FIG. 9.24 Various random-sequence and ordered-sequence load fluctuations 
studied to establish the &Krm s analysis. 

were investigated for A36, A588 Grade A, A588 Grade B, A514 Grade E, and 
A514 Grade F steels. All loadings followed a Rayleigh probability-density curve, 
with the ratio of the load-range deviation to the model (peak) load (P~/Prm) 
equal to either 0 or 1.0. The data presented in Figures 9.26 and 9.27 show that, 
within the limits of the experimental work, the average fatigue-crack-growth 
rates per cycle, da/dN, in various steels subjected to variable-amplitude load 
spectra can be represented by Equation (9.10). Moreover, the average fatigue- 
crack-growth rates for the various steels studied under variable-amplitude ran- 
dom-sequence load fluctuations are equal to the average fatigue-crack-growth 
rates obtained under constant-amplitude load fluctuations when the stress- 
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intensity-factor range, AK~, under constant-amplitude load fluctuations is equal 
in magnitude to the &Kr~ ~ of the variable-amplitude spectra. 

9.11 Fatigue-Crack Growth Under Various Unimodal  
Distribution Curves 

The applicability of the RMS model for correlating crack-growth rates under 
variable-amplitude random-sequence load fluctuations that follow unimodal dis- 
tribution curves different from the Rayleigh type have been studied. Fatigue- 
crack-growth rates under constant-amplitude load fluctuations and under four 
unimodal variable-amplitude random-sequence load fluctuations were investi- 
gated by Barsom [67]. A block of variable-amplitude random-sequence load fluc- 
tuations of each unimodal distribution curve and of constant-amplitude load 
fluctuations is presented in Figure 9.28. Each block was applied repeatedly to a 
single specimen until the test was terminated. The four distribution curves cor- 
responding to the various blocks shown in Figure 9.28 are presented in Figure 
9.29. These curves cover a wide variation of unimodal distribution curves. 
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Data of fatigue-crack-growth rate per cycle and the corresponding root- 
mean-square stress-intensity-factor fluctuation, AKin, obtained by subjecting 
identical specimens to the load fluctuations shown in Figure 9.28 are presented 
in Figure 9.30. The data show that the average fatigue-crack-growth rate, da/dN, 
under constant-amplitude and variable-amplitude random-sequence load fluc- 
tuations that follow various unimodal distribution curves can be predicted by 
using the RMS model, Equation (9.10), of fatigue-crack growth. Further investi- 
gations are needed to establish the effects of various parameters, such as variable 
minimum load, on the rate of fatigue-crack growth under variable-amplitude 
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FIG. 9.28 Single blocks of load fluctuations for various distribution functions. 
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load fluctuations and the necessary modifications to the RMS model to account 
for these effects or the development of a better model. 

Finally, an example for analysis of the fatigue behavior for a welded struc- 
tural component subjected to variable-amplitude cyclic loading is presented in 
Chapter 10. 
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Fatigue and Fracture Behavior 
of Welded Components 

10.1 Introduction 

WELDING TECHNOLOGY has had a significant impact on industrial developments. 
Fabrication by welding is an effective method to reduce production and fabri- 
cation costs and can be mechanized, computer controlled, and incorporated in 
assembly lines. Welding fabrication has revolutionized many industries, includ- 
ing shipbuilding and automotive production, and has resulted in the develop- 
ment of various products, such as pressure vessels, that could not otherwise have 
achieved their present functions. 

Welding technology is complex and fabrication by  welding encompasses 
characteristics that should be understood to different levels by the design engi- 
neer, the fabricator, and the welder. Some of these characteristics pertinent to the 
present discussion are residual stresses, imperfections, and stress concentrations. 

Failures in engineering structures occur predominately at component con- 
nections, even in those structures which have been designed, fabricated, and 
inspected according to Code. "Connections" refers to those locations in a struc- 
ture where elements are joined to reconcile changes in geometry and /o r  accom- 
modate fabrication or service requirements. For example, fatigue cracking in 
bridges, ships, offshore structures, pressure vessels, and buildings occurs, almost 
without exception, at the welded or bolted connections and attachments such as 
cover plate fillet weld terminations, stiffeners, backing bars, and seam and girth 
weld toes [1-3]. 

Recent reviews by the ASME Section XI Task Group on Fatigue in Operating 
Plants and others [4-6], as well as examination of in-house files spanning nearly 
40 years of failure investigations [7,8], revealed the vast majority of pressure 
boundary component fatigue failures to have occurred at the welded connec- 
tions. In fact, none of the investigated fatigue failures occurred in a base metal 
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that did not contain a weld, weld repair, or significant stress concentration as- 
sociated with the fatigue crack initiation site. 

Given the preponderance of weld-related fatigue failures, it is reasonable to 
expect that state-of-the-art design codes would  incorporate rules or procedures 
for addressing the fatigue life of welded components. However, several design 
codes, including the ASME Boiler and Pressure Vessel Code, Section III, "Rules 
for Construction of Nuclear Power Plant components" [9], and Section VIII, Di- 
vision 2 do not incorporate explicit fatigue life curves for welded components. 
Rather, the Section III and Section VIII fatigue rules are currently based on stress 
versus number of cycles (S-N) fatigue curves developed nearly 30 years ago from 
smooth, base metal specimens tested in air at room temperature. Welds, as well 
as other structural discontinuities, are evaluated in Section III by calculating the 
peak stress at the detail of concern, incorporating an appropriate fatigue strength 
reduction factor (FSRF) and comparing this stress to the smooth specimen S - N  

curve. 
Although the applied service stresses may be within Code design allowable 

for "fatigue rated" components, welded and bolted connections can sufficiently 
elevate local stresses to initiate and propagate cracks. Fatigue cracks typically 
initiate from discontinuities within the weld or base metal. Such discontinuities 
can be volumetric (e.g., porosity, slag inclusions) or planar (e.g., lack of fusion, 
undercut) in nature and in either case elevate local stresses sufficiently to reduce 
weld joint fatigue strength. In addition, the weld geometry itself can induce stress 
concentrations higher than those associated with the aforementioned weld dis- 
continuities. For instance, one of the most fatigue-sensitive weld details is a fillet 
weld termination oriented perpendicular to the applied cyclic stress field. In this 
case, fatigue cracking initiates from the toe of the fillet weld and propagates 
through the adjacent base metal. In fact, the majority of weld-related fatigue 
failures initiate at the surface, generally at the weld toe. Consequently, the overall 
fatigue strength of a welded joint will be governed by the combined severity of 
the weld discontinuity and geometry-induced stress concentration. Other param- 
eters also known to affect the behavior of welded components include residual 
stress, distortion, heat treatment, environment, as well as others. Although these 
parameters tend to have a secondary influence on weldment fatigue strength, all 
of these topics, except for environmental effects, are discussed. Due to the 
breadth of possible environmental effects, this topic is not considered herein and 
is deserving of its own discourse. Most of the information presented in Chapter 
11 on environmental effects applies to weldments. 

10.2 Res idual  Stresses 

Residual stresses are those that exist in a component free from externally applied 
forces. They are caused by nonuniform plastic deformations in neighboring 
regions. These regions can be small, as occurs within weldments, or large, as 
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may occur in curving or straightening a beam or a shell during fabrication. Fur- 
thermore, residual stresses are always balanced so that the stress field is in static 
equilibrium. Consequently, wherever tensile residual stresses occur, compressive 
residual stresses exist in neighboring regions. 

Residual stresses can be either beneficial or detrimental to the behavior of 
components. For example, controlled thermal or mechanical residual stresses are 
used to curve or straighten various components. Also, compressive residual 
stresses are used to minimize environmental effects on surfaces of components 
and to improve their fatigue initiation performance. Because fatigue life is gov- 
erned by the stress range rather than the magnitude of the static or steady-state 
(applied or residual) stresses, tensile residual stresses usually have only a sec- 
ondary effect on the fatigue behavior of components. On the other hand, exces- 
sive tensile residual stress can also initiate unstable fracture in materials with 
low-fracture toughness. Consequently, the magnitude of unfavorable residual 
stresses should be controlled, especially in thick, highly constrained weldments 
with low fracture toughness. 

In addition, residual stresses can be induced by thermal, mechanical, or met- 
allurgical processes. Thermal residual stresses are caused by nonuniform per- 
manent (plastic) deformations when a metal is heated, then cooled under re- 
straint. Unrestrained expansion and contraction do not generate residual stresses. 
However, restrained expansion and contraction induce permanent deformation 
(strains) and corresponding residual stresses. Generally, metal that cools last is 
in tension. 

Mechanically induced residual stresses are caused by nonuniform perma- 
nent deformation when a metal is mechanically stretched or compressed under 
restraint. Therefore, the occurrence of mechanically induced residual stresses re- 
quires the presence of both permanent mechanical deformation and restraint that 
prevents the deformed metal from contracting or expanding to its new unre- 
strained equilibrium dimension. In general, the sign (tension or compression) of 
mechanically induced residual stress is opposite to the sign of nonuniform plastic 
strain that produced the residual stress. This process is used to mechanically 
curve or straighten components and, as in peening, to produce a compressive 
stress layer on the surface of a component to improve its fatigue or corrosion 
behavior. 

Fabrication by welding usually results in stresses that are locked into the 
fabricated assembly. These stresses are either residual stresses or reaction stresses 
or both. Residual stresses are caused by the inability of the deposited molten 
weld metal to shrink freely as it cools and solidifies. Reaction stresses are caused 
by the inability of assembly components to move relative to each other during 
thermal expansion and contraction of the deposited weld metal, or the molten 
base metal for autogenous welds and surrounding base metal. Contraction of 
solidifying weld metal is restricted by adjacent materials, resulting in complex 
three-dimensional residual stresses. The magnitude of these stresses depends on 
several factors, including size of the deposited weld beads, weld sequence, total 
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volume of the deposited weld metal, weld geometry, and strength of the depos- 
ited weld metal and of the adjoining base metal as well as other factors. Often, 
the magnitude of these stresses exceeds the elastic limit of the lowest strength 
region in the weldment. 

Methods for measuring residual stresses include sectioning, hole drilling, 
and X-ray diffraction. The sectioning method is a destructive test in which resid- 
ual stresses are determined by removing slices from the member and measuring 
the resulting strain. Hole drilling is a semi-destructive test for measuring residual 
stresses near the surface of the material; it involves placing strain gages on the 
surface and measuring strain relaxation as a hole is drilled in the vicinity of the 
gages. The X-ray diffraction method is a nondestructive test in which surface 
residual stresses are determined by measuring the change in the lattice spacing 
of the material; only surface residual stresses are measured in a very localized 
area. 

Development of residual stresses in weldments may be demonstrated by 
considering the following simplified example of a groove weld shown in Figure 
10.1. As the deposited molten filler metal cools, it contracts longitudinally along 
the weld and transversely across the weld. This contraction is resisted by the 
surrounding base metal, resulting in residual tensile (+) and compressive ( - )  
stresses as indicated in Figure 10.1. The combined tensile and compressive 
stresses are balanced in neighboring areas to achieve equilibrium. These stresses 
may cause distortion, deformation during post-weld machining, and stress cor- 
rosion cracking and fracture. 

10.3 Distort ion 

Thermal contraction of deposited weld metal may cause distortion when the 
assembly components are free to move, as shown in Figure 10.2. If the assembly 
components are not free to move, distortion decreases and the magnitude of 
residual reaction stresses increases. Distortion of butt  welds may result in out of 
plane bending, angular distortion, and dimensional changes, Figure 10.2. More 
complex geometries may exhibit complex distortion patterns. Distortion pro- 
duces secondary stresses and, under cyclic loading, secondary stress fluctuations, 
which, when superimposed onto the primary stress fluctuations, decrease the 
fatigue life of components. 

Distortion can be minimized and controlled by proper design and fabrication 
practices. These practices include: 

1. Minimize amount of deposited weld metal: use smallest acceptable weld 
size; use groove geometries that require the least amount of weld metal per 
length; use double-sided joints in place of single-sided joints; use square 
edge or narrow gap procedures where possible; avoid excessive 
reinforcement. 

2. Obtain good fit-up. 
3. Preset and pre-camber members prior to welding. 
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(e) BUTT-WELDED PLATE 
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(b) LONGITUDINAL RESIDUAL STRESS (C) TRANSVERSE RESIDUAL STRESS 

FIG. 10.1 Residual stresses for a butt-welded plate: (a) butt-welded 
plate, (b) longitudinal residual stress, and (c) transverse residual stress. 

4. Use a well-planned welding sequence. 
5. Place welds near the neutral axis. 
6. Balance welds about the neutral axis. 
7. Use high travel speeds and low heat input processes. 

10.4 Stress  C o n c e n t r a t i o n  

Stress fielcts in components having a uniform cross section can be visualized as 
evenly spaced parallel lines that traverse the component from one loaded end to 
the other, Figure 10.3a. Changes in geometry of the component that intersect the 
stress-field flow lines cause an increase in stress at locations where the flow lines 

(e) CONTRACTION IN THE (b) CONTRACTION IN THE 
LONGITUDINAL DIRECTION TRANSVERSE DIRECTION 

FIG. 10.2 Exaggerated distortions for a single-pass butt-welded plate: 
(a) contraction in the longitudinal direction; (b) contraction in the 
transverse direction. 
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FIG. 10.3 Stress f low lines and stress concentrations. 

are disturbed most. Figures 10.3b, 10.3c, and 10.3d present three examples that 
demonstrate the effect of geometric discontinuities on stress concentration. Figure 
10.3e shows a geometric change that does not intersect but is in the direction of 
stress-field flow lines and, consequently, does not result in stress intensification. 

Examples 10.3b, 10.3c, and 10.3d show that geometric discontinuities con- 
centrate and intensify the stresses in a very local area. These stresses decay rap- 
idly until they equal the applied nominal stresses away from the "shadow" of 
the geometric discontinuity. The magnitude of the stress concentration, kt, de- 
pends on the geometry of the discontinuity and is defined as the ratio of the 
maximum local stress, ~ . . . .  and the nominal stress, or, remote from the influence 
of the discontinuity so that: 
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kt = r (10.1) 
O" 

The magnitude of the stress intensification at the edge of a given planar 
discontinuity in a unidirectional tensile stress field depends on its projected size 
and shape on the plane perpendicular to the direction of the principal tensile 
stress. The maximum stress intensity for a given planar discontinuity occurs 
when the plane of the discontinuity is perpendicular to the direction of the tensile 
stress and approaches zero as the plane of the discontinuity becomes parallel to 
the direction of the tensile stress. Thus, planar discontinuities, such as plate lam- 
inations, whose plane is parallel to the surfaces of a plate subjected to in-plane 
tensile stress fluctuations, rarely cause a degradation in the fatigue life of the 
plate but  can be detrimental to the fatigue life when the plate is subjected to 
tensile stress fluctuations in the through-thickness direction. 

The stress intensification caused by  a surface discontinuity is about twice 
the stress intensification caused by an embedded discontinuity of equal size and 
shape. Thus, for a given shape, an embedded discontinuity must be about twice 
as large as a surface discontinuity to cause the same stress intensification. 

The stress intensification for planar discontinuities whose plane is perpen- 
dicular to the direction of the tensile stress is higher than the stress intensification 
for a volumetric discontinuity having equal planar size and shape projected on 
the plane perpendicular to the direction of the stress. Fabrication by welding 
may result in stress concentration in the fabricated joint. Stress concentration may 
be caused by the geometry of the welded component or by various imperfections 
and cracklike discontinuities in the base metal, weld metal, or heat-affected zone. 
Examples of stress concentration regions caused by geometric discontinuities in 
fabricated joints are shown in Figure 10.4. These locations usually correspond to 
initiation sites for fatigue. This figure shows that the location of the stress con- 
centration is a function of the direction of loading. Also, unwelded regions 
loaded perpendicular to their plane in partial penetration groove welds or when 
lack of fusion occurs behave like cracks and, depending on the geometry of the 
weldment, can cause crack initiation and propagation from the weld root. 

Figure 10.5 presents various types of weld discontinuities and cracks that 
result in stress concentration and may cause the initiation and propagation of 
fatigue cracks. The following section presents a brief discussion of discontinuities 
and their effects on the fatigue behavior of welded components. 

10.5 Weld Discont inui t ies  and Their Effects 

Fabrication by welding may result in various discontinuities and cracks in the 
deposited weld metal or in the heat-affected zone of the base metal [10-12]. 
Codes and specifications define acceptance levels for discontinuities in terms of 
their type, size, orientation, and distribution. Usually, cracks and crack-like dis- 
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FULL PENETRATION FULL PENETRATION 
BUTT WELD FILLET WELDS 
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FILLET WELDS 

PARTIAL PENETRATION 
FILLET WELDS 

FULL PENETRATION 
FILLET WELDS 
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WEL  TER 
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FILLET WELDS 

FIG. 10.4 Stress-concentration regions (indicated by dashed 
circles) for weldments. 
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FIG. 10.5 Imperfections and cracks in welded 
joints. 

continuities are prohibited. Discontinuities are designated as defects only when 
their size, orientation, and distribution exceed specification limits and their pres- 
ence affects the integrity of the component and renders it unfit for its intended 
application. 

Various types of weld discontinuities, cracks, and crack-like imperfections, 
their causes and methods to eliminate them have been the subject of many 
publications. In general, these weld discontinuities may be caused by: (1) im- 
proper design that restricts accessibility for welding; (2) incorrect selection of a 
welding process or welding parameters; (3) improper care of the electrode or 
flux, or both, and (4) other causes including welder performance. These gener- 
alized observations are presented to emphasize that assurance of good-quality 
fabrication by welding requires considerations and decisions that start in the 
design stage and continue throughout the entire fabrication process. 

Weld discontinuities may be divided into three categories that correspond 
to different characteristics. These three categories are: 

1. Crack-like discontinuities 
�9 Cracks 
�9 Lack of fusion 
�9 Lack of penetration 
�9 Overlap 
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2. Volumetric discontinuities 
�9 Porosity 
�9 Slag inclusions 

3. Geometric discontinuities 
�9 Undercut 
�9 Incorrect profile 
�9 Misalignment 

Some of these discontinuities are shown in Figure 10.5. 
The mere existence of discontinuities does not indicate a product's unsuit- 

ability for a given application. Product suitability for service is based on the 
severity of the discontinuity measured in accordance with applicable specifica- 
tions and analyses. 

As described previously, the severity of a discontinuity is governed by its 
size, shape, and orientation, and by the magnitude and direction of the design 
and fabrication stresses. Generally, the severity of discontinuities increases as the 
size increases, and the geometry becomes more planar and the orientation more 
perpendicular to the direction of tensile stresses. Thus, volumetric discontinuities 
are usually less injurious than planar, crack-like discontinuities. Also, crack-like 
discontinuities whose orientation is perpendicular to the tensile stress can be 
injurious, while the same or larger discontinuities whose orientation is parallel 
to the tensile stress would be innocuous. Furthermore, for a given size and shape, 
a surface discontinuity whose plane is perpendicular to the tensile stresses is 
more severe than if it were embedded. 

In summary, geometric discontinuities are caused by the welder or the weld 
procedure. They are stress raisers that intensify the local stresses in their im- 
mediate vicinity. Their effect on the fatigue performance of a component is di- 
rectly related to their severity as stress raisers. 

10.5.1 Fatigue Crack In i t i a t ion  Sites 
Fatigue cracks in fabricated components originate at the location where the 

localized stress range is maximum. This location may not correspond to the lo- 
cation where the stress concentration factor is maximum because the stress raiser 
may be in a low-stress fluctuation region. For example, fatigue cracks would not 
initiate at a weld attachment, resulting in severe stress concentration if the at- 
tachment is placed at the neutral plane of a beam in bending where the nominal 
stress range and, therefore, the localized stress range is low. 

Stress concentration in weldments occurs at weld discontinuities, Figure 
10.5, and at geometric discontinuities, Figure 10.4. These locations usually cor- 
respond to initiation sites for fatigue. Thus, fatigue cracks in weldments may 
originate either at internal discontinuities such as inclusions and porosity or at 
weld toes and weld terminations [13-16]. The majority of fatigue cracks in 
welded structures originate at a weld toe or at a weld termination rather than 
from internal discontinuities. This behavior is attributed to the fact that for a 
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given fatigue life, a much larger embedded discontinuity can be tolerated than 
a surface discontinuity. 

The effect of weld discontinuities on the fatigue behavior of welded com- 
ponents depends on their size, shape, distribution, orientation, resistance to de- 
formation, and on the strength and ductility of the surrounding material. In 
general, fatigue cracks initiate at larger inclusions rather than at small ones, at 
angular and planar inclusions rather than at spherical ones, at refractory-type 
inclusions rather than at sulfide inclusions or at porosity, and at closely spaced 
inclusions rather than at widely separated ones. The size and frequency of dis- 
continuities depend on the welding process, geometry of the weldment including 
ease of access for welding, the knowledge and care exercised in making the weld, 
and on the applied nondestructive examination procedures (i.e., radiography, 
ultrasonic, etc. or a combination thereof) and required sensitivities. 

Fatigue cracks that initiate at the root of web-to-flange fillet welds are a good 
example of fatigue cracks that originate from internal discontinuities, Figure 10.6 
[17]. The crack initiated at a gas pocket and propagated as an embedded crack 
that continually changed its shape until it intersected the fillet-weld surface as a 
penny-shaped crack. These cracks continued to propagate in all directions in a 
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FIG. 10.6 Fatigue cracks in web-to-flange fillet welds. 
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plane perpendicular to the direction of maximum tensile stress until they became 
three-corner cracks, Figure 10.6. The crack-like discontinuity formed between the 
flange surface and the edge of the web by  this partial penetration weld did not 
contribute to the fatigue damage because the plane of the discontinuity was 
parallel to the direction of the applied fluctuating load. Figure 10.7 [17] shows 
that most of the fatigue life was exhausted when the crack was small. 

The majority of fatigue cracks in welded members initiate at a weld toe or 
at a weld termination near a stiffener, or other attachments such as a gusset plate, 
or end of a cover plate. These are regions of high stress concentration, high 
residual stresses, and may contain small weld discontinuities. The residual 
stresses become redistributed under cyclic loading. Moreover, because the surface 
of the deposited weld metal is invariable rippled, the toe angle between the weld 
metal and the base metal can vary significantly at neighboring points along the 
weld toe, resulting in variations in the stress concentration and the initiation of 
fatigue cracks at multiple sites along the weld toe. Figure 10.8 [17] shows crack 
formation at the termination of a longitudinal fillet weld and at the toe of a 
transverse fillet weld in cover-plate details. For the longitudinal fillet welds, the 
fatigue crack initiates at the termination of the weld and propagates as a single 
crack changing its shape as it propagates, as shown in Figure 10.9 [17]. For the 
cover plate with a transverse fillet weld, multiple fatigue cracks initiate at the 
toe of the weld. These cracks propagate as part-through cracks that continually 
change in shape as their size increases and as they approach adjacent propagat- 
ing cracks. Subsequently, these cracks link up to form a single crack. Most of the 
fatigue life is exhausted when the cracks are still small and difficult to detect. 

The preceding brief discussion shows that fatigue cracks in weldments can 
(1) initiate from small discontinuities that are either embedded or on the surface, 
(2) be located in regions of high stress concentration where the level of stress 
concentration may vary appreciably in small neighboring locations along the 
weld toe, and (3) reside in regions of high residual stress that become redistrib- 
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FIG. 10.7 Stages of crack propagation 
for a web-to-flange fillet weld. 
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FIG. 10.8 Fatigue crack at ends of cover plates: (a) crack format ion at toe of 
longitudinal f i l let weld; (b) crack formation at toe of transverse f i l let weld. 

FIG. 10.9 Stages of crack propagat ion at the end of a 
longitudinal ly welded cover-plate detail. 
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uted under cyclic loading. The discontinuities from which fatigue cracks initiate 
have different characteristics, sizes, and shapes and, in most cases, are very dif- 
ficult and costly to locate and define nondestructivety. Moreover, the fatigue 
crack changes its shape throughout most of its propagation life. The magnitude 
of the change depends on the shape and location of the fatigue-crack initiating 
discontinuity, the stress-field distribution, and the physical shape of the weld 
joint configuration. Finally, the rate of fatigue-crack propagation generally in- 
creases exponentially with increased crack length in components subjected to a 
given tensile load fluctuation. Consequently, the fatigue life of most welded com- 
ponents is expended when the fatigue crack is small. 

10.6 Fatigue Crack Behavior of Welded Components 

10.6.1 Fatigue Behavior of  Smooth Welded Components 
10.6.1.1 Specimen Geometries and Test Methods Smooth-machined 

welded specimens can be used to establish the fatigue crack initiation behavior 
of weldments subjected to cyclic loads. Fatigue crack initiation sites can be de- 
termined either during testing or by postmortem analysis of fracture surfaces. In 
the absence of weld discontinuities, fatigue cracks initiate on the specimen sur- 
face in the least resistant region of the base metal, weld metal, or heat-affected 
zone. Thus, smooth specimens may be used also to develop filler metals and to 
determine effects of welding parameters on the fatigue behavior of weld metals 
and heat-affected zones. 

The design of a specimen to study fatigue crack initiation behavior of weld- 
ments should ensure that the base metal, weld metal, and heat-affected zone will 
be subjected simultaneously to the same stress and strain range in each cycle. 
Also, the specimen should have sufficient width to develop full constraint along 
the weld metal axis when the weld metal is loaded in the transverse direction. 
Specimens that satisfy these requirements have relatively large cross-sectional 
areas, which, when tested in tension, require the use of large-capacity machines. 
Furthermore, because under fluctuating tensile load the entire volume of the 
weld metal, heat-affected zone, and adjoining base metal is subjected to the same 
tensile stress range, fatigue crack initiation usually occurs at weld discontinuities 
rather than from the least fatigue-resistant metallurgical region. These difficulties 
can be minimized by fatigue testing smooth-machined weldments in bending. 
The following discussion describes a cantilever-beam specimen developed and 
used by U.S. Steel Research in the mid-1960s to study the fatigue behavior of 
weldments. 

The weld specimen, Figure 10.10, has a tapered geometry that subjects the 
weld metal, heat-affected zone, and adjoining base metal to the same strain 
range. The specimen width provides sufficient transverse restraint to initiate the 
fatigue crack at mid-width of the specimen. Such specimens were subjected to 
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FIG. 10.10 Tapered welded low-cycle fatigue specimen. 
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cyclic strain in bending using hydraulically operated machines, as shown in Fig- 
ure 10.11. Strain gages were mounted on the reduced section of the specimens 
and the output fed into an X-Y recorder. The output from strain gages on weigh 
bars, which measured the load applied to the test specimen, was also fed into 
the X-Y recorder to obtain a complete applied moment-strain curve. The total 
strain range at 10 cycles was used as the total strain range for any particular test. 
Failure was defined as a 3/16-in.-long surface crack, Figure 10.12. 

Tests conducted on weldments of HY-80, HY-130, and higher-strength steels 
showed that fatigue cracks may initiate in the weld metal, heat-affected zone, or 
base metal. The initiation site is determined primarily by imperfections in the 
weld metal or heat-affected zone and to a lesser extent by properties of the var- 
ious zones in the weldments. 

10.6.1.2 Effects of Surface Roughness Fatigue crack initiation and fatigue 
crack propagation of very shallow cracks are affected by the surface condition 
of the component. Fatigue cracks initiate more readily from rough surfaces than 
from smooth surfaces. Component surfaces may be in the as-produced condition 
such as hot rolled, cold rolled, forged or cast, or may be prepared by various 
processes such as machining, grinding, electric discharge machining, and elec- 
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FIG. 10.11 Low-cycle fatigue machines and X-Y recorder showing typical hysteresis 
loop. 

tropolishing. The beneficial or harmful effects of these processes on fatigue 
strength depend on surface roughness, the magnitude and depth of surface re- 
sidual stress, and the size of crack-like imperfections induced in the surface. 

Machining is a widely used process to produce the desired shape of a com- 
ponent. The machining tool tears the metal by shearing, producing a compres- 
sively stressed work-hardened surface layer. Rough machining can produce a 
deformed surface layer that contains crack-like tears and lapped metal. Also, 
rough machining can produce grooves and scratches, which are stress raisers. 
Isolated or widely spaced grooves or scratches are more severe stress raisers than 
closely spaced parallel ones of identical geometry because the latter provide mu- 
tual relaxation of stress concentration. 

Stress concentration caused by grooves, scratches, and crack-like surface ir- 
regularities adversely affect the fatigue strength of components. The magnitude 
of this effect is directly related to the severity of the stress raiser. The necessary 
and sufficient surface condition to ensure the needed fatigue life of a component 
depends on the magnitude and number of service stress cycles. Improved fatigue 
life may be achieved when the surface is finished with fine cut or ground and 
the direction of the finishing operation is parallel to the principal fluctuating 
stresses. Weldments are often ground to improve their profile, assure quality 
NDE, and increase their fatigue life. 
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FIG. 10.12 Tapered welded low-cycle fatigue specimen. 

The reduction in fatigue life caused by surface roughness increases as the 
strength of the steel increases, as shown in Figure 10.13 [18]. This behavior is 
related to a reduction in stress concentration caused by  plastic deformation, 
which occurs more easily as strength decreases. Similarly, the effect of surface 
roughness is more pronounced at low-stress, high-cycle life than at high-stress, 
low-cycle life. 

Surface roughness is defined by the distance between adjacent peaks and 
the depth between peaks and adjacent valleys. Usually, these measurements are 
recorded with a stylus along a selected line. Unfortunately, such traces do not 
adequately describe the three-dimensional topography of the surface irregulari- 
ties such as lapped metal in rough machining or lack of fusion in welds. Con- 
sequently, the use of surface roughness to evaluate fatigue life of components 
should be done with care. 

10.6.2 Fatigue Behavior of As-Welded Components 
Ideally, the fatigue life of components would be established from the number 

of cycles to initiate a crack and to propagate the crack to terminal size. The 
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number of cycles to initiate a fatigue crack depends on  the definition and identity 
of the initiated crack, the stress range, the stress concentration factor, the size, 
shape, and orientation of the initial discontinuity, and the material properties at 
the initiation site. The fatigue crack propagation life depends on the size, shape, 
and orientation of the initial crack-like discontinuity or the fatigue crack initiated 
from the pre-existing discontinuity. The higher the stress range, the more severe 
the stress raiser, and the more planar the initial discontinuity, the shorter the 
initiation life. Because geometrically identical components may contain different 
discontinuities all within permissible code requirements, the minimum fatigue 
life obtained by testing a set of identical specimens is exhibited by the specimen 
containing the most severe discontinuity. The fatigue crack initiation life of such 
a specimen is decreased or eliminated, and, therefore, the total fatigue life may 
be governed primarily by the rate of fatigue crack propagation. 

Fatigue crack propagation can be analyzed best by using fracture mechanics 
methodology. The usefulness of fracture mechanics depends on the accuracy of 
the input data for stress range, stress ratio, size and shape of the initial discon- 
tinuity and terminal crack, material properties, and the stress intensity factor 
solution for the particular problem under investigation. Difficulties may be en- 
countered in the application of fracture mechanics analyses to accurately predict 
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fatigue lives of welded components. This is attributed to: (1) inadequacies in the 
input data, (2) the extreme difficulties in nondestructively characterizing small 
weld discontinuities, (3) the stress concentration factors along weld toes and at 
weld terminations, and (4) the need to accurately predict fatigue crack propa- 
gation of very small cracks residing in regions of high residual stress and stress 
concentration. Also, fracture mechanics analysis shows that, under a constant 
stress range, the fatigue crack propagation rate accelerates exponentially as the 
crack length increases. Consequently, most of the fatigue crack propagation life 
is consumed when the crack is small and the contribution of long cracks to the 
total fatigue life is usually minimal. This behavior is observed also for welded 
details, as shown in Figures 10.7 and 10.14 [17]. Thus, small differences in the 
size of the initial crack or crack-like discontinuity result in large differences in 
the total fatigue life. Because of the difficulties in nondestructively characterizing 
the size and shape of very small crack-like discontinuities, fracture mechanics 
analyses of weldment fatigue behavior are usually based on the assumption of 
a large pre-existing crack having the most severe shape and orientation. Conse- 
quently, fracture mechanics predictions of welded component fatigue life are usu- 
ally overly conservative. 

Based, in part, on the proceeding observations, a pragmatic stress range 
versus fatigue life approach derived from extensive tests of fabricated compo- 
nents is used widely in codes and standards. Figure 10.15 [14] presents an ex- 
ample of this approach for welded beams fabricated from carbon-manganese 
steels having yield strength between 36 and 100 ksi (248 and 690 MPa) and 
subjected to various minimum loads. The large scatter observed for identical 
geometries tested at a given stress range is caused by differences in the number 
of cycles to initiate a fatigue crack, the severity (e.g., size and shape) of the initial 
discontinuity, or both. 

t00% (4,433,000 Cycles) 
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76 
f 9 4  
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FIG. 10.14 Schematic diagram of 
phases of crack growth for a 
stiffener attached to the web 
alone. 
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10.6.2.1 Effect of Geometry Fatigue cracks initiate and propagate from ma- 
terial elements subjected to the maximum local stress range. Under uniform load- 
ing, these elements reside at the most severe detail having the largest stress 
concentration factor. The magnitude of the stress concentration factor is dictated 
by the local geometry of the structural detail. 

Welded components invariably contain geometric discontinuities caused by 
a localized change in section. The change in section may be caused by the de- 
posited weld metals as in the case of a butt weld with weld reinforcement left 
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in place, or by welding intersecting components, attachments, and components 
having a different section, as shown in Figure 10.16 [1]. These changes in ge- 
ometry cause a concentration of stress at the foe of the weld where the weld 
metal and base metal surfaces meet. The magnitude of the stress concentration 
factor depends on several factors, including the angle formed at the juncture of 
the weld metal and base metal surfaces, by the radius at this juncture, and by 
the dimension (length) of the attachment in the direction of loading. 

The dimensions of deposited weld metal dictate the magnitude of stress 
concentration. The larger the length in the direction of loading for a transverse 

FIG. 10.16 Dimensions relevant to size effects in 
transverse fillet and butt -welded joints. 



258 FRACTURE AND FATIGUE CONTROL IN STRUCTURES 

butt weld, the higher the magnitude of stress concentration. Also, the larger the 
height of this weld, the higher the stress concentration. Grinding the excess weld 
metal to a uniform surface eliminates the geometric stress concentration. 

The effects of dimensions on the magnitude of stress concentration are usu- 
ally much more pronounced for components having different sections, attach- 
ments, or intersecting members than from weld reinforcement of a transverse 
butt weld between plates of equal thickness. Frequently, plates of unequal thick- 
ness are butt welded. The larger the difference between the two thicknesses, the 
larger the angle at the weld toe and the larger the stress concentration. The 
magnitude of the stress concentration can be reduced by: 

1. Welding the plates with their centerlines aligned. However, in many cases this 
arrangement is not possible or practical and the plates are welded with only 
one of the surfaces aligned. 

2. Tapering the thicker plate. The smaller the taper angle, the lower the stress 
concentration. However, the stress concentration cannot be eliminated 
completely because the difference in plate thickness cannot be eliminated 
and because the offset centerlines form a secondary moment at the 
transition region. 

Welded attachments, such as gusset plates, stiffeners, and lifting lugs become 
an integral part of a fabricated component, resulting in stress concentration when 
the component is stressed. The angle at the weld toe is inherently large compared 
with the angle formed by weld reinforcement for a butt weld joining plates of 
equal thickness and, depending on the thickness difference, is equal to or larger 
than the angle formed between two plates of unequal thickness. The height of 
these attachments is very large and, therefore, the effect of the height dimension 
on stress concentration is constant. Consequently, the primary dimensional factor 
that affects the stress concentration is the length of the attachment in the direction 
of loading such that the longer the length, the larger the stress concentration 
factor, as shown in Figure 10.17 [1], and the lower the fatigue strength. 

10.6.2.2 Effect of Composition Fatigue crack propagation of various steels 
indicated that the difference in microstructure between ferrite-pearlite and mar- 
tensitic steels can have an effect on the rate of crack propagation. However, the 
differences are small enough such that, for all practical purposes, one may con- 
clude that the rate of crack propagation is independent of steel composition, 
microstructure, strength, or other properties. Because the fatigue life of most 
welded components is governed primarily by fatigue crack propagation, the fa- 
tigue life of welded components is considered independent of steel metallurgical 
and mechanical properties. This observation is supported by  extensive test results 
of welded components including the data presented in Figure 10.15 [14]. Differ- 
ences between fatigue crack propagation for ferrite-pearlite and martensitic steels 
are masked by inherent scatter observed in testing weldments. Furthermore, be- 
cause fatigue crack propagation is relatively insensitive to microstructure, fatigue 
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crack propagation in welded components through changing microstructures of 
base metal, weld metal, and heat-affected zone has a small effect on the fatigue 
life of components. 

The fatigue crack propagation rate increases significantly at very large stress- 
intensity-factor ranges, AK, or when the stress intensity factor approaches the 
critical fracture toughness of the material. This acceleration is caused by the su- 
perposition of a ductile or brittle crack extension mechanism onto the striation 
mechanism for normal fatigue crack propagation. Consequently, in the presence 
of a very large initial crack-like discontinuity, the fatigue life of welded compo- 
nents can be affected by the fracture toughness of the material. 

10.6.2.3 Effect of Residual Stress Stresses that open a crack and separate 
its surfaces in a direction normal to each other stretch the crack tip and generate 
a new surface, thus extending the crack length a small increment. Stress reversal 
closes the crack and the newly generated surface is folded upon itself. Further 
stressing in the unloading direction by a compressive force forces the crack sur- 
faces against each other without generating a driving force at the crack tip. There- 
fore, the compression portion of a stress cycle is usually subtracted from the total 
stress range, and only the tensile portion of the stress range is used to calculate 
the driving force for fatigue crack propagation and the fatigue life of components 
without tensile residual stress. 

Welded joints may be subjected to tensile residual stress of yield stress mag- 
nitude. Under these conditions a crack within the weld joint is forced open and 
remains open even when the weldment is subjected to an externally applied 
nominal compressive stress. Consequently, externally applied tensile and com- 
pressive stresses cause fatigue damage, and the total fatigue life of welded com- 
ponents is related to the total (tensile plus compressive) stress range. This prin- 
ciple can be demonstrated by analyzing the interaction between residual and 
fluctuating stresses for a butt-welded joint. 

The longitudinal stresses for a butt-welded component are maximum tensile 
stresses in the weld, then decrease rapidly and become compressive. The mag- 
nitude of the tensile stress in the weld may be equal to the yield stress, r of 
the weld metal. The magnitude and distribution of the compressive stresses de- 
pend on plate dimensions and must satisfy the equilibrium requirement that the 
area under the tensile residual stress must be equal to the area under the com- 
pressive stress. 

The application of a nominal tensile stress, o- n, whose magnitude is less than 
the yield stress of the weld, in the direction of the weld, results in plastic straining 
of the weld metal. The magnitude of this plastic strain is equal to the elastic 
strain in the surrounding elastically stressed material to ensure equilibrium be- 
tween the two regions. Consequently, in most practical applications, the plastic 
straining of the weld metal is small. 

The stress-strain curve for the weld metal can be either of the two types 
shown in Figure 10.18. The type of curve that represents a given weld metal 
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FIG. 10.18 Dependence of fatigue crack initiation threshold on 
yield strength. 

depends on weld metal composition and amount of base metal dilution. When 
the inelastic strain due to the applied nominal stress is within the plastic range, 
Figure 10.18a, the maximum (residual plus applied) stress, r . . . .  in the weld metal 
remains equal to the yield stress of the weld metal, %~. However, when the 
applied inelastic strain is beyond the plastic range or when the stress-strain curve 
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for the weld metal is represented by the curve in Figure 10.18b, the weld metal 
strain hardens and the maximum (residual plus applied) stress, r . . . .  in the weld 
metal is slightly higher than o-ys, as shown in Figure 10.18. The behavior of weld 
metal with strain-hardening characteristics, Figure 10.18b, is considered later. 
Weld metal that does not undergo strain hardening becomes a special case of 
this generalized discussion with the maximum stress, (r . . . .  remaining equal to 
Ory s. 

The application of a nominal tensile stress, cry, increases the weld metal stress 
slightly and increases all the surrounding elastic stresses by  an increment equal 
to cn, Figure 10.19. Removing the applied stress unloads the plastically strained 
weld metal and the surrounding stress field elastically, causing redistribution of 
the residual stress, Figure 10.19. Because the weld metal unloads elastically, the 
magnitude of the decrease in weld metal stress, Ar (i.e., maximum initial stress 
under load, ~r~ax(i), minus maximum final stress after unloading, cmax(O, is equal 
to the magnitude of the applied stress, Figure 10.19. Subsequent application and 
removal of cn results in an elastic cyclic stress range, Ar of the weld metal and 
surrounding stress field equal to the applied nominal stress, cn" 

The application of a compressive nominal stress, -r in the direction of the 
weld decreases the tensile residual stress in the weld metal and the elastic stress 
in the surrounding stress field by a value equal to -r  Figure 10.20. Compressive 
applied nominal stresses unload the weld metal into the tensile elastic stress 
region without plastic straining the weld metal. Removal of the compressive 
stress returns the stress magnitude and distribution to their original condition. 
Repeated application of the same compressive stress results in an elastic stress 
range, Ar in the weld metal equal to cry, Figure 10.20. 

The preceding discussion shows that the repeated application of a nominal 
tensile stress or compressive stress results in tensile stress fluctuation in weld 
metal with residual tensile stress. Consequently, in the presence of tensile residual 
stress, repeated application of compressive stress causes the same fatigue damage 
as repeated application of tensile stress of equal absolute magnitude. Further- 
more, the fatigue life of as-welded components is governed by the total (tension 
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FIG. 10.19 Superposition of an applied tensile stress, O'n, on a residual stress, Grys, of 
the weld metal. 
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FIG. 10.20 Superposition of an applied compressive stress, -O'n, on a residual stress 
equal to the yield stress, ~ry s, of the weld metal. 

and compressive) stress range and, for all practical purposes, is independent of 
the stress ratio, R (R = O 'min /O 'max) .  Therefore, several fatigue design codes are 
based on stress range versus number of cycles to failure curves that are inde- 
pendent of stress ratio. Finally, although fatigue cracks can initiate under nominal 
tensile or compressive stress fluctuations, fatigue cracks under compressive cyclic 
loading, unlike tensile cyclic loading, propagate across the residual tensile stress 
region only. The nominal compressive stress prevents the propagation of fatigue 
cracks beyond the region where the residual tensile stresses reside. Therefore, 
stress range versus number of cycles to failure curves are usually applied to 
tension members and not to compression members. 

10.6.2.4 Effect of Postweld Heat  Treatment  Various postweld heat treat- 
ments are available that produce metallurgical or mechanical effects, or both 
effects in steel base metal, weld metal, and heat-affected zone. These effects can 
be either beneficial or detrimental to the performance of the treated component. 
The effects of postweld heat treatments depend on (1) the composition, micro- 
structure, and thermomechanicat history including welding of the steels, (2) the 
maximum temperature imposed and its duration, and (3) the rate and uniformity 
of the cooling rate throughout the component from the maximum temperature 
to room temperature. Postweld heat treatment of steels may affect residual stress 
magnitude and distribution, microstructure, hardness, fracture toughness, stress 
corrosion cracking susceptibility, hydrogen-induced cracking (HIC) susceptibility, 
and dimensional stability. The effects of postweld heat treatments on various 
steels have been discussed thoroughly in Refs 19 and 20. 

Postweld heat treatments, such as thermal stress relief, may minimize resid- 
ual stress in weldments, resulting in possible fatigue strength improvements. In 
the absence of residual stress, the application of a nominal compressive stress 
results in a uniform compressive stress throughout the weldment. Because fa- 
tigue cracks do not propagate in a compressive stress field, compressive stress 
fluctuations are not considered in analyzing fatigue strength of components with- 
out residual stresses. Thus, only the tensile portion of a stress range is considered 
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in predicting the rate of crack propagation and the fatigue life of components 
without residual stresses. Consequently, the elimination of residual stress should 
improve the fatigue strength of welded components subjected to stress fluctua- 
tions partly or totally compressive. An example of this improvement is shown 
in Figure 10.21 [1], which presents a comparison of fatigue behavior of as-welded 
and stress-relieved small-fillet welded components subjected to various stress 
ratios. 

Post-weld heat treatments redistribute rather than eliminate residual stress 
from fabricated components of any practical significance. At best, residual stress 
equal to the yield strength at the stress relief temperature should be expected. 
Higher residual stresses usually occur due to nonuniform cooling of the com- 
ponent and from reaction stresses during assembly. 

10.7 Methodo log i e s  of Various Codes  and Standards 

10.7.1 Genera l  

Pressure vessels and piping, as well as most modern structures, are fabri- 
cated using welded construction techniques in accordance with one or more 
codes or standards. The intent of these design and construction codes is to ensure 
that safe and reliable structures are produced at reasonable cost. To this end, 
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such codes as the ASME Boiler and Pressure Vessel (B & PV) Code, Section III, 
AASHTO Standard Specification for Highway Bridges, and British Standards 
BS5500 and BS7608, specifications for fusion-welded pressure vessels and struc- 
tures, have incorporated procedures or rules for assessing the fatigue perform- 
ance of their respective structures. 

Various codes differ in the methodologies employed for fatigue life assess- 
ment. For example, the ASME B & PV Code, Sections III and VIII, utilize an 
analysis-dominated approach, whereas AASHTO and BS7608 incorporate empir- 
ical assessment procedures based on "full-scale" fatigue test results. In this con- 
text, full-scale refers to full-size components such as a welded girder or pressure 
vessel nozzle, rather than an entire reactor vessel. BS5500 utilizes an analytical 
approach nearly identical to Section III, except that the fatigue design curve is 
based on small-welded test specimen data, rather than the smooth-specimen, 
base-metal data upon which Section III is based. 

In an analysis approach, stresses or strains are calculated for a given com- 
ponent using a variety of techniques including the finite element method. The 
calculated stress fluctuations are compared to the appropriate material fatigue 
curve derived from small, smooth specimen test results (see Chapter 7), and 
fatigue life is determined at that stress value from either a mean data curve or 
"adjusted" design curve. The burden in the analytical approach is developing a 
sufficiently accurate assessment of the local peak stress. In general, this approach 
is reasonable and conservative for component geometries in which the stresses 
can be determined accurately such as elbows, ground and inspected butt welds, 
and moderately complex structural geometries. 

In contrast, empirically based approaches such as AASHTO and BS7608 do 
not rely on highly complex stress analyses. Rather, AASHTO and other empirical 
approaches rely on statistically significant fatigue test data from actual or full- 
size weldment test specimens. The importance of such statistical data is that 
design curves can be specified with known confidence levels with respect to the 
mean. Of equal or greater importance is that the empirical approaches are gen- 
erally based on the nominal or net applied stress rather than highly complex 
local stresses. That is, the stress concentrating effects of the weld detail and /or  
possible discontinuity, which are not easily captured in a stress analysis, are 
incorporated in the fatigue curve detail classification, as described in the next 
section. 

A brief description of the AASHTO fatigue evaluation procedure is pre- 
sented in the following section. The reader is referred to the specific codes and 
their accompanying commentaries for detailed evaluation procedures and code 
basis. 

10.7.2 AASHTO Fatigue Design Curves for Welded Bridge 
Components 

Bridge engineers have recognized for a long time the effect of cyclic loading 
on the structural integrity of welded bridge components. The American Welding 
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Society (AWS) Specifications for Welded Highway and Railway Bridges [21] was based 
on fatigue tests of welded details conducted in the 1940s. In the late 1950s, the 
observation of fatigue cracks at welded details in the American Association of 
State Highway Officials (AASHO) Road Test [22] bridges indicated the need for 
further study of the fatigue behavior of welded details and for modifications of 
the existing specifications. The present AASHTO fatigue design specifications 
[23,24] are based on extensive fatigue-test results and field experience that have 
been accumulated since the early 1960s. 

The present AASHTO fatigue design specifications are based on experimen- 
tal curves that relate the fatigue life, N, of a welded detail to the total (tension 
plus compression) applied nominal stress range, Act [14]. A large number of tests 
for a given detail have been conducted to generate a statistically significant 
stress-range-fatigue-life relationship. The design curves represent the 95% sur- 
vival for a given detail. 

Figures 10.15 and 10.22 [24] present fatigue-test results for welded beams 
and cover-plated beams, respectively, fabricated from bridge steels having yield 
strengths between 36 and 100 ksi (248 and 690 MPa) and subjected to various 
minimum loads. Statistical analysis of the available data indicates that the stress 
range is the primary parameter controlling the fatigue life and that the minimum 
stress, the maximum stress, and the grade of steel have secondary influence on 
the fatigue behavior of welded components [25]. 

Other fatigue tests were conducted on beams and girders with welded at- 
tachments and with transverse stiffeners [16]. The available fatigue data for var- 
ious attachments show that the fatigue strength of a girder with welded attach- 
ments is strongly governed by the length of the attachment in the stress direction 
[16,24]. The longer the attachment, the higher the stress concentration at the toe 
of the weld and the lower the fatigue strength. Welded attachments longer than 
4 in. (101 mm) have fatigue strengths equivalent to welded partial length cover 
plates. Transverse stiffeners are similar to very short attachments and have fa- 
tigue strengths equivalent to those of welded attachments that are 2 in. (50 mm) 
long or shorter. 

The extensive fatigue data that have been obtained by testing welded bridge 
details have been used to establish allowable stress ranges for various categories 
of steel bridge details, Figure 10.23. Each category represents welded-bridge de- 
tails that have equivalent fatigue strengths. For example, all welded attachments 
having a length, L, in the direction of stress equal to or less than 2 in. (Category 
C) are considered to have equivalent fatigue strength. In reality, under identical 
fabrication and geometrical conditions, a 2-in.-long attachment results in a higher 
stress concentration than does a shorter attachment and, therefore, would have 
a shorter fatigue life. Because the curve for each category corresponds to the 95% 
confidence limit for 95% survival of all the details in a given category, the fatigue- 
design curves correspond to approximately the shortest lives obtained for details 
in each category and are, therefore, governed by the details in that category that 
have the most severe geometrical or weld stress concentration. 
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The existence of gouges and weld-imperfection stress raisers in a structural 
detail of a given geometry decrease the fatigue life of the detail. Consequently, 
significant variability (scatter) in fatigue-life data can be obtained by testing 
many details of identical geometry but containing different size imperfections. 
This variability in the data is very apparent in the database used to establish the 
AASHTO fatigue categories. For example, the longest life obtained for a Category 
C detail (stiffener) that was tested at a stress range, Ao-, of 25 ksi was about four 
times longer than the same detail that exhibited the shortest life. The difference 
in fatigue life for these two specimens was caused primarily by the difference in 
the size of the initial imperfections that existed in the specimens. 
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FIG. 10.23 Design stress range curves for categories A to E'. 

Categories, A, B, C, D, and E in Figure 10.23 correspond to plain plate and 
rolled beams, plain welds, welded beams, plate girders, stiffeners, and short at- 
tachments (less than 2 in. long), 4-in.-long attachments, and cover-plated beams, 
respectively. Category E' corresponds to thick flanges and thick cover plates and 
suggests that thickness may also affect the fatigue strength of welded girders as 
has been observed from highway bridges [26] and laboratory tests [27]. The hor- 
izontal lines for each category represent the applied nominal stress range cor- 
responding to the fatigue limit (over 2 • 10 6 cycles) and are extremely important 
for highway bridges located on heavily traveled roads. The stress-range thresh- 
old corresponding to long life for a given category is related to either the fatigue, 
crack-initiation threshold or the fatigue-crack-propagation threshold. 

The AASHTO fatigue design curves represent the 95% confidence limit for 
95% survival of all the details in a given category and are governed primarily 
by the details in a given category that have the most severe geometrical discon- 
tinuities, imperfections, or both. Because these discontinuities and imperfections 
minimize or eliminate the fatigue-crack-initiation life, the fatigue life for these 
details is governed by the fatigue-crack-propagation behavior for the particular 
geometry and steel. Fatigue-crack propagation was shown in Chapter 9 to be 
independent of the strength of the steels. Thus, the AASHTO fatigue design 
curves should be essentially independent of the strength of the steel. However, 
it is important to realize that, unlike the fatigue design stress range, the static 
design stress usually is increased as the strength of the steel is increased. 

The fatigue life for a given structural component is determined by the most 
severe detail in that component. Thus, it is essential to identify that detail and 
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to design the component by using the fatigue category appropriate to the most 
severe detail it contains. 

10.8 Variable Amplitude Cyclic Loads 

Most structures are subjected to time-varying sequences of stress fluctuations. 
The resulting stress histories are very complex because they do not exhibit a 
describable pattern and cannot be represented by analytical functions. In recent 
years, actual service load histories have been defined for several structural ap- 
plications. In many cases a representative load history or block loading is used 
to simulate actual service stresses. Defining actual service stress histories accu- 
rately is essential, especially because fatigue crack propagation and fatigue life 
of most weldments are proportional to the stress range raised to the third power. 
Thus, small errors in estimating stress range may lead to large errors in measured 
or predicted fatigue life. Although stress histories may be approximated, the 
most reliable method to determine stress histories is by actual field 
measurements. 

Understanding fatigue behavior under variable amplitude stress history is 
accomplished, in part, by breaking down the history into discrete cycles with 
corresponding stress ranges. This process of cycle counting in combination with 
cumulative damage rules is used to estimate the fatigue life of components from 
the sum of fatigue damage caused by these cycles. 

Extensive tests were made of simulated-steel highway-bridge members un- 
der variable-amplitude random-sequence loading, such as occurs in actual high- 
way bridges [25]. Welded beams with and without partial-length cover plates 
and fabricated from both A36 and A514 steels were tested. These details repre- 
sent the approximate upper and lower bounds, respectively, for fabricated bridge 
members. The results showed that, like fatigue-crack initiation and fatigue-crack 
propagation under  variable-amplitude loading, Chapters 8 and 9, respectively, 
the fatigue life for welded components that are subjected to variable-amplitude 
loading spectra can be predicted by using a single constant-amplitude effective 
parameter that is a characteristic of the stress-range distribution function. 

Figure 10.24 [25] compares the cover-plated beam data obtained under vari- 
able-amplitude random-sequence cyclic loading and the AASHTO fatigue-design 
curve for cover-plate ends (Category E) on the basis of the root-mean-square 
stress range. Similarly, Figure 10.25 [25] compares the data obtained for welded 
beams and the AASHTO fatigue-design curve for Category B. For both types of 
details, the appropriate fatigue-design curve closely approximated the lower 
limit (95% tolerance limit) of previous constant-amplitude test results where al- 
most all the data points are above these curves. This shows that the AASHTO 
fatigue-design curves provide an approximate lower limit for variable-amplitude 
test results when plotted on the basis of the root-mean-square stress range. The 
scatter of data in Figures 10.24 and 10.25 is reasonable considering that data for 
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different steels, minimum stress levels, and welding sequences are included in 
these plots. The effects of various secondary parameters, such as minimum stress 
and type of steel, on the fatigue life under variable-amplitude cyclic loading were 
similar to the effects of these parameters on the fatigue life under constant- 
amplitude cyclic loading. 

Preliminary data suggest that the fatigue limit for over 2 • 10 6 c y c l e s  under 
constant-amplitude loading may not exist under variable amplitude loading if a 
few (>10%) of the stress ranges exceed the stress range corresponding to the 
fatigue limit under constant-amplitude loading. The data also suggest that, under 
these conditions, the fatigue behavior for a given structural component can be 
analyzed by extrapolating the fatigue-design curve for that category to lower 
stress ranges. 

10.8.1 Example  Problem 
The following is a simple example that illustrates the procedure for pre- 

dicting the fatigue life of a fabricated component subjected to variable-amplitude 
loading. The calculations are based on the assumption that the fatigue limits for 
constant-amplitude loading, Figure 10.23, do not exist under variable-amplitude 
loading and that the long-life behavior is represented by an extrapolation of the 
finite-life fatigue-design curves. 
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Category B. 

The fatigue life of a structure is usually governed by the localized behavior 
of the structural detail, which in combination with the applied load fluctuations 
results in the shortest fatigue life. Thus, a detail with a severe geometrical dis- 
continuity subjected to stress fluctuations of small magnitude may exhibit a 
longer fatigue life than a detail with a moderate geometrical discontinuity sub- 
jected to large stress fluctuations. 

Consider a welded structure expected to be subjected each year to the cycles, 
N i, and their corresponding stress ranges, Ao-i, that are tabulated in Table 10.1. 

TABLE 10.1 E x a m p l e  P r o b l e m :  D a t a  a n d  C a l c u l a t i o n s  for Fa t igue -L i f e  D e t e r m i n a t i o n .  

NUMBER OF CYCLES Ni 
i PER YEAR, N~ STRESS RANGE, A(I i (ksi) ai = ~i~i  (xi(Ao-i) 2 

1 4,500,000 0.1 0.792 0.008 
2 800,000 0.6 0.141 0.051 
3 140,000 5.6 0.025 0.784 
4 232,000 7.8 0.041 2.490 
5 3,900 10.2 0.0007 0.073 
6 113 14.0 0.00002 0.004 
7 2,300 15.0 0.0004 0.090 

NOTE: Y~iNi = 5,678,313. 
~ i  ~  2 : 3.50. 

2 2 
Ar ~ = XY2; i ~x i (Ar = 1.87 ksi .  
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The fatigue life for this structure can be determined by calculating an effective 
stress range that represents the various loadings shown in Table 10.1 and the 
frequency of their occurrence. The effective stress range represented by  the root- 
mean-square stress range, Ao- . . . .  is given by  the equation 

where 

Ao'rms = 2 / ~  i o~i(Ao'i) 2 (10.2) 

Xi 
(~i -- E N  i (10.3) 

i 

Table 10.1 presents the details for calculating Act ... .  which is shown to be equal 
to 1.87 ksi. 

Assume that the structure under consideration is designed to contain struc- 
tural details that correspond to Category E', Figure 10.23, and that these details 
will be subjected to the loadings presented in Table 10.1. The fatigue lives for 
Category E' details are represented by the E' fatigue-design curve, Figure 10.23, 
which has the relationship 

log Nf = 8.59 - 3 log Act (10.4) 

where Nf is the total fatigue life in cycles of loading. Substituting Ao- = A o - r m  s = 

1.87 ksi, one obtains Nf = -60,000,000 cycles. Thus, the fatigue life in years is 
given by 

N~ 
~ N i  -~ 10.5 years 

i 

If this life is too short, the structure should be redesigned to eliminate the cate- 
gory E' details in this section of the structure, or to decrease the stress ranges, 
or both. 

10.9 Fracture-Toughness Behavior of Welded Components 

10.9.1 General Discussion 
The fracture toughness and other mechanical properties of steels and weld- 

ments depend on several metallurgical factors, including composition, micro- 
structure, and cleanliness. The effects of these factors are complicated by syner- 
gisms and, especially for weldments, by a heterogeneous microstructure. A dis- 
cussion of these factors and their effects is available elsewhere [11,28] and is 
beyond the scope of this text. However, the following general statements may 
help to clarify some of the observations related to fracture toughness of 
weldments. 
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Chemical elements are added to steel products to obtain certain desired 
properties such as higher strength, hardenability, toughness, and corrosion resis- 
tance. Similarly, chemical elements may be added to filler metals and fluxes to 
obtain the desired weld metal properties. The effect of a given element on frac- 
ture toughness can depend on many factors, including the amount of the addi- 
tion, the interaction of the element with other elements, and the thermomechan- 
ical processing of steel. 

The microstructure of a given steel has a significant effect on its fracture- 
toughness behavior. The microstructural constituents present in structural steels 
can be ferrite, pearlite, bainite, or martensite. The prominence of each of these 
constituents depends on the steel composition, processing, and heat treatment. 
Steels with low hardenability, such as A36, that are subjected to relatively slow 
cooling rates have ferrite-pearlite microstructures. Quenched and tempered 
steels, such as A514, have a tempered bainite and tempered martensite 
microstructure. 

Fine-grain microstructures for any of these constituents improve the fracture 
toughness of the steel. The size of the prior austenite or ferrite grains has been 
recognized as one of the most important factors that controls the fracture tough- 
ness of steels. In general, strength decreases and impact fracture-toughness tran- 
sition temperature increases as the microstructure changes from tempered mar- 
tensite, to tempered bainite, to ferrite-pearlite. 

The elevated-temperature (~1650~ microstructure of all structural steels is 
austenite. Rapid cooling rates may transform this microstructure for hardenable 
steels to as-quenched (untempered) martensite. Untempered martensitic struc- 
tures contain trapped carbon atoms resulting in high hardness and low fracture 
toughness. Subsequent heating (tempering) to a temperature where the trapped 
carbon atoms have mobility defuses the carbon atoms to form carbides. The 
resulting tempered martensitic structure has lower strength and higher fracture 
toughness than the untempered martensitic structure. However, tempering fol- 
lowed by slow cooling may embrittle the steel and reduce its fracture toughness, 
thus offsetting some of the benefits gained by tempering. This temper embrittle- 
ment is one of several embrittling mechanisms that can degrade the fracture 
toughness of steels and weldments [11,28,29]. 

10.9.2 Weldments 
Many welding processes are available that can produce satisfactory joints in 

steels. The selection of a particular process is based on many factors that include 
the thickness and size of the parts to be joined, the position of the weldment, 
the desired properties and appearance of the finished weldment, the particular 
application, and the cost of fabrication as well as other factors. No single process 
can be used to produce satisfactory weldments for all steels, thicknesses, and 
positions. The most suitable process is the one that produces the desired prop- 
erties in the final product at the lowest possible cost. 
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In arc welding, which is the most widely used welding process for structural 
steels, filler metal is melted and used to fill a weld groove. The arc-welding 
process, welding procedure, and joint geometry influence weld penetration and 
admixture of the filler metal with the base metal. Because of this admixture, the 
chemical composition of the base metal can have significant influence on the 
microstructural and mechanical properties of the weld metal. This influence is 
significant, especially for electroslag and electrogas welds, because they are high- 
heat-input single-weld-pass processes. The final properties of the weld metal 
depend on many factors, especially the composition of the weld metal and the 
conditions governing its solidification and subsequent cooling. Because the heat 
flow in the weld metal is highly directional toward the adjacent cooler metal, 
the weld metal develops distinctly columnar grains. Furthermore, the rapid cool- 
ing of the weld metal may not allow sufficient time for diffusion of the chemical 
constituents, resulting in microstructural heterogeneities. This segregation and 
the directional solidification of the weld metal may result in weld-metal prop- 
erties having pronounced directionality. 

For the arc welding processes, the maximum temperature of the weld metal 
is above the melting temperature of the base metal joined. This temperature 
decreases as the distance from the weld increases. Thus, partial melting of the 
base metal occurs at the weld-metal-base-metal interface, and microstructural 
changes occur in the base metal in the immediate vicinity of the weld, forming 
a heat-affected zone. The size of this zone is determined by the rate of heating, 
the volume and temperature of the weld metal, and the rate of cooling of the 
weld metal and surrounding base metal. These factors as well as the composition 
and microstructure of the base metal determine the grain size, the grain-size 
gradient, the microstructure, and therefore the fracture toughness of the heat- 
affected zone. Because of the high temperatures and the large variations in tem- 
perature gradient and cooling rate, adjacent regions in the heat-affected zone can 
exhibit large differences in microstructure and properties. In general, for carbon 
and low-alloy steels, the closer the distance to the weld, the coarser the micro- 
structure. Coarse-grain regions adjacent to the weld interface generally exhibit 
the poorest toughness. 

Grotke [30] divided the heat-affected zone associated with arc welds in 
plain-carbon and low-alloy steels into five general regions: 

1. A partially spherodized region adjacent to the unaffected base metal where 
the steel underwent a modest alteration in microstructure. 

2. A transition region that includes all the microstructures that have 
undergone partial reaustenitization. 

3. A grain-refined region where the steel was completely transformed to 
austenite but at too low of a temperature and for too short of a time to 
permit significant grain growth. 

4. A grain-coarsened region, resulting from exposure to extremely high 
austenitizing temperatures. 
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5. A partially melted region in which incomplete liquidation has occurred, 
located between the unmelted grain-coarsened region and the entirely fused 
weld metal. 

Illustrations of intermediate heat-affected-zone microstructure associated 
with bead-on-plate deposits on hot-rolled plain-carbon steels and on a low-alloy 
quenched-and-tempered steel are shown in Figures 10.26 and 10.27, respectively. 
Both welds were made on plates of the same thickness, using identical heat-input 
conditions; but, the nominal carbon contents were slightly different. They were 
0.20% for the carbon steel and 0.16% for the low-alloy quenched-and-tempered 
steel. 

The heat-affected zone in a single-pass weld forms under the influence of a 
single thermal cycle. The temperature and temperature distribution from the 
weld metal into the base metal in a direction perpendicular to the weld is essen- 
tially identical at different locations along the weld groove of a simple butt joint 
for two constant-thickness plates. Consequently, the various microstructural 
regions in the heat-affected zone can be continuous. However, the weld metal in 
a multipass weld is built up by the deposition of successive weld beads. The 
structure and properties of deposited weld beads and existing heat-affected zones 
are usually altered by the heating effects of subsequent weld-bead deposits. The 
heat from subsequent weld passes may refine the grain size of the deposited 
weld metal and existing heat-affected zone, may change the columnar structure 
of the weld metal to an equiaxed structure, and may temper the microstucture 
of the existing heat-affected zone. In multipass welds, unlike single-pass welds, 
the heat-affected zone regions that exhibit relatively low toughness occur inter- 
mittently adjacent to the weld interface. In either case, these lower-toughness 
regions are surrounded by heat-affected zone regions of higher toughness. 

10.9.3 Fracture-Toughness Tests for Weldments 
Weldability is a complex property affected by many interrelated factors. Con- 

sequently, many fracture-toughness tests have been developed to determine the 
effects of these factors [11]. Some of these tests are related to the fabrication 
qualities for the weldment, while others are related to the service performance. 
The tests for fabrication "must be designed to measure the susceptibility of the 
weld-metal-base-metal system to such conditions as cracks, porosity or inclu- 
sions under realistic and properly controlled conditions of welding [31]. A dis- 
cussion of these tests is beyond the scope of this text. The service performance 
tests include yield and tensile strengths, ductility, fracture toughness, stress rup- 
ture, stress-corrosion cracking, fatigue, and corrosion fatigue. Some of the frac- 
ture-toughness characteristics for weldments are discussed in this section. 

A large number of tests have been developed or adapted to determine the 
fracture toughness for weldments [11]. These tests include the Charpy V-notch 
test, various bend tests, the drop weight test, the explosion bulge test, the drop 
weight tear test, the wide-plate test, and the fracture-mechanics-type tests. Each 
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of these tests have advantages and disadvantages over other tests, and each test 
measures some parameter assumed to represent the fracture toughness for the 
weldment or some zone within it. Although the subject of fracture-toughness 
testing of weldments has been studied for many years, there is no general agree- 
ment on the best test method to use. 

Most fracture-toughness tests have a notch or a fatigue crack. Heterogeneous 
material properties along the front of the notch or the fatigue crack may cause 
significant variability in the test results. The magnitude of this variability would 
depend on many factors, including the rate of change in material properties 
along and in the vicinity of the notch or crack front, the length and volume of 
the regions with different properties, the location of the regions along the crack 
front with respect to each other, and the properties of the surrounding materials. 

FIG. 10.28 Possible orientation of fracture-toughness 
specimens in a butt-welded plate. 

Weldments exhibit anisotropic heterogeneous material properties. The mag- 
nitude and rate of variation in properties can be very large. The volume of a 
material with essentially uniform properties, especially in the heat-affected zone, 
can be very small. The low-toughness regions in the heat-affected zone of mul- 
tipass welds can occur intermittently along the weld interface. These and other 
factors make the placement of a notch or a fatigue-crack tip in a given micro- 
structural region having uniform properties very difficult. Consequently, signifi- 
cant variability usually is observed in fracture-toughness test results for weld- 
ments. Such a variability is observed for Charpy V-notch specimens as well as 
for Kic or crack-tip-opening-displacement (CTOD) specimens. Furthermore, the 
properties for a given region may or may not reflect the properties of the welded 
joint or its performance in an actual structure. Nevertheless, the criteria for ac- 
ceptance generally are developed in a manner similar to that for base metal. In 
this sense, fracture-mechanics concepts have been very helpful. 
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Fracture-toughness test results obtained by testing Charpy V-notch speci- 
mens or fracture-mechanics-type specimens (Kic or CTOD) are influenced by the 
orientation of the specimens in a butt-welded plate. Figure 10.28 shows the var- 
ious orientations for fracture-toughness (CVN or fracture-mechanics type) spec- 
imens in a butt-welded plate. Orientation 3 is the most commonly used for 
Charpy V-notch tests of the weld-metal and heat-affected zone. 

Despite the problems in determining the fracture toughness for welded 
joints, the importance of this property for structural performance makes it nec- 
essary to test and attempt to characterize the notch toughness of welded joints. 
Many codes and standards dictate the specimens and test procedures and estab- 
lish minimum fracture-toughness values for acceptability. Most of these codes 
and standards specify the use of the Charpy V-notch impact specimen. 
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K scc and Corrosion Fatigue 
Crack Initiation and 
Crack Propagation 
11.1 Introduction 

FAILURE OF structural components subjected to an aggressive environment may 
occur under static or fluctuating loads. Failure under static loads is caused by 
general corrosion or by stress-corrosion cracking. Failure under fluctuating loads 
in an aggressive environment is caused by the initiation and the propagation of 
corrosion fatigue cracks. The following sections present the use of fracture me- 
chanics concepts to study stress corrosion cracking, corrosion fatigue crack ini- 
tiation, and corrosion fatigue crack propagation. 

11.2 Stress-Corrosion Cracking 

Stress-corrosion cracking has long been recognized as an important failure mech- 
anism. Although many tests have been developed to study this mode of failure 
(Figure 11.1) [1], the underlying mechanisms for stress-corrosion cracking are yet 
to be resolved, and quantitative design procedures against its occurrence are yet 
to be established. These difficulties are caused by the complex chemical, me- 
chanical, and metallurgical interactions; the many variables that are known to 
affect the behavior; the extensive data scatter; and the relatively poor correlation 
between laboratory test results and service experience. 

The traditional approach to study the stress-corrosion susceptibility of a ma- 
terial in a given environment is based on the time required to cause failure of 
smooth or mildly notched specimens subjected to different stress levels. This 
time-to-failure approach, like the traditional S-N approach to fatigue, combines 
the time required to initiate a crack and the time required to propagate the crack 
to critical dimensions. The need to separate stress-corrosion cracking into initi- 
ation and propagation stages was emphasized by experimental results for tita- 
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env i ronmenta l l y  ass is ted  c rack ing  behavior .  
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nium alloys [2]. These results showed that some materials that appear to be 
immune to stress corrosion in the traditional smooth-specimen tests may be 
highly susceptible to stress-corrosion cracking when tested under the same con- 
dition using precracked specimens. The behavior of such materials was attributed 
to their immunity to pitting (crack initiation) and to their high intrinsic suscep- 
tibility to stress-corrosion cracking (crack propagation). The following discussion 
presents the use of fracture-mechanics concepts to s tudy the stress-corrosion 
cracking of environment-material systems by using precracked specimens. 

11.2.1 Fracture-Mechanics  Approach  
The application of linear-elastic fracture-mechanics concepts to s tudy stress- 

corrosion cracking has been very successful. Because environmentally enhanced 
crack growth and stress-corrosion attack would be expected to occur in the highly 
stressed region at the crack tip, it is logical to use the stress-intensity factor, K I, 
to characterize the mechanical component of the driving force in stress-corrosion 
cracking. Sufficient data have been published to support this observation [2-7]. 

The use of the stress-intensity factor, KI, to study stress-corrosion cracking 
is based on assumptions and is subject to limitations similar to those encountered 
in the study of fracture toughness. The primary assumption that must be satisfied 
when K 1 is used to study the stress-corrosion-cracking behavior of materials is 
the existence of a plane-strain state of stress at the crack tip. This assumption 
requires small plastic deformation at the crack tip relative to the geometry of the 
test specimen and leads to size limitations on the geometry of the test specimen. 
Because these limitations must be established experimentally, the limitations es- 
tablished for plane-strain fracture-toughness, K~c, tests (Chapter 3) are usually 
applied to stress-corrosion-cracking tests. 

ASTM has developed a new standard, E-1681, Standard Test Method for 
Determining a Threshold Stress Intensity Factor for Environment-Assisted Crack- 
ing of Metallic Materials Under Constant Load, Volume 03.01. In that specifica- 
tion, the more general subscript, KEA C (Environment-Assisted Cracking) is used 
instead of Kjscc. 

Various investigators [1-14] have used fracture-mechanics concepts to study 
the effects of the environment on precracked specimens. However, the fracture- 
mechanics approach to environmental testing did not become widely used until 
Brown [2,15,16] introduced the Ku~ ~ threshold concept by using pre-cracked can- 
tilever-beam specimens. The K~scc value at a given temperature for a particular 
material-environment system represents the stress-intensity-factor value below 
which subcritical crack extension does not occur under a static load in the 
environment. Since that time, the cantilever-beam test specimens have been 
used widely to study the stress-corrosion-cracking characteristics of steels 
[4,5,10,11,13,15,17], titanium alloys [14,18-20], and aluminum alloys [8,21,22]. 
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11.2.2 Experimental Procedures 
Experimental procedures for stress-corrosion-cracking tests of precracked 

specimens may be divided into two general categories. They are time-to-failure 
tests and crack-growth-rate tests. The time-to-failure tests are similar to the con- 
ventional stress-corrosion tests for smooth or notched specimens [23-28]. This 
type of test using precracked specimens has been used widely since the early 
work of Brown and Beachem [2]. The crack-growth-rate tests are more complex 
and require more sophisticated instrumentation than the time-to-failure tests. 
However, data obtained by using crack-growth-rate tests should provide infor- 
mation necessary to enhance the understanding of the kinetics of stress-corrosion 
cracking and to verify the threshold behavior KIscc. 

Various precracked specimens and methods of loading can be used to study 
the stress-corrosion-cracking behavior of materials in both time-to-failure and 
crack-growth-rate tests. The cantilever-beam specimens under constant load 
[4,13,27,28], Figure 11.2, and the wedge-opening-loading (WOL) specimen under 
constant displacement conditions (modified WOL specimen) that was developed 
by Novak and Rolfe [9], Figure 11.3, are described as follows. 

The cantilever-beam specimen is usually face notched 5 to 10% of the thick- 
ness, and the notch is extended by fatigue-cracking the specimens at low stress- 
intensity-factor levels. Then the specimens are tested in a stand similar to that 
shown in Figure 11.2. Usually, two specimens are monotonically loaded to failure 
in air to establish the critical stress-intensity factor for failure in the absence of 
environmental effects (K k if ASTM requirements [29] are satisfied and Kix if they 
are not satisfied). Subsequently, specimens are immersed in the environment and 
dead-weight loaded to various lower initial stress-intensity-factor, Kii, levels that 
are lower than /(ix. If the material is susceptible to the test environment, the 
fatigue crack will propagate. As the crack length increases under constant load, 
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FIG. 11.2 Schematic drawing of fatigue-cracked cantilever- 
beam test specimen and fixtures. 
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FIG. 11.3 Schematic showing basic principle of modified WOL 
specimen. 

the stress-intensity factor at the crack tip increases to the K~c (or K~x ) level, and 
the specimen fractures. The lower the value of the initial KI, the longer the time 
to failure. Specimens that do not fail after a long period of test time, usually 
1000 h for steels, should be fractured and inspected for possible crack extension. 
The highest plane-strain Kii level at which crack extension does not occur after 
a long test time corresponds to the stress-corrosion-cracking threshold, Kiscc. 

Figure 11.4 is a schematic representation of test results obtained by using 
cantilever-beam test specimens. Approximately ten precracked cantilever speci- 
mens are needed to establish K~sc~ for a particular material and environment. 

The wedge-opening-loading (WOL) specimens [30-32] have been used to 
study fracture toughness [33], fatigue-crack initiation [34] and propagation [27], 
stress-corrosion cracking [9], and corrosion-fatigue-crack-growth [27-35] behav- 
ior of various materials. The geometry of 1-in.-thick (I-T) WOL specimens is 
shown in Figure 11.5. 
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The WOL specimen was modified by the use of a bolt and loading tup 
(Figure 11.3) so that it can be self-stressed without using a tensile machine [9]. 
The crack opening is fixed by the bolt, and the loading is by constant displace- 
ment rather than by constant load as in the cantilever-beam specimen. Because 
a constant crack-opening displacement is maintained throughout the test, the 
force, P, decreases as the crack length increases (Figure 11.3). In cantilever-beam 
testing, the K~ value increases as the crack length increases under constant load, 
which leads to fracture for each specimen. In contrast, for the modified WOL 
specimen, the K I value decreases as the crack length increases under a decreasing 
load. The decrease in load more than compensates for the increase in crack length 
and leads to crack arrest at K~scc. A comparison of these two types of behavior is 
shown schematically in Figure 11.6. Thus, only a single WOL specimen is re- 
quired to establish the Kis~c level because K~ approaches K~scc in the limit. How- 
ever, duplicate specimens are usually tested to demonstrate reproducibility. Be- 
cause the bolt-loaded WOL specimen is self-stressed and portable, it can be used 
to study the stress-corrosion-cracking behavior of materials under actual oper- 
ating conditions in field environments. 

11.2.3 K~scc--A M a t e r i a l  P r o p e r t y  
Brown and Beachem [36] investigated the KI~ c for environment-material sys- 

tems by using various specimen geometries. Their results show that identical 
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FIG. 11.5 Two types of I -T WOL specimens. 

K~scc values were obtained for a given environment-material system by us- 
ing center-cracked specimens, surface-cracked specimens, and cantilever-beam 
specimens, Figure 11.7. Smith et al. [18] measured Kisc~ values of 
10-25 ksi ~ and 10-22 ksi ~ by testing center-crack specimens with end 
loading and wedge-force loading, respectively, for specimens of Ti-8AI-IMo-IV 
alloy in 3.5% solution of sodium chloride. 

Ki~r tests using cantilever-beam specimens and bolt-loaded WOL specimens 
resulted in identical Ki~c~ values for each of two 12Ni-5Cr-3Mo maraging steels 
tested in synthetic seawater [9]. Further test results showed that KI~c for a specific 
environment-material system was independent of specimen size above a pre- 
scribed minimum geometry limit [4]. On the other hand, the nominal stress cor- 
responding to K I .... CrN .... was highly dependent on specimen geometry (Figure 
11.8), particularly specimen in-plane dimensions such as the height of a cantile- 
ver-beam specimen, W, and the crack length, a. The preceding results indicate 
that KI~r for a specific environment-material system is a property of the partic- 
ular system. 

Corrosion products can change the magnitude of the crack-tip driving force 
by wedging the crack surfaces open. This would be especially applicable for 



288 FRACTURE A N D  FATIGUE CONTROL IN STRUCTURES 

~Kio 

KIC 

L.~CANTILEVER-BEAM SPECIMEN 
f - L E A D I N G  TO FAILURE AT K I = K1c 

~ '  (o = INCREASING 
J ~,P = CONSTANT J 

NODIFIED WOL SPECIMEN 
LEADING TO ARREST AT KI= Kiscc 
o= INCREASING 

G/ 

K ISCC 

e= CRACK LENGTH 
P = LOAD 

TIME --'- 

FIG. 11.6 Difference in behavior of modified WOL and cantilever-beam specimens. 

O• 
I I �9 

8 o CENTER CRACKED SPECIMENS - 

,~ SURFACE FLAWED SPECIMENS 

AIR DATA o CANTILEVER BEND SPECIMENS 

:_ 4 0 ~ ~  - 

20 

v 

C I 1 I 
i01 102 I03 104 

TIME TO FAILURE, if, rain 

FIG. 11.7 Influence of specimen geometry on the time to failure for an 
AISI 4340 steel. 



K ~  and Corrosion Fatigue Crack Initiation and Crack Propagation 

I I I [ I 

�9 

o O'N scc 

\ 

~ KISCC = 36.5 + 1,5 ksi ~/inch 

. . . . .  . 

CN.c= W_o>,~f(~) K.00 

FOR : BN = 0 . 9 0 8  

(~)= o.45 .'. f ( o ) =  0.7,2 

AND KI$CC~36.5 ksi V/~"h ~ CONSTANT 

1 [ I I [ 
I 2 3 4 5 

W, tnches 

289 

FIG. 11.8 Effect of W on K,~c~ and O'Nscc for an 18Ni (250) maraging steel. 

specimens, like the bolt-loaded WOL specimen, that utilize crack arrest as a mea- 
sure of Kiscc. Also, because crack-arrest tests appear to be more prone to crack 
branching, the K~sc~ values obtained by increasing K~ tests and decreasing K~ tests 
can, in some cases, be different. 

Imhof and Barsom [27] investigated the effects of thermal treatments on the 
Kis~ behavior of 4340 steel. Three pieces of 4340 steel were cut from a single 
plate, and each piece was heat treated to a different strength level. The three 
pieces were heat treated to a 130-, 180-, and 220-ksi yield strength. The K]~cc for 
the 130-, 180-, and 220-ksi yield strengths were 111, 26, and 10.5 ksiX/~n., respec- 
tively. These and other results show that thermomechanical processing may alter 
the Kis~c for a given material composition in a specific environment. Available 
data also show that K~c for a given material composition, thermomechanical 
processing, and environment may be different for different orientations of test 
specimens. An example of this behavior is observed in aluminum alloys where 
the susceptibility to stress-corrosion cracking in the short-transverse direction 
(crack plane parallel to plate surfaces) is greater than in the other directions. 
Consequently, although K~scc is a unique property of the tested environment- 
material system, extreme care should be exercised to ensure the use of the correct 
K~c value for a specific application. 

Ideally, Ki~r for a particular material-environment system at a given tem- 
perature represents the stress-intensity-factor value below which subcritical crack 
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extension does not occur under static load. However, in practice, Ki~cc can be 
defined as the stress-intensity-factor value corresponding to a low rate of sub- 
critical crack extension commensurate with the design service life for the 
structure. 

The mechanisms of stress-corrosion cracking depend on complex chemical, 
mechanical, and metallurgical interactions that are presently not understood. 
This lack of understanding contributed to a significant data scatter. Even under 
the most ideal test conditions, Clark [37] observed a + 20% scatter in data for a 
single high-quality AISI 4340 steel bar tested in research-grade hydrogen sulfide 
gas. Thus, small variations in the chemical composition of the environment or of 
the material, and in the thermomechanical processing and microstructure of the 
material, may cause significant differences in the stress-corrosion-cracking 
behavior. 

11.2.4 Test Durat ion 
Test duration is the second primary parameter that must be understood to 

ensure correct test results, The schematic representation for obtaining Kr~cc by 
using precracked cantilever-beam specimens (Figure 11,4) suggests that the true 
Kiscc level was established with test durations larger than 1000 h. Test durations 
less than 200 h (Figure 11.4) would have resulted in apparent Kiscc values larger 
than the true Kl~cc value obtained after a 1000-h test duration. The influence of 
test duration on the apparent Kiscc value obtained by using cantilever-beam test 
specimens of a 180-ksi yield-strength high-alloy steel in room temperature syn- 
thetic seawater is shown in Table 11.1. The data show that an increase of test 
duration from 100 h to 10,000 h decreased the apparent Ki~cc value from 
170 ksiX/~m, to 25 ksi~m~m. Proper test durations depend on specimen configura- 
tion, specimen size, and nature of loading, as well as the environment-material 
system. Test durations for bolt-loaded WOL specimens are longer than for can- 
tilever-beam specimens [9]. In general, test durations for titanium, steel, and 
aluminum alloys are on the order of 100, 1000, and 10,000 h, respectively. The 
differences in test duration for different metal alloys are related partly to the 
incubation-time behavior in stress-corrosion cracking for the particular environ- 
ment-material system. The incubation-time behavior represents the test time 
prior to crack extension during which a fatigue crack under sustained load in an 
aggressive environment appears to be dormant. The existence of incubation pe- 

TABLE 11.1. Influence of Cutoff Time on Apparent K~c; 
Constant-Load Cantilever Bend Specimens 
(Increasing KI) (Ref 38). 

ELAPSED TIME, h APPARENT K~r162 (ksi~m.) 

100 170 
1,000 115 

10,000 25 
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riods for precracked specimens has been demonstrated by various investigators 
[34,36,38]. Benjamin and Steigerwald [39] demonstrated the dependence of in- 
cubation time on prior loading history. Novak demonstrated the dependence of 
incubation time on the magnitude of the stress-intensity factor (Table 11.2) [38]. 
It is apparent that as the applied stress-intensity factor, K,~, approaches K I at 
fracture, the incubation time must approach zero, and as the applied K I ap- 
proaches K~ .... the incubation time approaches infinity. Consequently, specimens 
subjected to K n values between K k (or Kix ) and KI~ exhibit different initiation 
times that may be 1000 h or longer. The preceding observations show that to 
evaluate correctly the effect of an environment on a statically loaded structure, 
the test duration and criterion used to obtain the KL~cc value must be known and 
evaluated. 

11.2.5 Kiscc Data for Some Material-Environment Systems 
In general, the higher the yield strength for a given material, the lower the 

Kl~:c value in a given environment [20-27]. The Ki~cc for a single plate of 4340 
steel tested in 3.5% solution of sodium chloride decreased from 
111 to 10.5 ksiX/~-~m, as the yield strength was increased from 130 to 220 ksi. In 
general, the Ki~cc in room temperature sodium chloride solutions for steels having 
a yield strength greater than about 200 ksi is less than 20 ksiX/~m. Similar gen- 
eralizations cannot be made for steels of lower yield strengths. Moreover, stress- 
corrosion-cracking data for steels having yield strengths less than 130 ksi are 
very sparse. The results of 5000-h (30-week) stress-corrosion tests for five steels 
having yield strengths less than 130 ksi obtained by testing precracked cantilever- 
beam specimens in room-temperature 3% sodium chloride solution are presented 
in Figures 11.9 through 11.13 [40]. The results presented in these figures show 
apparent K~sc~ values that ranged from 80 to 106 ksiX/~n. (88 to 117 MN/m3/2). 
The apparent Kis~ values measured for most of these steels corresponded to con- 
ditions involving substantial crack-tip plasticity. Consequently, linear-elastic frac- 
ture-mechanics concepts cannot be used for quantitative analysis of the respective 
stress-corrosion-cracking behavior [13]. Furthermore, the apparent Ki~cc values are 
suppressed to various degrees below the intrinsic K~c values for these steels in 
a manner similar to the suppression effect for fracture (KI~) behavior [13]. Alu- 
minum alloys show high susceptibility to stress corrosion cracking in the short- 
transverse direction [8,26]. Some aluminum alloys do not exhibit a threshold 

TABLE 11.2. Inf luence of K I on  Incubat ion Time: Cons tan t -Disp lacement  WOL Specimens  
(Decreasing KI) Extent  of Crack G r o w t h  (in.). 

K~ (ksi~'~m.) 200 h 700 h 1400 h 2200 h 3500 h 5000 h 

180 ND* 0.35 0.76 1.00 1.12 - -  
150 ND N D  N D  0.28 0.52 0.61 
120 N D  N D  N D  N D  0.03 0.045 

90 N D  N D  N D  N D  ND 0.045 

*ND: no  detectable growth.  
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behavior for stress-corrosion cracking [21,22]. Some titanium alloys show sus- 
tained-load cracking under plane-strain conditions in room temperature air en- 
vironment. Yoder et al. [41] tested plate samples of eight alloys of the Ti-6A1-4V 
family. They concluded that sustained-load cracking in room-temperature air en- 
vironment is widespread and serious in these alloys and that the resulting deg- 
radations ranged from 11 to 35%. The magnitude of degradation did not appear 
to correlate with interstitial contents, processing variables, strength level, or frac- 
ture toughness level, but it was orientation dependent. 

Novak [13] conducted a systematic study to determine the effect of prior 
plastic strain on the mechanical and environmental properties of four steels rang- 
ing in yield strength from 40 to 200 ksi (550 to 1400 N/mm2). Each steel was 
evaluated first in the unstrained condition and then after 1 and either 3 or 5% 
plastic strain. The results showed that the value of the stress-intensity factor at 
fracture decreased with increased magnitude of prior plastic strain. However, the 
corresponding change in the apparent Klscc value did not follow any consistent 
pattern of behavior. 

Extensive investigation of the influence of test temperature on the K]scc be- 
havior of environment-material systems is yet to be conducted. 

K~sc~ data for various environment-material systems have been gathered and 
published [42-46]. 

11.2.6 C r a c k - G r o w t h - R a t e  Tests 
The crack-growth-rate approach to study stress-corrosion-cracking behavior 

of environment-material systems involves the measurement of the rate of crack 
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growth per unit time, da/dt, as a function of the instantaneous stress-intensity 
factor, K I. Stress-corrosion crack growth has been investigated in various envi- 
ronment-material systems by us ing different precracked specimens [3,38]. In 
general, the results suggest that the stress-corrosion crack-growth-rate behavior 
as a function of the stress-intensity factor can be divided into three regions (Fig- 
ure 11.14). In Region I, the rate of stress-corrosion crack growth is strongly de- 
pendent on the magnitude of the stress-intensity factor, KI, such that a small 
change in the magnitude of K I results in a large change in the rate of crack 
growth. The behavior in Region I exhibits a stress-intensity factor value below 
which cracks do not propagate under sustained loads for a given environment- 
material system. This threshold stress-intensity factor corresponds to Kiscc. Region 
II represents the stress-corrosion-crack-growth behavior above Kisr In this region 
the rate of stress-corrosion cracking for many systems is moderately dependent 
on the magnitude of K~, Type A behavior in Figure 11.14. Crack-growth rates in 
Region II for high-strength steels in gaseous hydrogen as well as other material 
environment systems [43-46] appear to be independent of the magnitude of the 
stress-intensity factor, Type B behavior (Figure 11.14). In such cases, the primary 
driving force for crack growth is not mechanical (KI) in nature but is related to 
other processes occurring at the crack tip such as chemical, electrochemical, mass- 
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transport, diffusion, and adsorption processes. The crack-growth rate in Region 
III increases rapidly with K I as the value of K I approaches K~c (or Kc) for the 
material. 

The characteristic crack-growth behavior for a given environment-material 
system is determined by  the mechanical properties, chemical properties, or both, 
for the system. The crack-growth approach to study stress-corrosion cracking is 
of great value in determining the mechanism of crack extension. It can be used 
to analyze the safety and reliability of structures subjected to stress-intensity- 
factor values above K~sc~ and for environment-material systems that do not ex- 
hibit a threshold behavior. The bolt-loaded WOL specimen can be used best to 
determine the stress-corrosion-crack-growth-rate behavior and the Kis~. The rate 
of growth at Kls~c should be equal to or less than 10 s in./h. 

11.3 Corrosion-Fatigue Crack Initiation 

Corrosion-fatigue behavior of a given material-environment system refers to the 
characteristics of the material under fluctuating loads in the presence of a par- 
ticular environment. The corrosion-fatigue behavior of a given material- 
environment system depends on the metallurgical, mechanical, and electrochem- 
ical components of the particular system. Corrosion-fatigue damage occurs more 
rapidly than would be expected from the individual effects or from the algebraic 
sum of the individual effects of fatigue, corrosion, or stress-corrosion cracking. 
The individual effects with the synergism make the corrosion-fatigue mechanism 
very complex and not well understood with relatively little or no capabilities to 
predict, a priori, the performance of structural components. Generally, different 
environments have different effects on the cyclic behavior of a given material. 
Similarly, the corrosion-fatigue behavior of different materials is usually different 
in the same environment. The behavior established for a given material- 
environment system or for a given set of test conditions should not be applied 
indiscriminately to other systems or conditions. 

Significant developments in understanding the corrosion-fatigue crack- 
propagation behavior of various metal-environment systems has been achieved 
by using linear-elastic fracture-mechanics methodology. The significant findings 
are presented in Section 11.4. Also, linear-elastic fracture-mechanics methodology 
was used in a systematic s tudy of the corrosion-fatigue crack-initiation behavior 
for constructional steels in 3.5% sodium chloride solution. The most significant 
findings of this study are presented in this section. 

11.3.1 Test Specimens and Experimental Procedures 
Taylor and Barsom [47] used a modified compact-tension (CT) specimen to 

study the corrosion-fatigue crack-initiation behavior of A517 Grade F steel. The 
specimens contained notches that were milled to a length (a) of about 17.0 mm 
(0.67 in.) or 25.4 mm (1.0 in.) and had tip radii (p) of 3.3 mm (0.128 in.), Figure 
11.15. 
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The specimens were submerged in room-temperature 3.5% solution of so- 
dium chloride in a distilled water environment that was maintained at a pH of 
6.5 + 0.5 and was replaced every 100 h for all tests that exceeded this period of 
time. The oxygen content of the solution was not controlled. However, some 
aeration of the solution occurred as a result of the movement of the specimen 
and exposure of the surface of the solution to the room air. Crack extension was 
measured on the specimen surface by lowering the environmental tank below 
the specimen, Figure 11.16. 

The test was terminated when a crack of 0.25 mm (0.010 in.) or longer was 
observed at the surface of the notch tip. For high test frequencies (300 cycles per 
minute), the frequency was temporarily lowered during inspection to facilitate 
observation of cracking at the notch tip. The test results were presented as the 
range of cycles for crack initiation bounded by the number of cycles correspond- 
ing to the last inspection of the notch tip where no crack was observed and the 
following inspection where a crack existed. 

Novak [48,49] studied the corrosion-fatigue crack-initiation behavior of con- 
structional steels by using single-edge-notched specimens subjected to cyclic 
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FIG. 11.16 Corrosion tank in the lowered 
position. 

loading under cantilever-bending conditions. All specimens were tested in 3.5% 
solution of NaC1 in distilled water maintained at a 72 _+ 4~ temperature and a 
pH of 6.0 + 0.8. The solution was changed once a week, and the surface of the 
solution was exposed to laboratory air. 

Crack initiation was determined by a range of cycles bounded by the num- 
ber of cycles corresponding to the last inspection at which no crack was detected 
and the following inspection where a crack existed. 

11.3.2 Corrosion-Fatigue-Crack-Initiation Behavior of  Steels 
The corrosion-fatigue behavior for metals subjected to load fluctuation in the 

presence of an environment to which the metal is immune is identical to the 
fatigue behavior of the metal in the absence of that environment. Consequently, 
the effect of an environment on the behavior of a material subjected to load 
fluctuation can be studied by establishing the deviation of the corrosion-fatigue 
behavior for the environment-material  system from the fatigue behavior of the 
material in a benign environment. 
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The difference between fatigue and corrosion-fatigue crack-initiation behav- 
ior of steels has been studied by Taylor and Barsom [47] and by  Novak [48,49] 
and is presented in the following sections. 

11.3.2.1 Fatigue-Crack-Initiation Behavior The fatigue-crack-initiation be- 
havior for various steels was presented in Chapter 8. The data showed that each 
steel exhibited a distinct fatigue-crack-initiation threshold at a Ao-ma x (o r  
&K/X/pp) that can be related to the yield strength of the material. 

The fatigue-crack-initiation behavior in air of the ASTM A517 Grade F steel 
plate whose corrosion-fatigue crack-initiation behavior was investigated by Tay- 
lor and Barsom [47] and by Novak [48,49] is presented in Figure 11.17. The test 
results in this figure include data obtained by Barsom [50] using compact-tension 
specimens at R -- +0.1. The data show that fatigue-crack-initiation life is gov- 
erned by the total (tension plus compression) maximum-stress range, Ao- . . . .  
(or AK/:~p) at the notch tip and that different specimen geometries and loadings 
give similar results. Moreover, the data show a distinct fatigue-crack-initiation 
threshold that occurred at a &K/N/-pp of about 100 ksi (690 MPa), which corre- 
sponds to a AO-ma • of 120 ksi (828 MPa). This value is in good agreement with 
predictions obtained by using the empirical relationships presented in Chapter 
8. These relationships indicate that the fatigue-crack-initiation threshold for the 
A36, A588 Grade A, A517 Grade F, and V150 tested by Novak [48,49] and by 
Taylor and Barsom [47] occur at a (&K/V~p)t h of about 65, 80, 100, and 165 ksi 
(450, 550, 750, and 1150 MPa), respectively. 

11.3.2.2 Corrosion Fatigue Crack-Initiation Behavior The corrosion-fatigue 
crack-initiation behavior for A36, A588 Grade A, A517 Grade F, and V150 steels 
under full immersion conditions in 3.5% solution of sodium chloride in distilled 
water at 12 cycles per minute are presented in Figures 11.18, 11.19, 11.20, and 
11.21, respectively. Also shown in these figures is the best-fit equation and the 
standard deviation for the data and the fatigue-crack-initiation threshold in air 
for each steel. The data in these figures are presented as a range of cycles 
bounded by the number of cycles corresponding to the last inspection at which 
no crack was detected and the following inspection at which a crack existed. The 
data show that under these test conditions, the environment caused substantial 
reduction in the crack-initiation life at &K/~p values significantly lower than 
the A K / ~  value corresponding to the fatigue-crack-initiation threshold in a 
benign environment. The long-life data points with arrows represent test speci- 
mens that were terminated with no indication of corrosion-fatigue crack initia- 
tion. These data points may suggest the possible existence of a threshold below 
which corrosion-fatigue crack-initiation would not occur. Further discussion of 
corrosion-fatigue crack-initiation threshold is presented in a later section on long- 
life behavior. 

A comparison of the fatigue-crack-initiation behavior in a benign environ- 
ment and the corrosion-fatigue crack-initiation behavior in 3.5% solution of so- 
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FIG. 11.18 Corrosion-fatigue crack initiation for an A36 steel. 

dium chloride shows that the effect of the environment is small in the region of 
high-stress range and increases as the stress range decreases. Furthermore, the 
data show that the corrosion-fatigue crack-initiation life can be represented by a 
linear relationship of log AO'ma x (or log AKVpp) and log N i, where N i is the number 
of cycles for crack initiation. A generalized relationship for predicting the cor- 
rosion-fatigue crack-initiation life for various steels in 3.5% solution of sodium 
chloride is presented in a later section. 

The best-fit equations for A36, A588 Grade A, and A517 Grade F suggest 
the possible dependence of the slope and intercept on the yield strength of the 
steels such that as the yield strength increases, the slope and intercept value 
decreases. However, the data for the V150 steel do not support this observation. 
Further research is needed to establish the relationships, if any, between corro- 
sion-fatigue crack-initiation behavior and properties of the material, the environ- 
ment, or both. 

Figure 11.22 is a superposition of the data presented in Figures 11.18 through 
11.21 and shows that, within experimental scatter, the corrosion-fatigue crack- 
initiation behavior for the four steels was essentially identical. This observation 
indicates that the corrosion-fatigue crack-initiation behavior for these steels un- 
der full immersion conditions in the test environment is independent of chemical 
composition, microstructure, and mechanical properties (in particular, yield 
strength) which were significantly different for the steels investigated. 
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FIG. 11.19 Corrosion-fatigue crack initiation for an A588 Grade A steel. 

11.3.2.3 Effect of Cyclic-Load Frequency The effects of cyclic-load fre- 
quency on the corrosion-fatigue crack-initiation behavior for steels has been in- 
vestigated in 3.5% solution of sod ium chloride in distilled water at frequencies 
equal to 1.2 cycles per minute (cpm) and higher [47,49,51]. The tests were con- 
ducted on A588 Grade A and A517 Grade F steels, and  the results are presented 
in Figures 11.23 and 11.24, respectively. The data show a distinct but  small in- 
crease in the corrosion-fatigue crack-initiation life wi th  increased cyclic-load fre- 
quency from 1.2 to 120 cpm. However,  the A517 Grade F corrosion-fatigue crack- 
initiation life at 300 cpm was less than  for the life for 120 cpm. 

The data also show that a 100- to 250-fold increase in cyclic-load frequency 
from 1.2 to 300 cpm resulted in only a 3-fold increase in the mean  corrosion- 
fatigue crack-initiation life. Moreover, the scatter band  for the data obtained by 
testing A588 Grade A and A517 Grade F steels at frequencies of 1.2 to 300 cpm 
is essentially identical to the scatter band for the various steels tested at 12 cpm 
(Figure 11.22). 

11.3.2.4 Effect of Stress Ratio The effect of stress ratio on corrosion fatigue 
crack initiation behavior was investigated by testing A588 Grade A and A517 
Grade F steels under  full-immersion conditions in room temperature 3.5% so- 
lution of sodium chloride and at stress ratios, R (ratio of the mi n i mu m and 
max imum nominal  stresses, O'min/O-max) , o f  --1.0,  +1.0, and +0.5. The data show 
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FIG. 11.20 Corrosion-fatigue crack initiation for an A517 Grade F steel. 

a slight increase in corrosion fatigue crack initiation life with decreased R values. 
However, the scatter band for these data was essentially identical to the scatter 
band for the various steels tested at R of +0.1. 

11.3.2.5 Long-Life Behavior The long-life behavior (N > 4 • 10 6 cycles) and 
possible existence of a corrosion-fatigue crack-initiation threshold were investi- 
gated by testing A588 Grade A and A517 Grade F at various A K / ~  values 
between 30 and 14 ksi. The specimens were subjected to 120 cpm at R = +0.5 
under full-immersion conditions in room temperature 3.5% sodium chloride so- 
lution that was changed once a week. The specimens were in test from 4 • 106 
to 7 • 107 cycles. 

The long-life test results are presented in Figure 11.25 [51]. The data fall 
along the linear extension of the log AK/Vpp and N i relationship established for 
the short-life behavior (Figure 11.22) and within the same scatter band. 

Also, for the conditions used to conduct these tests, no corrosion-fatigue 
crack-initiation threshold was observed. However, this observation should not 
be extended indiscriminately to other material-environment systems or frequen- 
cies. For example, preliminary observations suggest the possible existence of 
thresholds for these steels in this environment with high pH or with cathodic 
protection. 
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FIG. 11.21 Corrosion-fatigue crack initiation for a V150 steel. 

11.3.2.6 Generalized Equation for Predicting the Corrosion-Fatigue Crack- 
Initiation Behavior for Steels Figure 11.26 presents all the corrosion-fatigue 
crack-initiation data presented in the preceding sections for A36, A588 Grade A, 
A517 Grade F, and V150 steels under full-immersion conditions in room tem- 
perature 3.5% solution of sodium chloride in distilled water. These steels repre- 
sent large variations in chemical composition, thermomechanical processing, mi- 
crostructure, and mechanical properties (tensile strength, yield strength, 
elongation, strain hardening, fracture toughness, etc.). The combined data en- 
compass frequencies of 1.2, 12, 60, 120, and 300 cpm and stress ratios of -1.0, 
+1.0, and +0.5 and span four orders of magnitude in corrosion-fatigue crack- 
initiation life between about 104 and 108 cycles. 

Considering the large variation in materials and test conditions, the data fall 
within a surprisingly narrow scatter band and can be represented by a single 
linear relationship between log AK/N/-pp and log N i. The equation for the best-fit 
line for all data is 

N i = 3.56 x 1011 (AKFVpp) -3'36 (11.1) 

where AK is in ks) N/~m. and p is in inches. 
Figure 11.26 includes data that represent the number of cycles corresponding 

to the last inspection at which no crack was detected and the following inspection 
at which a crack existed. Thus, Equation (11.1) should represent closely the num- 
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FIG. 11.22 Corrosion-fatigue crack initiation for four steels. 

ber of cycles for corrosion-fatigue crack initiation. Prediction of corrosion-fatigue 
crack-initiation life by using the lower bound for the data may be too conser- 
vative. Finally, the corrosion-fatigue crack-initiation life for notches having severe 
stress raisers or severe imperfections on the notch surface or in the immediate 
vicinity of the notch tip could be significantly less than predicted by using Equa- 
tion (11.1). 

11.4 Corrosion-Fatigue-Crack Propagation 

Several investigators have studied the corrosion-fatigue behavior of various en- 
vironment-material systems [3,35,40,46,52-66]. The results of these investigations 
have helped greatly in the selection of proper materials for a given application. 
Despite the significant progress that has been achieved to establish the effects of 
various mechanical parameters on the corrosion-fatigue behavior of environ- 
ment-material systems, little has been achieved to establish mechanisms of cor- 
rosion fatigue in these systems. The available information shows the high com- 
plexity of the corrosion-fatigue behavior and suggests that a significant 
understanding of this behavior can be achieved only by a synthesis of contri- 
butions from various fields. 

The generalized fatigue-crack-growth behavior in a benign environment 
(Figure 11.27) is a special case of the corrosion-fatigue crack propagation behavior 
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FIG. 11.23 Corrosion-fatigue crack initiation for an A588 Grade A steel. 

for metals. It represents the "corrosion-fatigue" behavior of metals subjected to 
load fluctuations in the presence of any environment that does not affect the 
fatigue-crack-growth behavior for the metal. Thus, the corrosion-fatigue behavior 
for a given environment-material system could be investigated by establishing 
the base-line fatigue behavior and then by determining the effect of the environ- 
ment on the fatigue behavior in Regions I, II, and III (Figure 11.27). However, 
because K~:c for an environment-material system defines the plane-strain K I 
value above which stress-corrosion crack growth can occur under static loads, 
the corrosion-fatigue crack-propagation behavior for the environment-material 
system could be altered when the maximum value of K I, Kim~x, in a given load 
cycle becomes greater than Kiscc. Consequently, the corrosion-fatigue crack- 
propagation behavior should be divided into below-Kis~c and above-Ki~cc 
behaviors. 

11.4.1 Corrosion-Fatigue Crack-Propagat ion  Threshold 
Several investigations have significantly increased our understanding of en- 

vironmental effects on the threshold behavior [52-55]. The fatigue-crack- 
propagation threshold behavior for steels in room temperature air environment 
was presented in Chapter 9. The data showed, among other things, that the &Kth 
is strongly dependent on the stress ratio, R, and that its value decreases as the 
value of R increases. 
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FIG. 11.24 Gorrosion-fatigue crack initiation for an A517 Grade F steel. 

Bucci and Donald [67] observed that the environmental d~Kth in a 200-grade 
maraging steel forging was higher than the AKth in air and that the "salt water 
appears to  produce an inhibitive effect on fatigue cracking at the very low AK 
levels." Paris et al. [63] also observed that the threshold &K of ASTM A533 Grade 
B, Class 1 steel in distilled water was greater than that established in room- 
temperature air. "Since the distilled water retardation of very low crack extension 
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FIG. 11.25 Long-life corrosion-fatigue crack initiation. 
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FIG. 11.27 Schematic representation of 
fatigue-crack growth in steels. 

rates was a somewhat surprising result, an additional specimen was tested for 
which a distilled water environment was provided to the crack tip and its sur- 
roundings only after an initial, slow, crack extension rate had been established 
in room air. Upon application of the distilled water, the rate of crack growth 
decreased from those initially obtained in air [63]. 

Figure 11.28 [53] presents the threshold and near-threshold fatigue-crack- 
propagation behavior for 2 1/4Cr-lMo steel in hydrogen gas and in humid air 
at a frequency of 50 Hz and a stress ratio R = 0.05. The near-threshold fatigue- 
crack-propagation rate in dry hydrogen was significantly higher than in air and 
the AKth for dry hydrogen was lower than the value in air. However, unlike the 
behavior for R = 0.05, the near-threshold fatigue-crack-propagation rate and the 
threshold for R = 0.75 in both environments were identical. Similar trends were 
observed for other gaseous environments and steels [53,54]. The data for inert 
gaseous environments indicate that the increase in the near-threshold propaga- 
tion rate and the decrease in &Kth in dry hydrogen from the values in humid air 
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environment are not necessarily related to hydrogen embrittlement. Hydrogen 
embrittlement and other mechanisms may influence the threshold value or the 
near-threshold propagation behavior in a given environment-metal system. How- 
ever, the differences observed between dry gaseous environment and humid air 
for low-strength steels appear to be related primarily to the formation of corro- 
sion products within the crack in the air environment and their effect on the 
closure of the crack (see Chapter 9). 

The concept of reduced cyclic crack-opening displacement caused by cor- 
rosion products within the crack was proposed by Paris et al. [63] to explain a 
higher AKth value in distilled water than in air for pressure-vessel steels tested 
at an R value of 0.1. This concept suggests that a corrosive environment produces 
corrosion products, which at low stresses wedge the crack open, resulting in a 
decreased driving force [52]. The concept was also used by  Skelton and Haigh 
[68] to explain the effect of stress ratio on &Kth for CrMoV steels tested at 550~ 
in vacuum and in oxidizing environments. They found that both inert environ- 
ments and high stress ratios reduced &Rth, and that compressive stresses resulted 
in reduced &Kth by compacting the corrosion products, which increased the ef- 
fective cyclic crack-opening displacement. 
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Skelton and Haigh [68] reported a systematic decrease of AKth as the cyclic 
frequency was increased from 0.01 to 10 Hz. This finding is very important be- 
cause many engineering structures are subjected to cyclic frequencies less than 1 
Hz. Unfortunately, because of the very large number of cycles necessary to es- 
tablish the AKth, most tests are conducted at cyclic frequencies that are higher 
than 10 Hz [52]. An increase in cyclic frequency to shorten the test time for 
determining AKth and the use of the results to evaluate the performance of a 
structure subjected to low cyclic frequencies in the service environment can lead 
to erroneous conclusions. 

Limited data related to the effect of cyclic frequency on hKth in aqueous 
environments has been obtained for various constructional steels [40]. The cor- 
rosion-fatigue-crack-growth-rate data for A36 steel tested at 12 cpm indicated 
that the rate of crack growth decreased significantly at AK I values less than 
20 ksiX/~m. (22.0 M N / m  3/2) (Figure 11.29). Similar behavior was observed in the 
A588 Grade A, A588 Grade B, A514 Grade E, and A514 Grade F steels tested, 
Figure 11.30. The data show that a corrosion-fatigue crack-growth-rate threshold, 
AKth, does exist in A514 steels at a value of the stress-intensity-factor fluctuation 
below which corrosion-fatigue cracks do not propagate at 12 cycles per minute 
(cpm) in the environment-steel system tested. The value of hKth in the A514 
steels tested at c p 1 2  c m in 3% sodium chloride solution was twice as large as the 
value of 5.5 ksiX/in. (6.0 M N / m  3/2) for room temperature air [69]. 

11.4.2 Corrosion-Fatigue-Crack-Propagation Behavior Below Kiscc 
The first systematic investigation into the effect of environment and loading 

variables on the rate of fatigue-crack growth below K~scc was conducted on 12Ni- 
5Cr-3Mo maraging steel (yield strength = 180 ksi) in 3% solution of sodium 
chloride [28,35,70]. The data showed that environmental acceleration of fatigue- 
crack growth does occur below Kiscc (Figure 11.31) and that the magnitude of this 
acceleration is dependent on the frequency of the cyclic-stress-intensity fluctua- 
tions. In the sodium chloride solution at high frequencies (cpm > 600), corrosion 
fatigue crack growth rate was essentially the same as in air; thus, the environ- 
ment had negligible effects on the fatigue-crack-growth rate. In the sodium chlo- 
ride solution at 6 cpm, however, corrosion fatigue crack growth rate was three 
times higher than the value in air, which indicated that the fatigue-crack-growth 
rate was increased significantly by the environment. The data in Figure 11.31 
may be used to predict the corrosion fatigue crack growth rate for any sinusoidal 
frequency equal to or greater than about 6 cpm in the environment-material 
system investigated. Because these results were obtained below K~ .... Barsom 
[28,70] concluded that the corrosion-fatigue-crack-growth rate for 12Ni-5Cr-3Mo 
maraging steel in a 3% solution of sodium chloride increases to a maximum value 
and then decreases as the sinusoidal cyclic-stress frequency decreases from 600 
cpm to frequencies below 6 cpm. Similar behavior has been established for steels 
[28,35,40,61,62,70], aluminum alloys [46,59,65], and titanium alloys [46,64]. How- 
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ever, unlike the data presented in Figure 11.31, curves obtained for different cyclic 
frequencies in various environment-metal systems do not appear to be parallel 
to each other. 

The magnitude of the effect of cyclic frequency on the rate of corrosion- 
fatigue-crack growth depends strongly on the environment-material system 
[27,72]. The data presented in Figure 11.32 [72] show that the 10Ni-Cr-Mo-Co 
steels tested were highly resistant to the 3% solution of sodium chloride and that, 
of the four steels tested, the 12Ni-5Cr-3Mo steel was the least resistant to the 3% 
solution of sodium chloride. Similarly, fatigue-crack-growth rates below Ktscc 
were accelerated by a factor of 2 when 4340 steel of 130-ksi yield strength was 
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tested at 6 cpm in a sodium chloride solution (Figure 11.33) [27]. Under identical 
test conditions, the corrosion-fatigue-crack-growth rates in the same 4340 steel 
heat treated to 180-ksi yield strength were five to six times higher than the fa- 
tigue-crack-growth rates in room temperature air environments (Figure 11.33). 

The effect of various additions to aqueous solutions on the stress-corrosion 
cracking and on the corrosion-fatigue-crack-growth rates at a given cyclic fre- 
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FIG. 11.32 Fatigue-crack-growth rates in air and in 3% solution of 
sodium chloride below K~scc for various high-yield-strength steel. 

quency have been investigated for high-strength aluminum alloys, magnesium 
alloys, and titanium alloys [46]. The data suggest that the additions to aqueous 
solutions that accelerate stress-corrosion crack growth also accelerate the corro- 
sion-fatigue-crack growth and those additions that do not affect stress-corrosion 
cracking have no effect on corrosion-fatigue-crack growth. 

Extensive corrosion-fatigue data have been obtained for various aluminum 
alloys in water and water vapor environments. The results indicate that these 
environments have a significant effect on the fatigue-crack-growth rate for alu- 
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FIG. 11.33 Corrosion-fat igue-crack-growth data for a 4340 steel. 

minum alloys [59,65,73-77]. Corrosion-fatigue-crack-growth data for various 
low-yield-strength constructional steels have been investigated below Kiscc to de- 
termine the susceptibility of these steels to aqueous environments [40]. The steels 
tested were A36, A588 Grade A, A588 Grade B, A514 Grade E, and A514 Grade 
F steels in distilled water and in 3% solution of sodium chloride in distilled water. 
The tests were conducted under constant-amplitude and variable-amplitude ran- 
dom-sequence sinusoidal load fluctuations at frequencies of 60 and 12 cpm. The 
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data presented in Figures 11.34, 11.35, and 11.36 show that the addition of 3% 
(by weight) sodium chloride to distilled water had no effect on the corrosion- 
fatigue behavior of these steels. Similar data were obtained for the other steels 
that were tested [40]. The data also showed that the corrosion-fatigue-crack- 
growth-rate behavior at 60 cpm under sinusoidal loads and under square-wave 
loads were essentially identical. The increase in scatter was caused by the general 
corrosion of the specimen surfaces, which decreased the accuracy for determining 
the exact location of the crack tip. Also, the data show that the corrosion fatigue 
crack growth rate in distilled water and in 3% solution of sodium chloride in 
distilled water were essentially identical for the constructional steels investigated. 
Corrosion-fatigue data obtained by testing these steels in 3% solution of sodium 
chloride at a stress ratio, R, of 0.5 were identical to those obtained at R = 0.1, 
and corrosion-fatigue data obtained for five different heats of A588 steel were 
also identical [40]. Furthermore, corrosion-fatigue crack growth rate for the con- 
structional steels tested at 12 cpm and at stress-intensity-factor fluctuations 
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greater than about 15 ksiV'~n. (16.5 M N / m  3/2) was equal to or slightly greater 
than that observed at 60 cpm. 

The preceding information indicates that distilled water and 3% solution of 
sodium chloride in distilled water had a negligible effect on the rate of fatigue 
crack propagation in the five carbon-manganese constructional steels tested. 

11.4.3 Effect of  Cyclic-Stress Waveform 
Available data indicate that the environmental effects on the rate of fatigue- 

crack-growth in corrosion fatigue below Kiscc may be highly dependent on the 
shape of the cyclic-stress wave [35]. This dependence is illustrated by the differ- 
ence between the fatigue-crack-growth rate data for 12Ni-5Cr-3Mo steel in a 
room temperature air enviroz~rnent (Figure 11.37), and in a 3% solution of sodium 
chloride (Figure 11.38) under sinusoidal loading, triangular loading, and square 
loading at 6 cpm. The tests were conducted on identical specimens in the same 
bulk environment and at the same maximum and minimum loads. The effect of 
the cyclic wave shape on the corrosion-fatigue behavior below Kisc~ was obtained 
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from direct comparison between the crack-growth rates per cycle at a constant 
value of A K  I. 

The data presented in Figure 11.37 show that the fatigue-crack-growth rates 
in room temperature air environment are identical under various stress fluctua- 
tions and are independent of frequency. The data in Figure 11.38 show that in a 
sodium chloride solution, the crack-growth rates per cycle under sinusoidal and 
triangular stress fluctuations are almost identical. At a constant frequency, the 
environment increased the crack-growth rate by the same amount under sinu- 
soidal stress fluctuations as under triangular stress fluctuations. The data also 
show that environmental effects are negligible when the steel is subjected to a 
square-wave stress fluctuation. Corrosion-fatigue-crack-growth rates under 
square-wave loading at 6 cpm for the 12Ni-5Cr-3Mo steel tested in sodium chlo- 
ride solution were essentially the same as they were in the absence of environ- 
mental effects. By establishing the sinusoidal cyclic frequency that would result 
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in the same environmental effects on the rate of fatigue crack growth, Barsom 
[35] showed that the environmental damage below Kisc~ occurred only during 
transient loading. Corrosion-fatigue data obtained below Kiscc by using square 
waves having different dwell times at maximum and milximum loads also 
showed no environmental effects at constant tensile stresses. 

Fatigue-crack-growth data for an aluminum alloy (DTD 5070A) tested in air 
at 60 cpm showed no difference in the rate of growth under sinusoidal, square, 
and pulsed waveforms [78]. Corrosion-fatigue crack-growth data for 7075-T6 alu- 
minnm alloy tested in salt water at 6 cpm under sinusoidal, triangular, and 
square waveforms showed a behavior very similar to that presented for 12Ni- 
5Cr-3Mo steel in salt water [65]. 

11.4.4 Environmental Effects During Transient Loading 
Corrosion-fatigue-crack-growth test results for 12Ni-5Cr-3Mo maraging steel 

in 3% sodium chloride solution under sinusoidal, triangular, and square-wave 
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loading showed that environmental effects in the environment-material inves- 
tigated are significant only during the transient-loading portion of each cyclic- 
load fluctuation [35]. The difference between the effects of the sodium chloride 
solution on the rate of fatigue-crack growth during increasing and decreasing 
plastic deformation in the vicinity of the crack tip was investigated by using test 
results obtained for specimens subjected to various triangular cyclicqoad 
fluctuations. 
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The effects of the environment during increasing plastic deformation in the 
vicinity of the crack tip were separated from the effects during decreasing plastic 
deformation by studying the differences in the corrosion-fatigue-crack-growth 
rate obtained under positive-sawtooth (/1) and under negative-sawtooth (~) cy- 
clic-load fluctuations. 

The data presented in Figure 11.37 [35] show that the rates of fatigue-crack 
growth in a room temperature air environment under various cyclic-stress fluc- 
tuations are not affected by the form of the cyclic-stress fluctuations. Conse- 
quently, differences in the rates of corrosion-fatigue-crack growth among trian- 
gular waves, positive-sawtooth waves, and negative-sawtooth waves can be 
attributed primarily to variations in the interaction between plastically deformed 
metal at the crack tip and the surrounding environment. These variations result 
from differences in the pattern of stress fluctuations during each cycle. 

The corrosion-fatigue-crack-growth-rate data for 12Ni-SCr-3Mo maraging 
steel tested in 3% sodium chloride solution under various cyclic stress fluctua- 
tions are presented in Figure 11.39 [35]. The data show that the corrosion-fatigue- 
crack-growth rates determined with the negative-sawtooth wave and with the 
square wave are essentially the same as the fatigue-crack-growth rate determined 
in air. The corrosion-fatigue crack-growth rate measured under sinusoidal, tri- 
angular, and positive-sawtooth cyclic-stress fluctuations are identical but  are 
three times higher than the fatigue-crack-growth rate determined in air. Thus, 
the environment increased the fatigue-crack-growth rate significantly. 

Because the corrosive effect increased the rate of fatigue-crack growth below 
K~scc by the same amount with the triangular wave as with the positive-sawtooth 
wave, the corrosive processes in the environment-material system investigated 
were operative only while the tensile stresses in the vicinity of the crack tip were 
increasing. This conclusion is supported by (1) corrosion-fatigue data obtained 
with the negative-sawtooth wave, which showed no corrosive effect while the 
tensile stresses were decreasing, and (2) corrosion-fatigue data obtained with the 
square wave which showed no corrosive effect at constant tensile stresses. 

Fatigue-crack-growth data for 7075-T6 aluminum alloys tested in salt water 
at 6 cpm under sinusoidal, square, positive-sawtooth, and negative-sawtooth 
loading showed a behavior very similar to the that presented for the 12Ni-5Cr- 
3Mo maraging steel in salt water [65]. However, fatigue-crack-growth data for 
7075-T6 aluminum alloy tested at 105 cpm in distilled water showed no signifi- 
cant difference in the rate of growth under positive- and negative-sawtooth load- 
ings [79]. Further work is necessary to resolve the apparent discrepancy in the 
conclusions relating to the effect of waveform on the corrosion-fatigue behavior 
for high-strength aluminum alloys in water environments. 

11.4.5 Generalized Corrosion-Fatigue Behavior 
Corrosion-fatigue-crack-propagation behavior is a very complex phenome- 

non. The preceding discussions show that the behavior is strongly dependent on 
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many variables, including frequency, waveform, and stress ratio. Tests at low 
frequencies are difficult, time consuming, and very costly for Region II behavior 
and are prohibitive for the threshold behavior. Consequently, a clear understand- 
ing of the corrosion-fatigue behavior in the various regions does not exist at the 
present time. However, based on the available data, a simplified schematic char- 
acterization of this behavior may be possible. 

In an air environment, the fatigue AK I threshold, &Kth, in various steels tested 
at a stress ratio, R, of 0.1 is independent of cyclic-load frequency and is equal to 
about 5.5 ksiX/~m. Because hostile environmental effects decrease with increased 
cyclic-load frequency, the corrosion-fatigue AKth at very high cyclic-load frequen- 
cies would have a value close to that of fatigue in air. A K~scc test can be consid- 
ered a corrosion-fatigue test at extremely low cyclic-load frequency. In such tests, 
the rate of crack growth at a stress-intensity-factor fluctuation slightly lower than 
Kiscc is, by definition, equal to Kiscc. Hence, the value of the environmental AKth 
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at intermediate cyclic-load frequencies must be greater than 5.5 ksiX/v~, and less 
than the value of K~scc for the environment-material system under consideration. 
The test results showed that, at 12 cpm, the environmental &Kth for A514 steels 
in 3% solution of sodium chloride in distilled water was equal to about 
11 ksiX/~. Based on the preceding observations, and because the rate of corro- 
sion-fatigue crack growth increases to a maximum then decreases as the cyclic 
frequency decreases (Section 11.4.2), a schematic representation of the corrosion- 
fatigue behavior of steels subjected to different cyclic-load frequencies has been 
constructed (Figure 11.40). This figure is an oversimplification of a very complex 
phenomenon. 

Although significant accomplishments have been made in understanding the 
corrosion-fatigue behavior for some metal-environment systems, more is needed 
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to improve the procedures for material selection and for analysis of engineering 
structures that are subjected to cyclic loads in aggressive environments. 

11.5 Prevention of Corrosion-Fatigue Failures 

Several methods can be used to prevent or circumvent the detrimental effects of 
corrosion fatigue on structural performance. These methods may be easy to iden- 
tify, but  their implementation may be difficult or very costly. The effectiveness 
of a given method or a combination of methods depends on the particular 
material-environment system under consideration. Although a number of 
parameters are involved in the selection process, several preventive methods 
can be eliminated by establishing the basic function of the material and of the 
environment in the system. For example, changing the characteristics of the en- 
vironment may not be a viable method if the environment is the desired product 
of the manufacturing operation. 

Some methods that are currently in use to prevent or circumvent the detri- 
mental effects of corrosion fatigue on the performance of structural components 
are presented in this section. A discussion of the advantages and limitations of 
these methods is beyond the scope of this document. 

1. Isolate the environment and the material. This can be accomplished by placing 
a barrier between the environment and the material. Barriers that have been 
used include metallic coatings (e.g., zinc, chrome), organic coatings (e.g., 
paint), inorganic coatings (e.g., glass), ceramic and rubber liners, and 
clading. 

2. Alter the severity of the environment. This can be accomplished by chemically 
removing the aggressive constituents in the environment, by increasing the 
pH of the environment, or by decreasing the temperature, flow rate, and 
concentration of the environment. 

3. Apply cathodic protection. This can be accomplished by externally imposed 
negative potential or a galvanically generated potential. Sacrificial anodes 
are frequently used for cathodic protection of structures. 

4. Alter the surface characteristics of the material. This can be accomplished by 
inducing favorable compressive stresses on the material surfaces that are 
exposed to the environment. Compressive surface stress can be induced by  
using induction hardening (which is used successfully for sucker rods), shot 
peening, as well as others. These favorable compressive surface stresses may 
not minimize corrosion-fatigue crack-initiation or general corrosion but  
could significantly decrease and possibly eliminate crack propagation. 

5. Substitute more resistant material. In general, materials resistant to a given 
environment are available. However, care should be exercised in the 
selection process to ensure: (a) that the substitute material possesses all the 
other properties that are essential for its use in the particular application; (b) 
that the substitute material will not fail by  a mechanism other than 
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corrosion fatigue (for example, grain-boundary embrittlement, chloride 
cracking, etc.) to which the other material was immune; and (c) that the 
material selection is based on its resistance to corrosion fatigue in the 
environment rather than its resistance to other damage mechanisms such as 
corrosion or stress-corrosion cracking in the environment. 

6. Design the components to prevent the initiation or the propagation of cracks to a 
critical size. For a given material-environment system, this can be 
accomplished by using data similar to that presented in this chapter to 
design the structural components properly against corrosion-fatigue damage 
or to establish inspection procedures and inspection intervals that would 
ensure the safe operation of the structure in the environment of interest for 
the design life of the component (safe life approach). 

The preceding presents possible options to prevent or circumvent structural 
damage caused by corrosion fatigue. The usefulness of any of these methods 
depends on the particular application. For example, isolating the environment 
and the material eliminates the detrimental effects of the environment but does 
not minimize damage caused by fatigue. Also, the effectiveness of these methods 
to prevent corrosion-fatigue crack initiation may be different than for propaga- 
tion. For example, cathodic protection can have a significant role in preventing 
or retarding the initiation of corrosion-fatigue cracks but may have little or no 
effect on the corrosion-fatigue crack-propagation behavior. Because of these and 
other considerations, extreme care and sound engineering judgement should be 
exercised in the selection of the appropriate method to prevent or circumvent 
corrosion-fatigue damage and to ensure the safety, reliability, and cost effective- 
ness of the structure. 
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Fracture and Fatigue Control 

12.1 Introduction 

THE OBJECTIVE in the structural design of large complex structures, such as 
bridges, ships, pressure vessels, buildings, etc., is to optimize the desired per- 
formance, safety requirements, and cost (i.e., the overall cost of materials, design, 
fabrication, operation, and maintenance). In other words, the purpose of engi- 
neering design is to produce a structure that will perform the operating function 
efficiently, safely, and economically. To achieve these objectives, engineers make 
predictions of service loads and conditions, calculate stresses in various structural 
members resulting from these loads and service conditions, and compare these 
stresses with the critical stresses for the particular failure modes that may lead 
to failure of the structure. Members are then proportioned and materials specified 
so that failure does not occur by any of the possible failure modes. Because the 
response to loading can be a function of the member geometry, an iterative pro- 
cess may be necessary. 

Possible failure modes that usually are considered are: 

1. General yielding or excessive plastic deformation. 
2. Buckling or general instability, either elastic or plastic. 
3. Subcritical crack growth (fatigue, stress-corrosion, or corrosion fatigue) 

leading to loss of section or unstable crack growth. 
4. Unstable crack extension, either ductile or brittle, leading to either partial or 

complete failure of a member. 

Although other failure modes exist, such as corrosion or creep, the above- 
mentioned failure modes are the ones that usually receive the greatest attention 
by structural engineers. Furthermore, of these four failure modes, engineers usu- 
ally concentrate on only the first two and assume that proper selection of ma- 
terials and design stress levels will prevent the other two failure modes from 
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occurring. This reasoning is not always true and has led to several catastrophic 
structural failures. In good structural design, all possible failure modes should 
be considered. 

In the case of fracture or fatigue, many of the fracture-control guidelines that 
have been followed to minimize the possibility of fractures in structures are fa- 
miliar to structural engineers. These guidelines include knowing the service con- 
ditions to which the structure will be subjected, the use of structural materials 
with adequate fracture toughness, elimination or minimization of stress raisers, 
control of welding procedures, proper inspection, and the like. When these gen- 
eral guidelines are integrated into specific requirements for a particular structure, 
they become part of a fracture-control plan. A fracture-control plan is therefore 
a specific set of recommendations developed for a particular structure and should 
not be indiscriminantly applied to other structures. 

The development of a fracture-control plan for large structures, such as 
bridges, pressure vessels, and ships, is complex. Despite the difficulties, attempts 
to formulate a fracture-control plan for a given application, even if only partly 
successful, should result in a better understanding of the possible fracture char- 
acteristics of the structure under consideration. 

The total useful life of a structural component subjected to repeated loading 
generally is determined by the time necessary to initiate a crack and to propagate 
the crack from subcritical dimensions to a critical size. The life of the component 
can be prolonged by extending the crack-initiation, subcritical-crack propagation, 
and unstable-crack propagation (fracture) characteristics of structural materials. 
These factors are primary considerations in the formulation of fracture-control 
guidelines for structures. 

Unstable crack propagation is the final stage in the useful life of a structural 
component subject to failure by the fracture mode. This stage is governed by the 
material fracture toughness, the crack size, and the stress level. Consequently, 
unstable crack propagation cannot be attributed only to material fracture tough- 
ness, or only to stress conditions, or only to poor fabrication, but  rather to par- 
ticular combinations of the foregoing factors. However, if any of these factors is 
significantly different from what is usually obtained for a particular type of struc- 
ture, the possibility of failure may increase markedly. 

Structural materials that have adequate fracture toughness to prevent frac- 
tures at service temperatures and loading rates are available. However, when 
these structural materials are used in conjunction with inadequate design or poor 
fabrication, or both, the safety and reliability of a structural component cannot 
be guaranteed. Thus, the useful life of a structural component depends on the 
magnitude and fluctuation of the applied stress, the magnitude of the stress- 
concentration factors and constraint, the size, shape, and orientation of any initial 
discontinuities, the stress-corrosion susceptibility, the fatigue characteristics, and 
the corrosion-fatigue behavior of the structural material in the environment of 
interest. Because most of the useful life is expended in initiating and propagating 
cracks at low values of the stress-intensity factor, an increase in the fracture 
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toughness of the steel may have a small effect on the useful life of a structural 
component whose primary mode of failure is fatigue. Despite these facts, over- 
simplification of failure analyses has led some to advocate the philosophy that 
structures should be fabricated of "forgiving materials." Such materials are char- 
acterized as having sufficient fracture toughness to fracture in a ductile manner 
at operating temperatures and under impact loading, even though the structure 
may be subjected to slow or intermediate loading rates. The use of these materials 
is advocated to "forgive" any mistakes that may be committed by the designer, 
fabricator, inspector, or user. While this approach to ensure safety and reliability 
of structures may work in some cases, it perpetuates a false sense of security, 
places an unjustifiable burden on the structural material, and unnecessarily in- 
creases the cost of the structure. 

Another prevalent yet unfounded philosophy advocates that the primary 
cause of fractures in welded structures is the inherent inferior characteristics of 
the weldments. These characteristics include yield-strength residual stresses and 
weld discontinuities. Advocates of this philosophy often neglect to consider en- 
vironmental effects, cyclic history, and stress redistribution caused by load fluc- 
tuation or proof tests. Furthermore, when an obvious weld discontinuity does 
not exist in the vicinity of the fracture origin, the cause of failure is attributed to 
"micro-weld" defects. Although residual stress and weld discontinuities can con- 
tribute to failure, the foregoing oversimplification can lead to an incorrect frac- 
ture analysis of a structural failure. The use of oversimplification or gross ex- 
aggerations in the analysis of failures, exemplified by these philosophies, can 
lead to erroneous conclusions. Correct diagnosis and preventive action can be 
established only after a thorough study of all the pertinent parameters related to 
the specific problem under consideration. An integrated look at these parameters 
and their synergistic effect on the safety and reliability of a structure is necessary 
to develop a fracture-control plan. 

As pointed out earlier, the recent development of fracture mechanics has 
been extremely helpful in synthesizing the various elements of fracture-control 
plans into more unified quantitative plans than was possible previously. Specif- 
ically, fracture mechanics has shown that although numerous factors (e.g., service 
loading, material fracture toughness, design, welding, residual stresses) can con- 
tribute to fractures in large welded structures, there are three primary factors 
that control the susceptibility of a structure to fracture, namely, 

1. Fracture toughness of a material at a particular service temperature, loading 
rate, and plate thickness. 

2. Size, shape, and orientation of a crack or a discontinuity at possible 
locations of fracture initiation. 

3. Tensile stress level, including effects of residual stress, stress concentrations, 
and constraint. 

When the particular combination of stress and crack size in a structure 
reaches the critical stress-intensity factor for a particular specimen thickness and 
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loading rate, fracture can occur. It is the specific intent of any fracture-control 
plan to establish the possible ranges of K I that might be present throughout the 
lifetime of a structure because of the various service loads and to ensure that the 
critical stress-intensity factor (K c, Kit, Kic(t ), K1a, or other critical values such as 
K~,cc ) for the materials used is sufficiently large so that the structure will have a 
safe life. Figure 12.1 is a schematic showing the relation between stress, flaw size, 
and fracture toughness, as has been discussed previously in this book. 

One of the key questions in developing a fracture-control plan for any par- 
ticular structure is how large must the degree of safety and reliability be for the 
particular structure in question. The degree of safety and reliability needed, 
sometimes referred to as the factor of safety, is often specified by a code. How- 
ever, the degree of safety depends on many additional factors such as conse- 
quences of failure or redundancy and, thus, varies even within a generic class of 
structures. 

Accordingly, a fracture-control plan is developed only for the specific struc- 
ture under consideration and can vary from one which must, in essence, provide 
assurance of very low probability of service failures to one which may allow for 
occasional failures. An example of the former situation would be a nuclear power 
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plant structure where the consequences of a structural failure are such that even 
a minor failure is not tolerable. In the latter case, where the consequences of 
failure might be minimal, it would be more efficient and economical to maintain 
and replace parts periodically rather than design them so that no failures occur. 
An example of a situation where service failure could be tolerated might be the 
loading bed of a dump truck where periodic inspection would indicate when a 
plate would need to be repaired or replaced. In this case, the consequences of 
failure would be minor. 

In commenting on fracture-control plans, George Irwin [1] noted that, 

"For certain structures, which are similar in terms of design, fabrication 
method, and size, a relatively simple fracture control plan may be possible, 
based upon extensive past experience and a minimum adequate fracture 
toughness criterion. It is to be noted that the fracture control never depends 
solely upon maintaining a certain average fracture toughness of the material. 
With the development of service experience, adjustments are usually made in 
the design, fabrication, inspection, and operating conditions. These adjust- 
ments tend to establish adequate fracture safety with a material quality which 
can be obtained reliably and without excessive cost." 

12.2 Historical Background 

Prior to about 1940, fracture-control plans or fracture-safety guidelines did not 
exist in a formalized sense. Most large structures were built from low-strength 
materials using thin, riveted plates with the structural members arranged so that 
in the event of failure of one plate the fracture was usually arrested at the riveted 
connections. Thus, although there were some exceptions as noted in Chapter 1, 
most failures were not catastrophic. While it is true that the number of failures, 
in particular structural situations, was reduced by various design modifications 
based on experience from previous failures, the first general overall fracture-control 
guideline was merely to use lower design stress levels. One of the early fracture- 
control applications was in the boiler and pressure-vessel industry where the 
allowable stress was decreased continually as a certain percentage of the maxi- 
mum tensile stress, thereby decreasing the number of service failures in succeed- 
ing years. 

A second general guideline to fracture control was to eliminate stress concentra- 
tions as much as possible. In the early 1940s, brittle fracture as a potentially 
serious problem for large-scale structures was brought to the designer's attention 
by the large number of World War II ship failures. The majority of fractures in 
the Liberty ships started at the square hatch corners of square cutouts at the top 
of the shear strake. The design changes involving rounding and strengthening 
of the hatch corners, removing square cutouts in the shear strake, and adding 
rivets and crack arresters in various locations led to an immediate reduction in 
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the incidence of failures in these vessels. Thus, the second general type of frac- 
ture-control guideline was that of design improvements to minimize stress 
concentrations. 

The ship-failure problem called attention to a general problem involving 
welding. The World War II shipbuilding program was the first large-scale use of 
welding to produce monolithic structures where cracks could propagate contin- 
uously from one plate to another, in contrast to arresting in multiple-plate riveted 
structures. While problems of fracture were apparent prior to the large-scale use 
of welding, there was evidence that the nature of welded structures provided 
for continued extension of a fracture, which can result in total failure of a struc- 
ture. Previous experience with riveted structures indicated that brittle fractures 
were usually limited to a single plate. 

The third general type of fracture control was to improve the notch toughness 
of materials. The first material-control guideline occurred about the late 1940s 
and early 1950s following extensive research on the cause of the ship failures. 
The particular fracture-control guideline was the observation that plates having 
a CVN impact energy value greater than 10 ft-lb at the service temperature did 
not exhibit fracture but rather arrested any propagating cracks. Studies indicated 
that generally the ship fractures experienced during World War II did not occur 
at temperatures above the 10-ft-lb Charpy V-notch impact energy transition tem- 
perature. This observation led to the development of the 15-ft-lb transition- 
temperature criterion as a means of fracture control. Early in the 1950s, devel- 
opment of the nil-ductility transition-temperature test led to another general 
fracture-control guideline for structural materials, namely, that the NDT temper- 
ature of structural steels should be below the service temperature when loaded 
dynamically. 

Since that time, the development of general criteria for prevention of brittle 
fractures, or at least analyses of methods for designing to prevent brittle fractures, 
have been numerous. These included the development of the fracture analysis 
diagram (FAD) by the Naval Research Laboratory, the early use of fracture- 
mechanics concepts in the Polaris missile motor case failures, and the turbine- 
rotor generator spin test analyses. In the 1960s and 1970s, rapid development of 
fracture mechanics as a research tool and eventually as an engineering tool led 
to the use of fracture-mechanics concepts in the development of fracture criteria 
for several structures such as nuclear pressure vessels [2], various aircraft struc- 
tures, and bridges [3]. In the 1980s and 1990s fracture-control plans became more 
prevalent, for example, the space shuttle and offshore drilling rigs. Two recent 
documents used in fracture and fatigue control plans are PD6493-Guidance On 
Methods for Assessing the Acceptability of Flaws in Fusion Welded Structures 
[4], and ASME Section XI Rules for In Service Inspection of Nuclear Power Plant 
Components [5]. Recently FEMA issued Interim Guidelines for Welded Steel Mo- 
ment Frame Structures [6,7]. 

However, the three basic elements of fracture control, that is, (1) use a lower 
design stress, (2) minimize stress concentrations, and (3) use materials with im- 
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proved notch toughness, have long been known to engineers. Fracture mechan- 
ics' basic contribution is to make these guidelines quantitative and to show the 
relative importance of each of these elements. 

Although the literature has been dominated with the use of fracture me- 
chanics as a research tool, George Irwin [1] has stated that: 

"The practical objective of fracture mechanics is a continuing increase in the 
efficiency with which undesired fractures of structural components are pre- 
vented. The fracture control plans most commonly used in the past have not 
possessed a high degree of efficiency. Generally the visible portions of such 
plans consist in statements of minimum required toughness and in statements 
of inspection standards. No quantitative connection between these two fracture 
control elements is employed in establishing these statements. The unseen 
parts consist mainly in adjustments of design and fabrication. After enough 
years of experience so that further adjustments of design and fabrication are 
unnecessary, the fracture control plan is complete. The plan then consists of 
certain minimum fracture toughness requirements and adherence to certain 
inspection requirements plus the state-of-art methods of design and fabrication 
which fracture failure experience showed to be desirable or necessary. Proof 
testing has the great advantage, where employed, because much of the fracture 
failure experience necessary for development of the plan tends to occur in the 
proof test rather than in service. The use of transition temperature based mea- 
surements rather than fracture mechanics based measurements of fracture 
toughness is not a significant disadvantage to the reliability of such plans, once 
established. However, the efficiency may be low and use of fracture mechanics 
methods would  be helpful in designing modifications toward improved 
efficiency." 

12.3 Fracture and Fatigue Control Plan 

Section 12.1 described general elements of a fracture-control plan. It should be 
reemphasized that all possible failure modes should be considered during a struc- 
tural design. Textbooks on the design of particular types of structures (bridges, 
buildings, pressure vessels, aircraft, etc.) should be used to design to prevent 
failures by typical failure modes such as buckling, yielding, and so on, and ap- 
propriate textbooks should be consulted to design to prevent environmental fail- 
ures such as by corrosion. The purpose of this particular book is to provide 
technical information and design guidelines that can be used to prevent failure 
by fracture or subcritical crack growth leading to fracture. 

The four general elements of a fracture-control plan are as follows: 

1. Identification of factors that may contribute to the fracture of a structural 
member or to the failure of an entire structure. Include an analysis of 
service conditions and loadings. 
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2. Establishment of the relative contribution of each of the factors to a possible 
fracture or failure of a member or a structure. 

3. Determination of the relative efficiency and tradeoffs of the various factors 
to minimize the possibility of either failure of a member or of the structure. 

4. Recommendation of specific design considerations to ensure the safety and 
reliability of the structure against failure. These would  include specific 
requirements for material properties, design stress levels, fabrication 
procedures, and inspection requirements. Codes often provide some of this 
information, but it is the responsibility of the Engineer of Record to ensure 
that all failure modes have been addressed adequately. 

These four elements are described in general in the following sections, re- 
alizing that the details of any fracture-control plan depend on the particular 
structure being analyzed. 

12.3.1 Identification of the Factors 
The first step in all structural design is to established the probable loads and 

service conditions throughout the design life of a structure. Usually the live loads 
are specified by codes, for example, American Association of State Highway and 
Transportation Officials (AASHTO) for bridges, or performance criteria such as 
operating pressures in pressure vessels or payload requirements in aircraft struc- 
tures. These types of loadings usually are reasonably well defined, although there 
are certain types of structures such as ships where the loading is not well defined. 
Nonetheless, the first step is to establish the probable loads. 

From a fracture-toughness viewpoint, a major decision is determining the 
rate at which these loads are applied, since this establishes whether K c or K~c for 
slow loading, or a Kit(t) value for an intermediate loading rate, or Kia for impact 
loading should be the controlling fracture toughness parameter. 

Wind loads, hurricane loadings, sea-wave loadings, and so on are estab- 
lished by field measurements in the particular location of the structure in the 
world. Also, field measurements on similar types of structures are used to esti- 
mate the effect of these loads on structural response and behavior. Earthquake 
loadings for particular regions are based on experience plus various code re- 
quirements, as well as a judgement factor related to the degree of conservatism 
desired for a particular structure. 

Repeated or fatigue loading is usually established by the particular design 
function of the structure. That is, bridges are subjected to fatigue by the move- 
ment of vehicles, and thus fatigue must be considered in the design of bridges, 
whereas, except for earthquake loadings, the loads on buildings are primarily 
dead loads so fatigue is usually neglected. Fatigue loadings can be constant am- 
plitude, such as rotating machinery, or variable amplitude, such as for bridges 
or aircraft structures. Regardless of the type of loading, fatigue can result in 
subcritical crack growth by  various means, as was described in Chapters 7-11. 
Thus, even though the initial flaw size may be small (based on quality of fabri- 
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cation), the possibility of larger cracks is present when the structure is subjected 
to repeated loading. 

Chemical or environmental factors such as corrosion, stress corrosion, cavi- 
tation, and so on must be considered for various structures, depending on the 
particular design function of the structure. Crack growth by stress corrosion and 
corrosion fatigue were described in Chapter 11. 

From a fracture viewpoint, temperature can have a significant effect on the 
service behavior of structural members. For those structures fabricated from ma- 
terials that exhibit a brittle to ductile transition in behavior (primarily the low- 
to medium-strength structural steels), the minimum service temperature must be 
established. 

Quality of fabrication and assurance that quality is actually achieved gen- 
erally controls the initial crack or defect size. These items are very important 
factors that should be established so that some estimate of possible initial flaw 
can be made. 

Obviously, the inherent fracture toughness (Kc, Kic , Kic(t), or  Kid ) of a struc- 
tural material based on the particular chemistry and thermo-mechanical treat- 
ment is a primary factor that may contribute to the fracture behavior of the 
material. 

The point is that for each structure for which a fracture-control plan is de- 
sired, the designer should consider all possible loadings and service conditions 
before the selection of materials or allowable stresses. In this sense, the basis of 
structural design in all large complex structures should be an attempt to optimize 
the desired performance requirements in terms of the service loadings relative to cost 
considerations so that the probability of failure is low. Accordingly, if the possible 
failure mode is brittle fracture, then the (Kc/o-ys) 2 ratio (at the appropriate loading 
rate, temperature, and plate thickness) should be selected to minimize the prob- 
ability of fracture. However, if the desired performance requirements are such 
that the overall weight of the structure must be minimized, then another possible 
"failure mode" would be nonperformance because of excessive weight, and there- 
fore a higher allowable design stress must be used. Because the allowable design 
stress is usually some percentage of the yield strength, a high-yield-strength ma- 
terial usually is specified. 

These two requirements of (1) a high (Kc/o-ys) 2 ra t io  and (2) a high yield 
strength (O'ys) are sometimes conflicting, and a compromise often must be 
reached. However, as long as this analysis is made prior to material selection and 
establishment of design or allowable stresses, the designer has a very good 
chance of achieving a "balanced design" in which the performance requirements as 
well as the prevention of failure requirements both are met as economically as pos- 
sible. A design example for selection of a material for a specific pressure-vessel 
application based both on performance and minimum weight was presented in 
Chapter 6 and showed the advantages of the fracture-mechanics approach to 
design. 

Often it is not possible to change materials for a particular structure because 
of existing codes, past practices, or economics. Also, in the case of a fitness-for- 
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service, or life-extension analysis, the materials and fabricated details already are 
in existence. In these cases, a limited fracture-control plan still can be effective 
by reducing the design stress levels, restricting the range of operating tempera- 
tures, improving the quality of inspection, and so on. Thus, even though it is 
desirable to develop complete fracture-control plans during the early design 
stages, it is not always possible to do so. However, considerable benefits can still 
be realized by limited fracture-control plans developed at later stages in the life 
of a structure. This "plan" would  be based on a fitness-for-service analysis. In 
all cases, the designer should identify as closely as possible all service conditions 
and loadings to which the structure will be subjected or in the case of a fitness- 
for-service analysis, the loadings to which the structure is being subjected. 

12.3.2 Establishment of the Relative Contribution 
Fracture mechanics technology has shown that the many factors that can 

contribute to fracture in large welded structures can be incorporated into the 
three primary factors that control the susceptibility of a structure to fracture, 
namely (1) tensile stress level (or) and stress range (A~r) if loaded in fatigue, (2) 
material fracture toughness (preferably obtained in terms of K c, Kic, Kic(t ) or Kid ) 
and (3) crack size, shape, and orientation (a). As shown schematically in Figure 
12.1, these factors can be related quantitatively using the K I relationships devel- 
oped in Chapter 2. 

The contribution of the various types of loadings to the possibility of a frac- 
ture occurs primarily in the calculation of the maximum value of stress which 
can occur in the vicinity of a crack. The calculation of these stresses ranges from 
simple calculation of 
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I 

to extremely complex finite element analysis solutions for various structural 
shapes such as plates, shells, and box girders. 

For welded construction, the possibility of residual stresses exists, and the 
local stress level can be of yield-strength magnitude. In fact, it is often assumed 
that local yielding exists in the vicinity of welds or even severe stress concentra- 
tions. The ductility of structural materials is relied upon to redistribute these 
stresses so that premature failure does not occur. However, as will be noted in 
Chapter 16, the inherent ductility of steels can be greatly constrained by the 
development of triaxial stress in highly constrained welded connections. 

If the possibility of fracture exists, the designer may want to assume that 
localized yield stresses are present in portions of the structure where cracks can 
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be present and to calculate the resistance to fracture accordingly. That is, deter- 
mine the critical crack size at yield stress loading (Figure 12.1) and compare it 
with the maximum possible flaw size based on fabrication and inspection 
capabilities. 

Figure 12.2 is a schematic showing the effect of local residual stresses on 
crack growth as well as the effects of plane-strain or plane-stress conditions on 
subsequent fatigue-crack growth. Figure 12.3 is a schematic showing the effect 
of service temperature on critical flaw size, and Figure 12.4 is a schematic show- 
ing the design use of K~scc. 

Referring to Figures 12.1-12.4, the following general conclusions can be 
made with respect to fracture control regarding the relative contribution of stress 
level, material fracture toughness, and crack size. 

1. In regions of high residual stress, where the actual stress can equal the yield 
stress over a small region, the critical crack size is computed for O ' y i e l d  

instead of the design stress, O ' d e s i g  n . If, for the particular structural material 
being used, both the base metal and the weld metal are sufficiently tough 
(e.g., Material B in Figure 12.1), the critical crack size for full yield stress 
loading should be satisfactory. Under fatigue loading, a crack can grow out 
of the residual stress zone, and the critical crack size becomes the value at 
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FIG. 12.2 Schematic showing effect of local residual stresses and plane-strain to 
plane-stress transition (loss of constraint) on fatigue-crack growth. 
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size. 

the design stress level. Note that the "critical crack size" in a particular 
material is dependent on the particular design stress level, and, therefore, is 
not a material property. 

2. Depending on the level of fracture toughness of the material, any crack 
which does initiate in the presence of residual stresses (a o, Figure 12.2) could 
arrest quickly as soon as the crack propagates out of the region of high 
residual stress. However, the initial crack size for any subsequent fatigue- 
crack growth then may be fairly large (ai, Figure 12.2). 
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FIG. 12.4 Schematic showing design use of K,scc: (a) relation among K., K~c 
and K~s~; (b) relation between crack growth by fatigue or corrosion fatigue 
and by stress corrosion. 

3. For the design stress level, determine the calculated critical crack size. If it is 
large compared to the plate thickness, subcritical crack growth (by fatigue) 
should lead to relaxation of the constraint ahead of the crack, resulting in 
plane-stress or elastic-plastic behavior. For this case the critical stress- 
intensity factor for plane stress, K c, will be greater than K~c or K~d, which is 
an additional degree of conservatism (Figure 12.2). 
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4. Materials with low fracture toughness values can be used if 
(a) the applied stresses under tensile loads are reduced, 
(b) residual compressive stresses applied to the component by shotpeening 

or induction case hardening are used to inhibit crack initiation such as 
the case for gear teeth or landing gears, 

(c) the distribution of stresses causes the initiation, propagation and arrest 
of cracks in a decreasing stress field, 

(d) the crack orientation is not in a critical plane to cause unstable crack 
extension such as the case for "shelling" in rails. 

5. The relative contribution of temperature is, of course, to establish the 
particular level of fracture toughness to be used in calculating the stress 
crack-size trade-offs. That is, as shown in Figure 12.3a, K~c (or Kid ) c an  vary 
with temperature for certain structural materials. Thus, the Kic values at 
temperatures T~, T2, and T 3 are different and lead to different values of 
critical flaw size even though the design stress remains constant, Figure 
12.3b. 

6. The relative effect of fatigue loading is to grow a crack of initial size a 0 to a~r 
(Figure 12.1). The number of cycles (or time in the case of stress corrosion) 
required to grow an existing crack to critical size was discussed in Chapters 
7-11. 

7. Subcritical crack growth by stress corrosion was discussed in Chapter 11. 
For materials susceptible to stress corrosion, a reasonable design practice for 
sustained-load applications is to use Kiscc as a limiting design curve (rather 
than Klc so that "failure" is defined as the start of stress-corrosion crack 
growth, as shown in Figure 12.4b. This conservative practice is followed 
because once stress-corrosion crack growth is started, it is only a matter of 
time until the K I level reaches K k and complete failure occurs. That is, 
fatigue-crack growth is usually considered to be deterministic because the 
number of cycles of loading can be estimated. However, the rate of stress- 
corrosion crack growth is extremely difficult to predict because of the large 
number of variables such as chemistry of the corrodent, concentration of 
corrodent at the crack tip, and temperature. Thus, once the Kis~ level is 
reached, a realistic design approach for sustained-load applications is to 
consider failure to be imminent. 

Using these guidelines, the relative contribution of material properties, (K c, 
K~c, Kic(t), Kid, KI .... da/dN),  stress level (or), and crack size (a) can be established 
for a given set of service conditions for a particular structure. 

12.3.3 Determination of Relative Efficiency 
Previously, it has been established that the three primary factors that control 

the susceptibility of a structure to fracture a r e :  

1. Tensile stress level, including effects of constraint, residual stresses, and 
stress concentrations. 
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2. Size, shape, and orientation of the crack or the discontinuities. 
3. Material fracture toughness at the particular temperature, loading rate, and 

plate thickness. 

Thus, there are three general design approaches to minimize the possibility 
of fracture in a structural member, and each of these is directly related to the 
preceding factors: 

1. Decrease the tensile stress level. 
2. Minimize initial discontinuities. 
3. Use materials with improved fracture toughness. 

Each of these design approaches has been used by engineers in various types 
of structures for many years. The technology of fracture mechanics merely makes 
the process more quantitative. Using fracture-mechanics terminology, fracture 
control is simply making sure that K~ ( K c (or K~c, KId, etc.) at all times, much 
like keeping ~ ( O-y~ to prevent yielding. 

For example, Figure 12.5 shows that for the same quality of fabrication and 
inspection as well as the same critical material fracture toughness, KI~ or K~, 
reducing the design stress or stress fluctuation leads to a new margin of safety. 
This new margin of safety can be either a larger margin of safety against fracture 
or an increased fatigue life because of the possibility of larger subcritical crack 
growth before failure. 

Figure 12.6 shows the general effect of improving the quality of fabrication 
and inspection while using the same design stress level and material. Finally, 
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FIG. 12.5 Schematic showing effect of lowering the design stress on fracture control. 
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FIG. 12.6 Schematic showing effect of reducing the initial flaw size on fracture 
control. 

Figure 12.7 shows the general effect of using a structural material with improved 
fracture toughness and the same design stress and quality of fabrication. These 
examples lead to the general conclusion that because Kic -~ Co-V~a, it would be 
expected that increasing K~c or decreasing o- would have a greater effect on the 
resistance to fracture than would reducing the initial crack size, a o. Also, it is 
usually easier to determine r or Kic than a o. However, because the primary pa- 
rameter that governs the rate of subcritical crack growth is the stress-intensity 
factor range, AK I, raised to power of 2 or higher, decreasing r or &r results in a 
much more significant increase in the useful fatigue life of most structural com- 
ponents than does increasing KIc. 

For those cases where fatigue-crack growth is a consideration, such as in 
bridges or ships, the total useful design life of a structural component can be 
estimated from the time necessary to initiate a crack and to propagate the crack 
from subcritical dimensions to the critical size. The life of the component can be 
prolonged by extending the crack-initiation life and /or  the subcritical-crack- 
propagation life. In an engineering sense, the initiation stage is that region in 
which a very small initial discontinuity or crack grows to become a measurable 
propagating fatigue crack. The subcritical-crack-growth stage is that region on 
which a propagating fatigue crack follows one of the existing crack-growth laws, 
for example, da /dN  = A �9 AK TM, as described in Chapter 9. The unstable crack 
growth stage is that region in which fatigue-crack growth is very rapid, or frac- 
ture occurs, or ductile tearing occurs, resulting in loss of section and failure. 
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FIG, 12.7 Schematic showing effect of using material with better fracture 
toughness (Improved K~) on fracture control, 

The effect of each of three primary factors that control the total life of a 
structure subjected to fatigue loading may be summarized as follows: 

Tensile stress Large effect on life (Region I--Figure 12.8) because the rate 
of fatigue-crack growth is decreased significantly as the ap- 
plied stress range is decreased (o.1 compared with o" 2, Figure 
12.8). Design stress range (O-ma • - O ' m i n )  is the primary factor 
to control. 

Flaw size Large effect on life (Region II--Figure 12.8) because the rate 
of fatigue crack growth decreases asymptotically as the flaw 
size decreases. Quality of fabrication and quality assurance 
by inspection are the primary factors to control. 

Material fracture 
toughness 

(A) Large effect on life in moving from plane-strain behav- 
ior to elastic-plastic behavior (Region III--Figure 12.8). For 
example, the AASHTO Material Fracture Toughness Re- 
quirements ensure this level of performance under inter- 
mediate rates of loading. For most structural applications, 
some moderate level of elastic-plastic behavior at the ser- 
vice temperature and loading rate constitutes a satisfactory 
criterion. 
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FIG. 12.8 Schematic showing effect of fracture toughness, stress, and flaw size on 
improvement of life of a structure subjected to fatigue loading. 

(B) Small effect on life in moving from elastic-plastic be- 
havior to plastic behavior (Region IV--Figure 12.8) because 
the rate of fatigue-crack growth becomes so large that even 
if the critical crack size (act) is doubled or even tripled, the 
effect on the remaining fatigue life is small. 

In summary, stress-crack-size-fracture toughness relations such as pre- 
sented in Figures 12.1-12.8 should be used to determine the general design ap- 
proach to minimize the possibility of fracture in the particular type of structure 
considered. Although the preceding three methods of minimizing the possibility 
of fracture (use lower design stress, better fabrication, or tougher materials) are the 
basic design approaches, other design methods can be used which are also very 
effective. These methods include the following: 

1. Use structural materials whose notch toughness is such that the materials 
would fail by plastic deformation even under the most severe operating 
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conditions to which the structure may be subjected. The use of HY-80 steel 
for submarine hull structures is an example of this method. This method is 
an extreme use of the method just described of using materials with 
improved notch toughness. However, as shown in Figure 12.8, this method 
is not that effective for structures subjected to fatigue loading. Also, it is 
expensive, and the structure still may fail by other modes. 

2. Provide multiple-load fracture paths so that a single fracture cannot lead to 
complete failure. If the geometry of a single-span bridge structure is a single 
box girder such that the failure of the single tension flange leads to collapse 
of the bridge, then the structure is a single-load-path structure. However, if 
the geometry consists of eight independent structural members supporting 
the deck, then the structure is a multiple-load-path structure and is much 
more resistant to complete failure than is the single box girder. 

Another example is a truss member composed of one structural shape 
(e.g., a wide-flange shape in tension) or multiple shapes (e.g., four to ten 
eye-bar members parallel to each other). The former is a single-load path 
structure, while the latter is a multiple-load-path structure. 

The distinguishing feature is whether or not, in the event of fracture of 
a primary structural member, the load can be transferred to and carried by 
other members. If so, the structure is a multiple-load-path one; if not, the structure 
is a single-load-path one. In this sense, multiple-load-path structures are 
usually more resistant to failure than single-load-path structure. For 
example, if a single member fails in a single-load path structures, the entire 
structure may collapse, as occurred with the Silver Bridge at Point Pleasant, 
West Virginia [8]. Conversely, if a single member fails in a multiple-load- 
path structure, the entire structure may not collapse. This type of behavior 
was demonstrated in the failure of the Kings Bridge in Australia [9]. That is, 
at the instant of failure, the failed span in the Kings Bridge contained three 
cracked girders. One member had cracked while the girders were still in the 
fabrication shop. A second girder failed during the first winter the bridge 
was opened to traffic, a full 12 months before the failure of the bridge. 
Failure of the third girder led to final failure, although architectural concrete 
sidewalls (which added to the multiple-load paths of the overall structure) 
prevented complete collapse. 

Fatigue-crack propagation in multiple-load-path structures may occur 
under constant deflection, which corresponds to a decreasing stress field 
intensity, rather than under constant load. Thus, cracks propagating in 
multiple-load-path structures may eventually arrest and, although 
individual structural components will have to be replaced or repaired, 
complete failure of the structure is not expected to occur so long as 
redistribution of load can occur. 

3. Provide crack arresters so that in the event that a crack should initiate, it will 
be arrested before complete failure occurs. Crack arresters or a fail-safe 
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philosophy (i.e., in the event of "failure" of a member, the structure is still 
"safe") have been used extensively in the aircraft industry as well as the 
shipbuilding industry. A properly designed crack-arrest system must satisfy 
four basic requirements, namely, 
a. Be fabricated from structural material with a high level of fracture 

toughness. 
b. Have an effective local geometry, such as is shown in Figure 12.9. 
r Be located properly within the overall geometry of the structure. 
d. Be able to act as an energy-absorbing system or deformation-restricting 

system in cases such as gas-pressurized line pipes where the primary 
crack-driving force is the separation of the crack surfaces behind the 
crack front. 

4. Control fatigue-crack growth. If fatigue-crack growth is possible, the same 
general design methods described for fracture control also apply because of 
the correspondence between a fracture-control plan based on restriction of 
fatigue-crack initiation, fatigue-crack propagation, and fracture toughness of 
materials and a fracture-control plan based on fabrication, inspection, 
design, and fracture toughness of materials. Fatigue-crack initiation, fatigue- 
crack propagation, and fracture toughness are functions of the stress- 
intensity-factor fluctuation, AK, and of the critical stress-intensity factor, Kic, 
which are in turn related to the applied nominal stress (or stress 
fluctuation), the crack size, and the structural configuration. Thus, a 
fracture-control plan for various structural applications in which fatigue is a 
consideration depends on the same factors in which just fracture is a 
consideration. This type of fracture control was described in Figure 12.8. 

FIG. 12.9 Schematic showing out-of-plane crack arrester where 
crack must grow through entire wide-flange (WF) shape before it 
can continue. 
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5. Reduce the rate of load application. The fact that many structures are 
loaded at slow to intermediate loading rates leads to an understanding of 
why there are so few fractures in older structures that have low impact 
fracture toughness levels but  that are loaded slowly. The recent 
understanding of the loading-rate shift (Chapter 4) leads to this conclusion. 
Thus, if the structure can be designed such that it is loaded slowly, so that 
the controlling fracture toughness parameter is Kic rather than Kic(t ) o r  Kid, 
the possibility of fracture is reduced considerably. For example, load 
isolation systems to prevent earthquake damage to buildings and bridges 
decrease the magnitude of the loads and displacements and improve the 
fracture characteristics of the material by decreasing the rate of loading. 
Thus, control of the loading rate is a very effective method of fracture 
control. 

12.3.4 Recommendation of Specific Design Considerations 
One would expect that this step in the development of a fracture control 

plan would be the easiest if the preceding steps have all been followed and all 
technical and performance factors have been properly considered. However, it is 
usually the most difficult because it involves making the difficult decision of just 
how much fracture control can be justified economically. 

The goal of good sound engineering design is to optimize structural per- 
formance consistent with economic considerations such that the probability of 
structural failure is minimized. For the yielding and general buckling modes of 
failure, sufficient experience has been acquired and has been incorporated in the 
various codes and specifications so that the designer can usually prevent these 
types of failures quite economically. However, this is not always true for fractures 
where the interdependence of fracture toughness, design stress (including effects 
of constraint), and flaw size, which is governed by fabrication and inspection 
requirements, are to be considered. One element of a fracture control plan is to 
establish the necessary fracture toughness to ensure safe, reliable, and economical 
structures. The required fracture toughness for a particular structure, or type of 
structure (i.e., bridges), must be based on the specific loads (maximum, rate, and 
fluctuating) and fabrication and inspection requirements for that structure. 

All factors related to fracture toughness criterion must be considered, and 
an economic decision must be made based on technical input obtained regarding 
the level of performance to be specified. Once this level of performance (plane 
strain, elastic plastic, fully plastic) has been established for the service loadings 
and conditions, some material frac~re toughness property can be specified. Even 
if this fracture toughness level can be specified directly in terms of the K c, Jc, or 
CTOD fracture toughness values described in Chapter 3, material specifications 
based on these values are economically and technically prohibitive. These tests 
are too complex and too expensive to conduct on a routine quality-control basis. 
Hence, some auxiliary test specimen must be used based on the various corre- 
lations described in Chapter 5. 
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Several fracture criteria for various types of structures are based on concepts 
of fracture mechanics. However, the actual material requirements (in addition to 
strength, ductility, etc.) generally are specified in terms of CVN impact or NDT 
temperature requirements rather than K c, Jc, or CTOD requirements. Two such 
examples of the development of fracture-control plans and material specifications 
are the ASME Code Section III requirements for nuclear pressure vessels [5] and 
the AASHTO Guide Specification for Steel Bridge Members [3]. In the first case, 
the material fracture toughness requirements have been specified using NDT and 
CVN impact specimens. Proposed new procedures are the use of a master curve 
to establish K k values as described in Chapter 3. In the second case the fracture 
toughness requirements are specified using CVN impact specimens as described 
in the following section. 

12.4 Fracture Control Plan for Steel Bridges 

12.4.1 Genera l  

The fracture control plan for steel bridges presents special requirements for 
the design, materials, fabrication, and inspection of member components in steel 
bridges. The development of these requirements was based on a systematic eval- 
uation of causes of cracking and fracture in bridge members and the conse- 
quences of failure. Thus, bridge members are separated into fracture-critical 
members and nonfracture critical members. Fracture-critical members or member 
components (FCMs) are defined as tension members or tension components of 
members whose failure would be expected to result in collapse of the bridge. In 
addition to being stressed in tension, an FCM must be the only load path avail- 
able. This is defined by AASHTO as nonredundant. Loads and forces are redis- 
tributed to adjoining members and along alternate paths when a non-FCM re- 
dundant member fractures. The significant differences in the consequences of 
fracture dictates that more stringent requirements be imposed on FCMs than on 
non-FCMs. This section presents a brief discussion of the differences in the de- 
sign, fabrication, and material requirements of FCMs and non-FCMs. 

12.4.2 Design 
The majority of bridges do not have fracture-critical members or member 

components. However, when they do exist, they must be identified by the en- 
gineer to ensure that they meet the special requirements of the specification. The 
location of all FCMs shall be clearly delineated on the contract plans, and the 
engineer shall ensure that their location and extent are clearly shown on the shop 
drawings. Also, the engineer shall verify that the fracture control plan is properly 
implemented in compliance with contract documents at all stages of fabrication 
and erection. 

Fractures in bridges are almost always proceeded by fatigue from cyclic live 
loads. The fatigue life of a component is governed by the stress range raised to 
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a power of two or greater as described in Chapter 9. Thus, small decrease in 
stress range results in a significant increase in the fatigue life of a component. 
Based on this fact, the allowable stress range of FCMs was limited to 80% of that 
for non-FCMs. 

12.4.3 Fabrication 
The AASHTO Standard Specifications for Welding Structural Highway 

Bridges apply to non-FCMs and are supplemented for FCMs by the provisions 
of Section 12 of the ANSI/AASHTO/AWS D1.5-96 Welding Code [10]. This sec- 
tion defines all the provisions regarding fabrication of bridge members desig- 
nated FCMs. In addition to defining the engineer's responsibilities, and the base 
metal requirements, it addresses in detail: (1) qualification and certification of 
the fabricator, welding inspector, and nondestructive testing personnel; (2) weld- 
ing processes; (3) consumable requirements; (4) welding procedure specification; 
(5) contractor requirements; (6) thermal cutting; (7) repair of base metal; (8) 
straightening, curving, and cambering, (9) tack welds and temporary welds; (10) 
weld inspection; (11) repair welding. The FCM requirements for all these items 
are more restrictive than for non-FCM. 

12.4.4 Mater ia l  
The fracture toughness requirements for bridge steels were based on several 

technical considerations that were discussed in Chapters 4 and 5. These include: 

1. Effect of constraint and temperature on the fracture-toughness behavior of 
steels established by testing fracture-mechanics-type specimens. 

2. Effect of rate of loading on fracture toughness behavior of steels. 
3. Correlation between impact fracture toughness (Kid) and impact Charpy V- 

notch (CVN) energy absorption. 
4. Specification of CVN fracture toughness values that would ensure elastic- 

plastic or plastic behavior for fracture initiation of fatigue-cracked specimens 
subjected to minimum operating temperature and maximum in-service rates 
of loading. 

Fracture toughness varies with the degree of localized constraint to plastic 
flow along the tip of a fatigue crack. Thus, cracks in very thick members are 
subjected to higher constraint than are cracks in thinner members. The AASHTO 
fracture toughness requirements were based on the conservative assumption that 
severe constraint (plane-strain) conditions governed regardless of component 
thickness or geometry. 

Steels undergo a transition from cleavage (low fracture toughness) to ductile 
(high fracture toughness) crack initiation as the temperature increases. Examples 
of this behavior were presented in Chapter 4. Also, the fracture transition curve 
under static loading is shifted to higher temperatures as the rate of loading is 
increased. The magnitude of the shift decreases as the yield strength, O-y s, in- 
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creases such that the shift between static and impact plane-strain fracture tough- 
ness curves can be calculated from the following relationship: 

Tshift, ~  ~--- 215 - 1.5O'ys, ksi (12.1) 

for 

28 -< O-y~ < 140 ksi 

The shift in transition curves between bridge loading (intermediate; 1.0 sec- 
ond loading to fracture), and impact (<0.001 s to fracture) is about 0.75 the value 
calculated from Equation (12.1) for the shift between static and impact curves. 
The shift between a static curve and any intermediate or impact loading curve 
is given by the relationship: 

Tsar, ~ = (150 - O-y~, ksi)g ~ (12.2) 

where ~ is strain rate in seconds as described in Chapter 4. A proper use of 
fracture-mechanics methodology for fracture control of structures requires the 
determination of fracture toughness for the material at the temperature and load- 
ing rate representative of the intended application. 

12.4.5 AASHTO Charpy V-Notch Requirements 
The information presented in Chapter 4 on the effects of temperature and 

loading rate on the fracture toughness of steels and the correlation of fracture 
mechanics data and CVN energy absorption provides the technical foundation 
that can be used to develop fracture toughness requirements for any steel struc- 
ture. The developed fracture toughness requirements are dictated by the desired 
fracture behavior (i.e., fracture criterion) at the minimum operating temperature 
and maximum loading rate for the particular structure. The selected fracture 
criterion for the AASHTO fracture toughness was the development of elastic- 
plastic or plastic fracture initiation at the minimum operating temperature and 
maximum loading rate for bridges. The conservative bridge loading rate of 
1.0 s loading to fracture was used. The minimum operating temperature in the 
United States varies from location to location. To simplify the specification, the 
United States was divided into three temperature zones as follows: 

MINIMUM SERVICE TEMPERATURE TEMPERATURE ZONE 

0 ~ (-18~ and above 1 
- I~  (-19~ to -30~ (-34~ 2 
-31~ (-35~ to -60~ (-51~ 3 

This procedure increased the level of conservatism by requiring a steel 
bridge subjected to a high temperature within a zone to meet the requirement 
for the lowest temperature within the zone. 

Combining the basic fracture behavior of steels as a function of constraint, 
temperature, and loading rate with the fracture criterion and the operating tem- 
perature zones resulted in the AASHTO CVN requirements for FCMs and non- 
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FCMs, Table 12.1 and 12.2, respectively [11]. The higher fracture toughness re- 
quirements for FCMs over non-FCMs reflect the difference in the consequences 
of failure. 

The fatigue provisions of the AASHTO fracture control plan would preclude 
the presence of a critical fatigue crack at the end of the service life of a steel 
bridge. 

12.4.6 Verification of  the AASHTO Fracture Toughness Requirement 
Extensive testing has been conducted by Schilling et al. 1975 [12] and Roberts 

et al. 1974 [13] to ensure the adequacy of the AASHTO fracture toughness re- 
quirements. The tests were conducted on full-size beams of A36, A572, A588, 
and A514 steels. The beams had various types of welded details and were sub- 
jected to cyclic loading conditions specified by AASHTO for the particular detail. 
Subsequently, the fatigue-cracked beams were cooled and loaded to failure. The 
test results confirmed the methodology used to develop the AASHTO fracture 
toughness requirements and demonstrated that "fatigue cracked, simulated high- 
way bridge members of various steels that satisfied the minimum 1975 AASHTO 
fracture toughness requirements exhibited sufficient resistance at the minimum 
operating temperature and at maximum in-service loading rate to prevent pre- 
mature fracture even after the members had been subjected to the AASHTO 
design fatigue loads." 

12.4.7 High-Performance Steels 
Recent technological advances in steelmaking and steel processing have re- 

suited in improved quality and new products. These developments enhanced 
further the outstanding properties of steels not found in other constructional 
materials. These properties include a combination of strength, ductility, fracture 
toughness, fabricability, atmospheric corrosion resistance, repairability, and 
cyclability. 

A cooperative program among the Federal Highway Administration 
(FHWA), the Navy, the American Iron and Steel Institute (AISI), and the AISI 
plate producing members (i.e., Bethlehem Steel, Lukens Steel, and U.S. Steel) has 
led to the development of high-performance weathering steels with 70-ksi min- 
imum yield strength (HPS 70W) and 100-ksi minimum yield strength (HPS 
100W) [14]. These steels are highly weldable and exhibit a fracture toughness 
significantly better than the most severe Zone 3 AASHTO requirements. One of 
the consequences of this development is the elimination of the need to differ- 
entiate between fracture-critical and nonfracture-critical members. 

12.5 Comprehensive Fracture-Control PlansmGeorge R. Irwin 

Dr. George Irwin has prepared the following general comments on fracture- 
control plans [1], which are reprinted in their entirety. 



TABLE 12.1. Fracture Critical M ember  Impact  Test Requirements .  

GRADE 

36F 

50F 

70WF 

100F 

THICKNESS, in., AND JOINING METHOD 

MINIMUM 
TEST VALUE MINIMUM AVERAGE ENERGY, ft-lb 

to 4, mechanical ly  fas tened or we lded  

to 2, mechanica l ly  fas tened or we l ded  
over 2 to 4, mechanica l ly  fas tened 
over  2 to 4, we lded  

to 2 1/2,  mechanica l ly  fas tened or we lded  
over 2 1 / 2  to 4, mechanica l ly  fas tened 
over 2 1 /2  to 4, we lded  

to 2 1/2,  mechanica l ly  fas tened or we lded  
over 2 1 /2  to 4, mechanica l ly  fas tened 
over 2 1 / 2  to 4, we lded  

ENERGY, 
ft-lbf 

20 

20 
20 
24 

24 
24 
28 

25 

25 
25 
30 

30 
30 
35 

35 
35 
45 

ZONE 1 ZONE 2 ZONE 3 

at 70~ 

at 70~ 
at 70~ 
at 70~ 

at 50~ 
at 50~ 
at 50~ 

25 at 40~ 25 at 10~ 

25 at 40~ 25 at 10~ 
25 at 40~ 25 at 10~ 
30 at 40~ 30 at 10~ 

30 at 20~ 30 at -10~  
30 at 20~ 30 at -10~  
35 at 20~ 35 at -10~  

35 at 0~ 35 at -30~  
35 at 0~ 35 at -30~  
45 at 0~ no t  pe rmi t t ed  

28 
28 
36 

at 30~ 
at 30~ 
at 30~ 

C3 

(3 

(3 

t~ 



TABLE 12.2. Nonfrac ture  Critical M ember  Impac t  Test Requirements .  

GRADE 

36T 

50T 

70WT 

100T 

MINIMUM AVERAGE ENERGY, ft-lb 

THICKNESS, in., AND JOINING METHOD ZONE 1 ZONE 2 

to 4, mechanica l ly  fas tened  or we lded  

to 2, mechanica l ly  fas tened  or we lded  
over 2 to 4, mechanica l ly  fas tened 
over 2 to 4, we lded  

to 2 1/2,  mechanica l ly  fas tened or we lded  
over 2 1 /2  to 4, mechanica l ly  fas tened 
over 2 1 / 2  to 4, we lded  

to 2 1/2,  mechanica l ly  fas tened or we lded  
over  2 1 / 2  to 4, mechanica l ly  fas tened 
over  2 1 / 2  to 4, we lded  

15 at 70~ 

15 at 70~ 
15 at 70~ 
20 at 70~ 

20 at 50~ 
20 at 50~ 
25 at 50~ 

25 at 30~ 
25 at 30~ 
35 at 30~ 

15 at 40~ 

15 at 40~ 
15 at 40~ 
20 at 40~ 

20 at 20~ 
20 at 20~ 
25 at 20~ 

25 at 0~ 
25 at 0~ 
35 at 0~ 

ZONE 3 

15 at 10~ 

15 at 10~ 
15 at 10~ 
20 at 10~ 

20 at -10~  
20 at -10~  
25 at -10~  

25 at -30~  
25 at -30~  
35 at -30~  

r 
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"For certain structures, which are similar in terms of design, fabrication 
method, and size, a relatively simple fracture control plan may be possible, 
based upon extensive past experience and a minimum adequate toughness 
criterion. It is to be noted that fracture control never depends solely upon 
maintaining a certain average toughness of the material. With the development 
of service experience, adjustments are usually made in the design, fabrication, 
inspection, and operating conditions. These adjustments tend to establish ad- 
equate fracture safety with a material quality which can be obtained reliably 
and without excessive cost. A fair statement of the basic philosophy of fracture 
control for such structures might be as follows. Given that the material pos- 
sesses strength proeprties within the specific limits, and given that the fracture 
toughness lies above a certain minimum requirement (nil-ductility tempera- 
ture, fracture appearance transition temperature, plane-strain, or plane-stress 
crack toughness), it is assumed that past experience indicates well enough how 
to manage design, fabrication, and inspection so that fracture failures in service 
occur only in small tolerable numbers. 

With the currently increasing use of new materials, new fabrication tech- 
niques, and novel designs of increased efficiency, the preceding simple fracture 
control philosophy has tended to become increasingly inadequate. The primary 
reason is the lack of suitable past experience and the increased cost of paying 
for this experience in terms of service fracture failures. Indeed, modern tech- 
nology is beginning to exhibit situations with space vehicles, jumbo-jet com- 
mercial airplanes, and nuclear power  plants for which not even one service 
fracture failure would  be regarded as acceptable without consequences of dis- 
aster proportions. Consideration must be given, therefore, to comprehensive 
plans for fracture control such as one might need in order to provide assurance 
of zero service fracture failures. A review of the fracture control aspects of a 
comprehensive plan may be advantageous even for applications such that the 
required degree of fracture control is moderate. One reason for this would be 
that an understanding of how to minimize manufacturing costs in a rational 
way is assisted when we assemble all of the elements which contribute to 
product quality and examine their relative effectiveness and cost. In the present 
case, the quality aspect of interest is the degree of safety from service fractures. 

After these introductory comments, it is necessary to point out that the 
concept termed comprehensive fracture control plan is quite recent and cannot 
yet be supported with completely developed illustrations. We know in a gen- 
eral way  how to establish plans for fracture control in advance of extensive 
service trials. However, until a number of comprehensive fracture control plans 
have been formulated and are available for study, detailed recommendations 
to guide the development of such plans for selected critical structures cannot 
be given. 

The available illustrative examples of fracture control planning which 
might be helpful are those for which a large number of the elements contrib- 
uting to fracture control are known. At least in terms of openly available in- 
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formation, these examples are incomplete in the sense that the fracture control 
elements require collection, re-examination with regard to relative efficiency, 
and careful study with regard to adequacy and optimization. Substantial 
amounts of information relative to fracture control are available in the case of 
heavy rotating components for large steam turbine generators, components for 
commercial jet airplanes (fuselage, wings, landing gear, certain control de- 
vices), thick-walled containment vessels for BW and PW cooled nuclear reac- 
tors, large-diameter underground gas transmission pipelines, and pressure ves- 
sel components carried in space vehicles. Certain critical fracture control 
aspects of these illustrative examples are as follows: 

A. Large Steam Turbine Generator Rotors and Turbine Fans 
1. Vacuum de-gassing in the ladle to reduce and scatter inclusions and to 

eliminate hydrogen. 
2. Careful ultrasonic inspection of regions closest to the center of rotation. 
3. Enhanced plane-strain fracture toughness. 

B. Jet Airplanes 
1. Crack arrest design features of the fuselage. 
2. Fracture toughness of metals used for beams and skin surfaces subjected 

to tension. 
3. Strength tests of models. 
4. Periodic re-inspection. 

C. Nuclear Reactor Containment Vessels 
1. Quality uniformity of vacuum degassed steel. 
2. Careful inspection and control of welding. 
3. Uniformity of stainless cladding. 
4. Proof testing. 
5. Investigations of low-cycle fatigue crack growth at nozzle corners and of 

cracking hazard from thermal shock. 
D. Gas Transmission Pipelines 

1. Adequate toughness to prevent long running cracks. 
2. High-stress-level, in-place hydrotesting. 
3. Corrosion protection. 

E. Spacecraft Pressure Vessels 
1. Surface finishing of welds so as to enhance visibility of flaws. 
2. Heat treatments to remove residual stress and produce adequate 

toughness within given limits of strength. 
3. Adjustments of hydrotesting to assure adequate life relative to stable 

crack growth in service. 

In a large manufacturing facility, the inter-group cooperation necessary to achieve 
successful fracture control on the basis of a comprehensive fracture control plan 
may require special attention. In general, the comprehensive fracture plan will 
contain various elements pertaining to design, materials, fabrication, inspection, 
and service operation. These elements should be directly or indirectly related to 
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fracture testing information. However, the coordination of the entire plan to en- 
sure its effectiveness is not a priori a simple task. The following outline lists 
certain fracture control tasks under functional headings which might, in some 
organizations, imply separate divisions or departments. 

I. Design 
A. Stress distribution information. 
B. Flaw tolerance of regions of largest fracture hazard due to stress. 
C. Estimates of stable crack growth for typical periods of service. 
D. Recommendations of safe operating conditions for specified intervals 

between inspections. 
II. Materials 

A. Strength properties and fracture properties. 
O'ys, O'UTS, Kic, Kc. 
K~scc for selected environments. 
da /dN for selected levels of &K and environments. 

B. Recommended heat treatments. 
C. Recommended welding methods. 

III. Fabrication 
A. Inspections prior to final fabrication. 
B. Inspections based upon fabrication control. 
C. Control of residual stress, grain coarsening, grain direction. 
D. Development or production of suitable strength and fracture properties. 
E. Maintain fabrication records. 

IV. Inspection 
A. Inspection prior to final fabrication. 
B. Inspections based upon fabrication control. 
C. Direct inspection for defects using appropriate non-destructive 

evaluation (NDE) techniques. 
D. Proof testing. 
E. Estimates of largest crack-like defect sizes. 

u Operations 
A. Control of stress level and stress fluctuations in service. 
B. Maintain corrosion protection. 
C. Periodic in-service inspections. 

From the above outline, one can see that efficient operation of a comprehen- 
sive fracture control plan requires a large amount of inter-group coordination. If 
a complete avoidance of fracture failure is the goal of the plan, this goal cannot 
be assured if the elements of the fracture control plan are supplied by different 
division or groups in a voluntary or independent way. It would appear suitable 
to establish a special fracture control group for coordination purposes. Such a 
group might be expected to develop and operate checking procedures for the 
purpose of assuring that all elements of the plan are conducted in a way  suitable 
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for  the i r  p u r p o s e .  O t h e r  t a s k s  m i g h t  be  to s t u d y  a n d  i m p r o v e  the  f r ac tu re  c on t ro l  
p l a n  a n d  to s u p p l y  s u i t a b l e  jus t i f i ca t ions ,  w h e r e  necessa ry ,  of  the  a d e q u a c y  of  
t h e  p l a n . "  
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1 3  

Fracture Criteria 

13.1 In troduct ion  

A FRACTURE CRITERION is a standard against which the expected fracture behavior 
of a structure can be judged. In general terms, fracture criteria are related to the 
three levels of fracture performance, namely plane strain, elastic plastic, or fully 
plastic, as shown in Figure 13.1. Although it would appear desirable always to 
specify fully plastic behavior, this is rarely done because it is almost always 
unnecessary as well as economically unfeasible in most cases. Furthermore, re- 
lying primarily on notch toughness to prevent failure rather than good robust 
design may lead to problems. Finally, it is unsound engineering because good 
design is defined as an optimization of satisfactory structural performance, safety, 
and economic considerations. 

For most structural applications, some level of elastic-plastic behavior at the 
service temperature and loading rate is a satisfactory fracture criterion. While 
there may be some cases where fully plastic behavior is necessary (e.g., large 
dynamic loadings such as submarines being subjected to depth charges), or 
where plane-strain behavior can be tolerated (e.g., certain short-life aerospace 
applications where the loading and fabrication can be precisely controlled), for 
the majority of large complex structures (bridges, buildings, ships, pressure ves- 
sels, offshore drilling rigs, etc.) some level of elastic-plastic behavior is appro- 
priate. The questions become, "What level of elastic-plastic behavior is required 
and how can this level of performance be ensured?" The purpose of this chapter 
is to develop rational engineering approaches to answering these questions. 

Unfortunately, the selection of a fracture criterion is often quite arbitrary and 
is based on service experience for other types of structures that may have no 
relation to the particular structure an engineer may be designing. An example 
of the use of a fracture criterion developed for one application yet widely used 
in many other situations is the 15-ft-lb CVN impact criterion at the minimum 
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aspects of a fracture-control plan, that is, desired material behavior, design, fab- 
rication, inspection, operation, and so on, is necessary to ensure the safety and 
reliability of structures (as was described in Chapter 12). Thus, the establish- 
ment of the proper fracture criterion for a given structural application should 
be coordinated with service loading requirements, material selection, struc- 
tural design, fabrication procedures, inspection requirements, and economic 
considerations. 

There are two general parts to a fracture criterion: 

1. The general test specimens to categorize the material behavior. Throughout the 
years, various fracture criteria have been specified using notch-toughness 
tests such as CVN impact, NDT, dynamic tear, and, more recently, the 
fracture-mechanics test specimens described in Chapter 3 which are used to 
measure critical stress-intensity factors. Ideally, the test specimen used for a 
particular application should be that one which most closely models the 
actual structural behavior. However, selection of the general test specimen 
to use is often based on past experience, empirical correlations, economics, 
and convenience of testing rather than on the basis of the test specimen that 
most closely models the actual structure. 

2. The specific notch-toughness value or values. The second and more difficult part 
of establishing a fracture criterion is the selection of the specific level of 
performance in a particular test specimen in terms of measurable values for 
material selection and quality control. 

The specified values in any criterion should consider both the structural 
performance and cost. One of the main objectives of this chapter is to provide 
some rational guidelines for the engineer to follow in establishing fracture tough- 
ness criteria for various structural applications. 

13.2 General Levels of Performance 

The primary design criterion for most large structures such as bridges, buildings, 
pressure vessels, ships, and so on, is still based on strength and stability require- 
ments such that nominal elastic behavior is obtained under conditions of maxi- 
mum loading. Usually the strength and stability criteria are achieved by limiting 
the maximum design stress to some percentage of the yield strength. In many 
cases, fracture toughness is also an important design criterion, and yet specifying 
a notch-toughness criterion is much more difficult, primarily because: 

1. Establishing the specific level of required fracture toughness (i.e., the 
required CVN or K,c value at a particular test temperature and rate of 
loading) is costly and time consuming and is a subject with which many 
design engineers are not familiar. 
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2. There is no well-recognized single "best" approach. Therefore, different 
experts will have different opinions as to the "best" approach, although the 
science of fracture mechanics is helping to overcome this difficulty. 

3. The cost of structural materials increases with increasing levels of inherent 
notch toughness. Thus, economic considerations must be included when 
establishing any toughness criterion. 

Materials that have extremely high levels of fracture toughness under even 
the most severe service conditions are available, and the designer can always 
specify that these materials be used in critical locations within a structure. How- 
ever, because the cost of structural materials generally increases with their ability 
to perform satisfactorily under more severe operating conditions, a designer does 
not wish to arbitrarily specify more fracture toughness than is required for the 
specific application. Also, a designer does not specify the use of a material with 
a very high yield strength for a compression member if the design is such that 
the critical buckling stress is very low. In the first case, the additional fracture 
toughness is unnecessary, and in the second case, the excessive yield strength is 
unnecessary. Both cases are examples of unsound engineering. 

The problem of establishing specific fracture-toughness requirements that 
are not excessive but  are still adequate for normal service conditions is a long- 
standing one for engineers. However, by using concepts of fracture mechanics, 
rational fracture criteria can be established for fracture control in different types 
of structures. If a structure is loaded "slowly," i.e., 10 -5 in./ in./s,  the KU~ry s ratio 
is the controlling fracture toughness parameter. If, however, the structure is 
loaded "dynamically," -101 in. / in. /s  or impact loading, the K~d/~ry a ratio is the 
controlling parameter. At intermediate loading rates, the Kic(t)/Crys(t ) ratio deter- 
mined at the appropriate loading rate is the controlling parameter. 

Because high constraint (thick plates and plane-strain conditions) at the tip 
of a crack can lead to premature fracture, the engineer should strive for the 
lowest possible degree of constraint (thin plates and plane-stress conditions) at 
the tip of a crack. 

Structural materials whose fracture toughness and plate thickness are such 
that the critical K-to-yield-strength ratio for service loading rates is less than 
about X/t~2 (actually t = 2.5 (K~c/O-ys) 2 for plane strain behavior) exhibit elastic 
plane-strain behavior as described in Chapter 3 and generally fracture in a brittle 
manner. These materials generally are not used as primary tensile load-carrying 
members for most structural applications because of the high level of constraint 
at the tip of a crack and the rather small critical crack sizes at design stress levels. 
Fortunately, most structural materials have fracture toughness levels such that 
they do not exhibit plane-strain behavior at service temperatures, service loading 
rates, and common structural sizes normally used. However, very thick plates 
or plates used to form complex geometries where the constraint can be very high 
may be susceptible to brittle fractures even though the inherent notch toughness 
as measured by small-scale laboratory tests appears satisfactory. 
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Structural materials whose fracture toughness levels are such that they ex- 
ceed the plane-strain limits described above and in Chapter 3 exhibit elastic-plastic 
fractures with varying amounts of yielding prior to fracture. The tolerable flaw 
sizes at fracture vary considerably and can be fairly large. Fracture is usually 
preceded by  the formation of large plastic zones ahead of the crack. Most struc- 
tures are built of materials that exhibit some level of elastic-plastic behavior at 
service temperatures and loading rates. 

Some structural materials exhibit ductile plastic fractures preceded by large 
deformation at service temperature and loading rates. This type of behavior is 
very desirable in structures and represents considerable notch toughness. How- 
ever, this level of toughness is rarely necessary and thus usually is not specified, 
except for unusual cases such as submarine hulls or nuclear structures. 

For structural steels, the levels of performance are usually described in terms 
of the transition from brittle to ductile behavior as measured by various types 
of notch-toughness tests. This general transition in fracture behavior was related 
schematically to the three levels of behavior schematically in Figure 13.1. 

For static loading, the transition region occurs at lower temperatures than 
for impact (or dynamic) loading for those structural materials that exhibit a tran- 
sition behavior. Thus, for those structures subjected to static loading, a static 
transition curve (i.e., Kic or K c test results) should be used to predict the level of 
performance at the service temperature. For structures subjected to impact or 
dynamic loading, the impact transition curve (i.e., Kid test results) should be used 
to predict the level of performance at the service temperature. For structures 
subjected to some intermediate loading rate, an intermediate loading-rate tran- 
sition curve (i.e., Ktc(t ) test results) should be used to predict the level of per- 
formance at the service temperature. Because the effect of loading rate on fracture 
toughness of structural steels was not well defined, the impact loading curve 
(Figure 13.1) often has been used to predict the service performance of structures. 
However, this may be unduly conservative and often does not properly model 
the service behavior for many types of structures loaded statically or at inter- 
mediate loading rates, such as bridges. 

13.3 Consequences of Failure 

Although rarely stated as such, the basis of structural design of large complex 
structures is an attempt to optimize the desired performance requirements rela- 
tive to cost considerations (including materials, design, and fabrication), so that 
probability of failure (and its economic consequences) is low. Generally, the pri- 
mary criterion is the requirement that the structure support  its own weight plus 
any applied loads and have nominal stresses less than either the tensile yield 
strength (to prevent excessive deformation) or the critical buckling stress (to pre- 
vent premature buckling). 

Although brittle fractures can occur in riveted or bolted structures, the ev- 
olution of welded construction with its emphasis on monolithic structural mem- 
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bers has led to the desirability of including some kind of fracture criterion for 
most structures, in addition to the strength and buckling criteria already in ex- 
istence. That is, if a fracture does initiate in a welded structure, there usually is 
a continuous path for crack extension. However, in riveted or bolted structures, 
which generally consist of many individual plates or shapes, a continuous path 
for crack extension rarely exists. Thus, any cracks that may extend generally are 
arrested as soon as they traverse a single plate or shape. Consequently, there can 
be a large difference in the possible fracture behavior of welded structures com- 
pared with either riveted or bolted structures. 

Failure of most engineering structures is caused by the initiation and prop- 
agation of cracks to critical dimensions. Because crack initiation and propagation 
for different structures occur under different stress and environment conditions, 
no single fracture criterion or set of criteria should be used for all types of struc- 
tures. Most criteria are developed for particular structures based on extensive 
service experience or empirical correlations and thus are valid only for a partic- 
ular design, fabrication method, and service use. 

However, one of the biggest reasons that no single fracture criterion should 
be applied uniformly to the design of different types of structures is the fact that 
the consequences of structural failure are vastly different for different types of struc- 
tures. For example, a fracture criterion for steels used in some seagoing ship hull 
structures is that the NDT (nil-ductility) temperature be 30~ for a minimum 
service temperature of 30~ This criterion was based on the assumption that 
ships are subjected to full-impact loading. In view of the consequences of failure 
of a ship, that is, either in terms of loss of life or of cargo, this criterion is con- 
servative for most ships but may be justified for ships loaded dynamically. 

In contrast, the fracture criterion for the steels that were proposed to be used 
in the hull structure of stationary but floating nuclear power plants inside a 
protective breakwater was that the NDT be -30~ for minimum service temper- 
ature of +30~ Thus, for less severe loading (because the platforms are stationary 
and wave action is controlled, the steels in the floating nuclear power plants 
were required to have an NDT temperature of 60~ below their service tempera- 
ture, compared with seagoing ship steels whose NDT temperature generally is 
at their service temperatures. However, for the hull structure of floating nuclear 
power plants, where service experience is nonexistent and the occurrence of a 
brittle fracture might have resulted in significant environmental damage and the 
drastic curtailment of an entire industry, the fracture criterion was extremely 
conservative because of the consequences of failure. This was true even though 
the design of the stationary floating hull structure was similar to that of seagoing 
ship hull structures. It should be noted that even though the floating nuclear 
power plant concept would have been safe and would have performed satisfac- 
torily, none were ever built, primarily for economic reasons. That is, the safety 
requirements were so high that the project became uneconomical. As stated be- 
fore, good design should be an optimization of performance, safety, and cost. 

Another example of consequences of failure is the lack of the necessity for 
specifying a fracture criterion for a piece of earthmoving equipment where the 
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consequences of failure of a structural member may be loss of the use of the 
equipment for a short time until the part can be repaired or replaced. If the 
consequences of failure are minor, then specification of a fracture toughness re- 
quirement that might increase the cost of each piece of equipment significantly 
may be unwarranted. Thus, the consequences of failure should be a major con- 
sideration when determining: 

1. The need for some kind of fracture criteria. 
2. The level of performance (plane strain, elastic plastic, or fully plastic) to be 

established by the fracture toughness criteria. 

Each class or type of structure must be evaluated carefully and the conse- 
quences of failure factored into the selected fracture criterion. In fact, in his 1971 
AWS Adams Memorial Lecture [1,2], Bill Pellini stated that "one should not use 
a design criterion in excess of real requirements because this results in specifi- 
cations of lower NDT and therefore, increased costs." Needless to say, determin- 
ing "real requirements," that is, balancing safety and reliability against economic 
considerations, is a difficult task. 

13.4 Original 15-ft-lb CVN Impact Criterion for Ship Steels 

Although occasional brittle fractures were reported in various types of structures 
(both welded and riveted) prior to the 1940s [3,4] it was not until the rapid 
expansion in all-welded ship construction during the early 1940s that brittle frac- 
ture became a well-recognized structural problem. During the early 1940s over 
2500 Liberty ships, 500 T-2 tankers, and 400 Victory ships were constructed as a 
result of World War II. Because the basic designs of each of these three types of 
ships (Liberty, Victory, and tankers) were similar, it was possible to analyze the 
structural difficulties on a statistical basis. 

The first of the Liberty-type were placed in service near the end of 1941, and 
by January 1943 there were ten major fractures in the hull structures of the ships 
in service at that time. Numerous additional failures throughout the next few 
years led to the establishment of a board to investigate the design and methods 
of construction of welded steel merchant ships. In 1946, this board made its final 
report [5] to the Secretary of the Navy. 

The role of materials, welding, design, fabrication, and inspection is de- 
scribed in various extensive reviews of this problem [6-12]. Of interest in this 
particular section is the work leading to the development of the 15-ft-lb notch- 
toughness criterion, which still is widely used for many other types of structures. 

In the development of the 15-ft-lb criterion, samples of steel were collected 
from approximately 100 fractured ships and submitted to the National Bureau 
of Standards for examination and tests. Their study resulted in the collection of 
an extremely complete body of data relative to the failure of large welded ship 
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hull structures [11]. The plates from fractured ships were divided into three 
groups: 

1. Those plates in which fractures originated, called source plates. 
2. Those plates through which the crack passed, called through plates. 
3. Those plates in which a fracture stopped, called end plates. 

An analysis of the Charpy V-notch impact test results showed that the source 
plates had a high average 15-ft-lb transition temperature, about 95~ The through 
plates had a more normal distribution of transition temperatures, and the average 
15-ft-lb transition temperature was lower, that is, about 65~ The end plates had 
the lowest average 15-ft-lb transition temperature (about 50~ and a distribution 
with a long tail at lower transition temperatures. 

Parker [12] points out that "the character of these distribution curves was 
not wholly unanticipated; one would suspect that the through plates would be 
most representative of all ship plates and hence might tend toward a normal 
distribution, whereas the source and end plates were selected for their role in the 
fracturing of the ship. A factor in this selection is the notch toughness of the 
plate as measured in the Charpy test. The overlapping of the source- and end- 
plate distributions with the through-plate distribution can be explained by factors 
involved in the fracturing in addition to the notch toughness of the plate. For 
example, a plate in the through-fracture category having a transition temperature 
between about 60 and 90~ might have been a fracture source plate under more 
severe stress conditions such as those in the region of a notch; under less severe 
conditions of average stress, it might have been an end plate. Even though factors 
other than notch toughness contributed to the selection of a plate for its role in 
fracturing, it should be pointed out that statistical analyses have indicated that 
the differences in transition temperature and energy at failure temperature be- 
tween the source and through and through and end plates are not due to chance." 

The extremely low probability of the differences in Charpy properties of 
plates in the three fracture categories being due to chance permitted the devel- 
opment of several criteria very important to engineers. Figure 13.2 shows that 
only 10% of the source plates absorbed more than 10-ft-lb in the V-notch Charpy 
test at the failure temperature; the highest value encountered in this category 
was 11.4 ft-lb. At the other extreme, 73% of the end plates absorbed more than 
10 ft-lb at the failure temperature. Based on these data, it was concluded that 
brittle fractures were not likely to initiate in plates that absorb more than 10 ft- 
lb Charpy V-notch impact energy conducted at the anticipated operating tem- 
perature in large ship hull structures. 

Thus, a slightly higher level of performance, namely, the 15-ft-lb transition 
temperature as measured with a CVN impact test specimen, was selected as a 
fracture criterion on the basis of actual service behavior of a large number of 
similar-type ship hull structures. Since the establishment of this relation between 
CVN values and service behavior in ship hulls, the 15-ft-lb transition temperature 
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has been a widely used fracture criterion, even though it was developed only 
for a particular type of steel and a particular class of structures, namely, ship 
hulls. 

Fortunately for the engineering profession and the general public safety, sim- 
ilar statistical correlations between test results and service failures do not exist 
for any other class of structures because there have not been such a large number 
of failures in any other type of structure. However, the difficulty of obtaining 
service experience creates a problem for the design engineer in establishing frac- 
ture toughness criteria for new types of structures. Obviously fracture mechanics 
concepts have become extremely valuable in this process. 

13.5 Transition-Temperature Criterion 

Since the time of the World War II ship failures, the fracture characteristics of 
low- and intermediate-strength steels generally have been described in terms of 
the transition from brittle to ductile behavior as measured by impact tests. This 
transition in fracture behavior can be related schematically to various fracture 
states, as shown in Figure 13.1. 

For static loading, the transition region occurs at lower temperatures than 
for impact (dynamic) loading, depending on the yield strength of the steel. Thus, 
for structures subjected to static loading, the static transition curve should be 
used to predict the level of performance at the service temperature. For structures 
subjected to impact or dynamic rates of loading, the impact transition curve 
should be used to predict the level of performance at the service temperature. 
For structures subjected to some intermediate loading rate, an intermediate load- 
ing-rate transition curve should be used to predict the level of performance at 
the service temperature. If the loading rate for a particular type of structure is 
not well defined, and the consequences of failure are such that a fracture will be 
extremely harmful, a conservative approach is to use the impact loading curve 
to predict the service performance. As is shown in Figure 13.1, the nil-ductility 
transition (NDT) temperature is close to the upper limit of plane-strain conditions 
under conditions of impact loading. 

After establishing the loading rate for a particular structure, and thus the 
corresponding loading rate for the test specimen to be used, the next step in the 
transition-temperature approach to fracture-resistant design is to establish the 
level of material performance required for satisfactory structural performance. 
That is, as shown schematically in Figure 13.3 for impact loading of three arbi- 
trary steels 1, 2, and 3, one of the following three general levels of material 
performance should be established at the service temperature for primary load- 
carrying members in a structure. 

a. Plane-strain behavior. 
b. Elastic-plastic (mixed-mode) behavior. 
c. Fully plastic behavior. 
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FIG. 13.3 Schematic showing relation between level of performance as 
measured by impact tests and NDT for three arbitrary steels. 

Using the schematic results shown in Figure 13.3 and an arbitrary minimum 
service temperature as shown, Steel 1 would  exhibit plane-strain behavior at the 
minimum service temperature, whereas Steels 2 and 3 would  exhibit elastic- 
plastic and fully plastic behavior, respectively. 

As an example of the transition-temperature approach, assume that a 30-ft- 
lb Charpy V-notch impact test value is required for ship hull steels. Figure 13.4 
compares the average notch toughness levels of several grades of ABS ship hull 
steels and shows that, according to a 30-ft-lb CVN criterion, the CS-grade steel 
can be used at service temperatures as low as -90~ whereas the CN-grade steel 
can be used only to about -30~ and the B-grade steel meets this requirement 
only down to service temperatures of about + 10~ 

One limitation to the transition-temperature approach sometimes occurs 
with the use of materials that do not undergo a distinct transition-temperature 
behavior or with materials that exhibit a low-energy shear behavior. Figure 13.5 
shows the relationship of low-energy performance compared with normal be- 
havior of a steel with a high-level of fracture toughness. 

Low-energy shear behavior usually does not occur in low- to intermediate- 
strength structural steels (Cry s < 100 ksi), but  sometimes is found in high-strength 
materials. For example, if the desired level of performance is as shown in Figure 
13.5, a material exhibiting low-energy shear behavior may never achieve this 
level of performance at any temperature. For these high-strength materials, the 
through-thickness yielding and the leak-before-burst methods described in the 
following sections are very useful to establish fracture criteria. 

13.6 Through-Thickness Yielding Criterion 

The through-thickness yielding criterion for structural steel is based qualitatively 
on two observations [13]. First, increasing the design stress in a particular ap- 



Fracture Criteria 375 

1 6 0  

1 4 0  

120 

d I00 

[12 
0 
U3 
r n  

< 8 C  
) -  

txl 
Z 

~ 6 C  

AVG NDT INDICATED BY .1 

/ / f  
/ 

/ 
/ //' 

cs / / , 

! ' l 

J - , , - - - - -  CS 

-",. -DHN-EH 

C 
CN 

4C 

0 I J I I I I t s J J F ~ i 
- 1 2 0 - 1 0 0 - 8 0 - 6 0 - 4 0 - 2 0  0 20 40  60 80 I00 120 

TEMPERATURE, ~ 

FIG. 13.4 Comparison of minimum service temperature of ship 
steels using an arbitrary criterion of 30 R-lb. 

plication (which generally requires a higher-yield-strength material) results in 
more stored elastic energy in a structure. This higher amount of stored elastic 
energy means that the fracture toughness of the steel also should be increased 
to have the same degree of safety against fracture as a structure with a lower 
working stress and a lower stored energy. Note that it is the stored energy avail- 
able that propagates a crack. Second, increasing plate thickness promotes a more 
severe state of stress, namely, plane strain. Thus, a higher level of fracture tough- 
ness is required to obtain the same level of performance in thick plates as would 
be obtained in thin plates. 

By using concepts of linear-elastic fracture mechanics, a quantitative ap- 
proach to the development of fracture tougl~ness requirements is based on the 
requirement that in the presence of a large sharp crack in a large plate, through- 
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FIG. 13.5 Schematic showing relation among normal-, high-, and low- 
energy shear levels of performance as measured by impact tests. 

thickness yielding should occur before fracture. Specifically, the requirement is 
based on the ratio of plate thickness to plastic-zone size ahead of a large sharp 
flaw. 

From a qualitative viewpoint, the effect of plate thickness on the fracture 
toughness of steel plates tested at room temperature has been generally estab- 
lished in Chapter 4. As the plate thickness is decreased, the state of stress changes 
from plane strain to plane stress, and ductile fractures generally occur along 45 ~ 
planes through the thickness. Except for very brittle materials, failure is usually 
preceded by through-thickness yielding and is not catastrophic. Conversely, in 
thick plates the state of stress is generally plane strain, and fractures usually 
occur normal to the direction of loading. Except for very ductile materials, 
through-thickness yielding does not occur prior to fracture, and failure may be 
unstable. The transition in state of stress from plane strain to plane stress is 
responsible for a large increase in fracture toughness and is quite desirable. Thus, 
if plane-stress behavior can be assured, structural members should fail when 
plastically loaded or when the critical size is very large. 

The behavior of most structural members is somewhere between the two 
limiting conditions of plane-stress and plane-strain. Hahn and Rosenfield [14- 
16] have shown that in terms of either through-thickness strain or crack-opening 
displacement, there is a significant increase in the rate at which through-thickness 
deformation occurs when the following relation exists. 

Kc/2 1 
~ys/ ~ -> 1 (13.1) 
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where K c = critical stress-intensity factor, ksix/=m-~m., and 
O-y s = yield strength, ksi. 

As shown in Chapter 3, the following relation must be satisfied to insure 
plane-strain behavior: 

(Kc /2  1 
B = t -> 2.5(Kic/O'ys) 2 or - --< 0.40 (13.2) 

\O-ys/ t 

Thus, it seems reasonable that Equation (13.1) defines the plane stress con- 
dition at which considerable through-thickness yielding begins to occur. This 
type of behavior is desirable in structural applications and can be used as a 
criterion to obtain satisfactory performance in structures where through- 
thickness yielding can occur, such as in large thin plates that contain through- 
thickness cracks and in which prevention of fracture is an important 
consideration. 

Equation (13.1), which is based on Hahn and Rosenfield's experimental 
observation of the plastic-zone size in silicon steel, is similar to Irwin's "leak- 
before-break" criterion discussed in the next section. Thus, for through-thickness 
yielding to occur in the presence of a large sharp crack in a large plate, a fracture- 
toughness criterion based on Equation (13.1) appears reasonable on the basis of 
both experimental and theoretical considerations. This condition is conservative 
and there are many design applications for which this type of performance is 
not required. 

Rearranging Equation (13.1), a fracture toughness criterion for steels to ob- 
tain through-thickness yielding before fracture can be developed in terms of yield 
strength and plate thickness as follows: 

K~ - CrysV~ for t ~ 2 in. 

From this relation, the K~ values required for through-thickness yielding be- 
fore fracture at any temperature were developed for steels with various yield 
strength levels and plate thickness. These values, shown in Table 13.1, demon- 

TABLE 13.1. K c Values Requi red  for Through-Th ickness  Yielding Before Fracture. 

YIELD STRENGTH, Cy~ (ksi) PLATE THICKNESS, t (in.) Kc, ksiX/v~-~m. 

40 1/2 28 
1 40 
2 57 

60 1,5 42 
1 60 
2 85 

80 1/2 57 
1 80 
2 113 

100 1,5 71 
1 100 
2 141 
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strate the marked dependence of fracture toughness on yield strength and plate 
thickness if through-thickness yielding is to precede fracture. That is, the desired 
fracture toughness increases linearly with yield strength and with the square root 
of plate thickness. Note that because plane-strain conditions do not exist (by 
definition) the fracture toughness is presented in terms of K c. 

13 .7  L e a k - B e f o r e - B r e a k  C r i t e r i o n  

The leak-before-break criterion was proposed by Irwin et al. [17,18] as a means 
of estimating the necessary fracture toughness of pressure-vessel steels so that a 
surface crack could grow through the wall and the vessel "leaks" before frac- 
turing. That is, the critical crack size at the design stress level of a material 
meeting this criterion would be greater than the wall thickness of the vessels so 
that the mode of failure would be leaking (which would be relatively easy to 
detect and repair) rather than fracture. 

Figure 13.6 shows schematically how such a surface crack might grow 
through the wall into a through-thickness crack having a length approximately 
equal to 2B or 2t. Thus, the leak-before-break criterion assumes that a crack of 
twice the wall thickness in length should be stable at a stress equal to the nominal 
design stress. The value of the general stress intensity, KI, for a through crack in 
a large plate where the applied stress approaches yield stress (Figure 13.7) is 

Tr(r 2a 
K 2 = (13.3) 

1 
1 - ~ (O'/O'ys) 2 

where 2a -- effective crack length, 
= tensile stress normal to the crack, and 

cry~ -- yield strength. 

2B 

5 3 

,, 

32 I 123 

FIG. 13.6 Spreading of a part-through crack to critical size 
(Line 3) for the short-crack failure models. Lines 1, 2, and 3 
are assumed to represent crack edge positions during 
increase of crack size. Shaded regions are shear lip (vertical 
shading) or potential shear lip (slant shading). 
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(Note that for low values of design stress, r this expression reduces to K~ = 

At fracture, K~ = K~ (assuming plane-stress behavior) and 

r 
K~ = (13.4) 

1 
1 - ~ ((r/O-ys) 2 

Because standard material properties were usually obtained in terms of K~, 
the following relation between K~ and Kic was used by Irwin to establish the leak- 
before-break criterion in terms of Kic, 

K~ = KI2c(1 + 1.4~c) (13.5) 

1 (Kic/2 a dimensionless parameter where ~c = ~ \O'ys/ 

Thus, substituting for K c and ~i~, the following general relation is obtained: 

I 2 2  "lTo'2a 1 
; - -  2 = K2~ 1 + 1.4 \Bo.2s ) ] (13.6) 

1 - ~ ((y/(rys) 

In the leak-before-break criterion, the depth of the surface crack, a, is set 
equal to the plate thickness, B, (Figure 13.8), and we obtain 
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FIG. 13.8 Assumed flaw geometry for leak- 
before-burst criterion. 

'ff~ I ( K4c ~ 
i -  2 = K2r L 1 + 1.4 \B2o.4s/Jj 

1 - ~ (o-/(rys) 

or (13.7) 

,/TO -2 

1 
1 - ~ . -  .(~176 ]2 

-K2r [1 + 1.4 ( K4~ ~ ]  
B [ \B2~ J 

where  o- = nominal  design stress, ksi, 
O-ys = yield strength, ksi, 

B = vessel wall thickness, in., and 
Kic = plane-strain fracture toughness  (ksiX/~n.) required to satisfy the 

leak-before-break criterion for a material with  a particular (~ys, a 
vessel with wall  thickness B and design stress (~. 

In this expression, o-, O-y~, and Kic are the design stress, yield strength, and 
material toughness  at the particular service temperature  and loading rate. 

For the critical situation of o- = O-y~, the criterion reduces to 

~TO'~s - K ~ c [ 1 + 1 . 4 ~  K4c ~ ]  (13.8) 
B ~B2O'ysJ 1 

1 - ~ (O'ys/O'ys) 2 

2~O'~s = KI2c + (1.4) G 
B 3 4 B (~ys 

1.4K~6c Kac 2,~(~2 s (13.9) 
or 3------'~ + - -  = B O-y s B 

As an example of the use of this criterion, the engineer must  first select the 
nominal  yield-strength steel that he or she wishes to use, then determine the wall  
thicknesses (these two factors might be established on the basis of a general 
strength criterion to wi ths tand a given internal pressure) and, finally, select the 
required min imum fracture toughness  level necessary to meet  the criterion. Then, 
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f rom the steels available,  the engineer  m u s t  select the one or ones that  m e e t  the 
criterion. Final mater ia l  selection w o u l d  be on  the basis  of  the foregoing condi-  
tions, p lus  other  criteria, such as cost, fabrication, and  so on. 

The required  K c values  that  will satisfy the leak-before-break criterion at 
yield s t rength  levels r ang ing  f rom 40 to 120 ksi and  for wall  thickness ranging  
f rom 1/2 to 2 in. are p resen ted  in Table 13.2. No te  that  these are listed as K c ra ther  
than  K~c as d e v e l o p e d  b y  I rwin  because  all va lues  are wel l  above  the p lane  strain 
m i n i m u m  size of B -> 2.5 (K~c/Crys). These results i l lustrate the significant effect 
of an increase in thickness or yield s t rength  w h e n  selecting mater ia ls  to satisfy 
the leak-before-break criterion. Note  the s imilar i ty  of the through- thickness  yield- 
ing and  the leak-before-break criterion b y  compar ing  the results p resen ted  in 
Tables 13.1 and  13.2. Thus,  either cri terion can be used  to ensure  a reasonably  
h igh  level of notch toughness  (elastic-plastic behavior) .  

The leak-before-break criterion, like the through- th ickness  yielding criterion, 
becomes  too conservat ive  as the plate thicknesses increase above  about  2 in. Both 
can be used  as conservat ive  elastic-plastic f racture  toughness  criteria that  account  
for the effects of yield s t rength and  thickness. Both criterion ensure non-p lane-  
strain behavior .  

13.8 Fracture Criterion for Steel  Bridges 

A fracture cri terion for steel br idges  was  deve loped  as par t  of a comprehen-  
sive fracture control plan.  This fracture cri terion was  discussed in Chap te r  12. 
It is based,  in part ,  on the f rac ture- toughness  transit ion behav io r  of br idge steels 
as a funct ion of t empera tu re  and  on the effects of loading  rate on fracture- 
toughness  transition. It requires  an elastic-plastic fracture initiation at the mini-  
m u m  opera t ing  t empera tu re  and  at the m a x i m u m  load ing  rate for br idges  and  

TABLE 13.2. K c Values Required to Satisfy Leak-Before-Break Criterion for Yield-Strength Loading. 
MATERIAL YIELD STRENGTH 

AND ASSUMED APPLIED VESSEL THICKNESS, REQUIRED K c 
STRESS, ksi (~ = ays) B (OR t) (in.) (ksi~n~n.) 

40 1/2 35 
1 50 
2 70 

60 ~,h 50 
1 75 
2 105 

80 1/2 70 
1 100 
2 140 

100 1,5 85 
1 120 
2 175 
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a critical crack size larger than could exist at the end of the design fatigue life. 
Also, higher fracture toughness values are required for fracture critical than for 
non-fracture critical members. 

13.9 Summary 

The preceding sections describe a few notch-toughness criteria that have been 
proposed for use on structural applications. Obviously, the most desirable cri- 
terion is one which is based directly on the appropriate critical K values that are 
used to calculate stress-crack-size trade-offs, as discussed in Chapter 6. However, 
the direct use of fracture mechanics K 1 calculations and K c measurements assumes 
that material fracture toughness values can be determined using the test methods 
described in Chapter 3. As has been discussed before, it is difficult to obtain K c 
values routinely for most structural materials. Hence many criteria are based on 
concepts of fracture mechanics but are described in terms of simple tests, such 
as the CVN impact test. 

A key aspect of criteria selection is the proper consideration of the conse- 
quences of failure. Also, the engineer should remember that good design is an 
optimization of performance, safety, and cost. Thus, arbitrarily specifying a frac- 
ture toughness criterion more than is necessary may increase the cost of the 
structure such that it may be prohibitive to build. This was the case for the 
floating nuclear power plants designed in the early 1970s that were not built for 
several reasons, including the excessive safety factor that increased the cost 
considerably. 
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Ill 
Fitness for Service 

14.1 Introduction 

FITNESS FOR SERVICE is a term used by Wells [1] in the early 1960s to describe the 
actual safety or reliability of a structure at a given time. It takes account of the 
actual stresses, flaw sizes, material toughness, service conditions, etc. in a realistic 
manner so that the "fitness" for continued service of an existing structure can be 
established on a rational basis. It has also been referred to as common sense 
engineering [2] and serves as the basis for a decision as to the "life extension" 
of an existing structure. 

Fitness for service (purpose) was defined by Alan Wells [1] in the early 1960s 
a s :  

"Fitness for purpose is deemed to be that which is consciously chosen to 
be the right level of material [that is, having the appropriate fracture tough- 
ness, e.g., K c, CTOD, J-integral, CVN, etc.] and fabrication quality [that is, tol- 
erable flaw size for the given application] for each application [that is, the 
appropriate loading or stress level for the given application], having regard to 
the risks and consequences of failure; it may be contrasted with the best quality 
that can be achieved within a given set of circumstances, which may be in- 
adequate for some exacting requirements, and needlessly uneconomic for oth- 
ers which are less demanding. A characteristic of the fitness-for-purpose ap- 
proach is that it is required to be defined beforehand according to known facts, 
and by agreement with purchasers which will subsequently seek to be national 
and eventually international. 

The need for such an approach has already been seen with the develop- 
ment and application of fracture mechanics, but the paper [by Wells] draws 
attention to a wider scope which also embraces the evolution of the process, 
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risk analysis and reliability engineering, nondestructive examination, codes 
and standards, and quality assurance. 

It is considered that the assessment of fitness for purpose should relate 
well to the quality assurance approach, since the latter aims to be comprehen- 
sive, and makes provision for updating its own procedures." 

It is proposed that fitness for service is indeed common-sense engineering 
and that both concepts rely heavily on the field of fracture mechanics. The fitness- 
for-service approach can be used during the design process or to analyze the 
remaining life or life extension of an existing structure in which a crack has 
developed. Although several standards [3-5] are available to analyze the fitness 
for service of existing structures, there is no single all-encompassing methodol- 
ogy. Fitness for service also encompasses risk analysis or probability, nondestruc- 
tive examination, quality control, and quality assurance as well as other related 
technologies, most of which incorporate concepts of fracture mechanics. In short, 
one of the major new directions in fracture mechanics deals with fitness for ser- 
vice and the application of fracture mechanics concepts to extending the life of 
existing structures. 

It should be emphasized that the principles of fracture mechanics used in 
new design, Parts I and II, and those of fatigue or stress corrosion, Part III, also 
apply to fitness-for-service analyses for structures in service. The unique aspect 
of a fitness-for-service analysis for structures in service is the use of the service 
conditions, flaw sizes, and, when possible (see Section 14.3.3, Step C, for exam- 
ple), material properties actually existing at the time of the analysis rather than 
extreme loadings, possible flaw sizes, or material properties assumed at the time 
of new design. 

Guidelines on the specific inputs to a fitness-for-service analysis are given 
in the following sections. 

14.2 Use of Fracture Mechanics in Fitness-for-Service Analysis  

14.2.1 General 
The driving force, K I, can be calculated as described in Chapter 2. Most of 

the crack geometries encountered in actual structures can be approximated by 
the various K I relations presented in Chapter 2. For unusual crack geometries 
that cannot be approximated by one of the K~ relations presented in Chapter 2, 
the reader is referred to several handbooks of the K I factors [6,7]. 

Chapter 3 described the various test methods available to measure K c for a 
given material. Recall that for structural steels, there were four general regions 
of fracture behavior, as is shown in Figure 14.1. In many cases, material is not 
available to test, and estimates of K c must be made from CVN impact test results 
(which require much less material) as discussed in Chapter 5. 

Chapter 4 discussed the effect of temperature, loading rate, and constraint 
on fracture behavior. Obviously, the test temperature is the easiest parameter to 
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FIG. 14.1 Schematic t o u g h n e s s  b e h a v i o r  a n d  test records 
of low-strength steels. 

establish for the particular structure. The issue of loading rate and whether or 
not to design for initiation (slow loading) or arrest (dynamic loading) is not as 
straightforward, however. 

14.2.2 Effect o f  Loading Rate  
For materials that exhibit loading-rate or strain-rate effects, such as structural 

steels with yield strengths less than about 140 ksi, the loading rate at a given 
temperature can affect the resistance force (fracture toughness) significantly. This 
behavior is shown in Figure 14.2 for an A572 Grade structural steel. In an ideal 
fitness-for-service evaluation, the loading rate in the particular fracture toughness 
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FIG. 14.2 Effect of temperature and strain rate on fracture toughness of 50-ksi 
yield-strength structural steel. 

test (K, CTOD, J) used to evaluate the behavior of a structural material should 
be essentially the same as the loading rate in the structure being analyzed. Frac- 
ture toughness criteria can then be established by using either static, intermedi- 
ate, or dynamic fracture toughness test results for a particular structure. 

The importance of using test results that model the loading rate in the actual 
structure should be emphasized. If the engineer can be certain that a structure 
is loaded statically or that the structural material is not strain-rate sensitive, then 
slow-loading tests should be used to evaluate the fitness for service. Conversely, 
if impact loading is the actual loading rate, then an impact test should be used 
to predict the fitness for service. 

Because of the large differences in behavior of structural materials that are 
strain-rate sensitive, Figure 14.2, the likelihood of dynamic loading vs. slow load- 
ing of structures should be considered carefully during a fitness-for-service anal- 
ysis. There are two different schools of thought regarding the influence of loading 
rate on the fracture toughness behavior of structures. 

The first school of thought assumes that there can be highly localized regions 
where the fracture toughness is low in all large structures. Examples of these 
regions might be local brittle zones in weldments, grain-coarsened regions in the 
heat-affected zone of a weldment, arc strikes on the base plate, nonmetallic in- 
clusions, etc. These highly localized regions of low fracture toughness are as- 
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sumed to initiate microcracks under statically applied loads so that the surround- 
ing material is suddenly presented with a moving dynamic (but small) crack. 
Thus, even though the overall applied structural loading rate may be slow, this 
school of thought believes that the crucial loading rate is that of the crack-tip 
pop-in. This sudden separation of a few metal grains (<-0 .01  in. in size) is 
referred to as "pop-in" and is assumed to create dynamic loading rates. This line 
of reasoning implies that the dynamic fracture toughness (Kid/O-yd) always con- 
trols fracture extension irrespective of initiation conditions. Accordingly, this as- 
sumed behavior leads to the conclusion that the Kid/e~yd parameter always should 
b e  used to evaluate the behavior for all structures regardless of the measured 
structural loading rates. This is referred to as designing for crack-arrest behavior. 

The second school of thought assumes that different loading rates can apply 
for different structures. For those structures where the measured loading rates 
are slow, the static Kc/Cry S ratio is the controlling fracture-toughness parameter. 
For those structures loaded at some intermediate loading rate (which applies to 
many structures such as bridges, ships, offshore rigs, and buildings subjected to 
earthquake loadings), an "intermediate" Kt(t)/O'y s ratio is believed to be the con- 
trolling fracture-toughness parameter. If indeed a structure is loaded dynami- 
cally, then Kid/Cry d is the controlling parameter. Interestingly, many structures 
whose dynamic toughness (Kid/Crya) is relatively low have been performing quite 
satisfactorily for many years because the actual structural loading rate is slow 
or, at most, intermediate. 

A realistic appraisal of these two schools of thought leads to the following 
observation for fitness-for-service evaluations. While it is true that there may 
exist highly localized regions of low fracture toughness in complex structures, it 
seems hard to visualize that a dynamic stress field can be created by the localized 
extension of a small microcrack, or "pop-in." If this were indeed the case, many 
hundreds of thousands of structures that continue to perform satisfactorily 
should have failed. A more realistic mechanism of creating a localized dynamic 
stress field under nominally static loading would  appear to result from the sud- 
den separation of secondary structural members such as a stiffener or a gusset 
plate. This sudden separation might change the local stress distribution over a 
reasonably large area rather suddenly in nonredundant structures. Thus, a large 
dynamic stress field surrounding a pre-existing crack is created such that the 
dynamic properties (Kid/(Yya) control the resistance to failure. 

Accordingly, whereas it may be conservative to analyze existing structures 
assuming dynamic loading (use of Kid~Cry a toughness values at the service tem- 
perature), it does not seem to be appropriate to automatically use impact results 
in a fitness-for-service analysis. Rather, the actual loading rate should be used to 
evaluate the remaining life of actual structures. 

As an example of the fitness-for-service approach, the AASHTO material- 
toughness requirements [8] for fracture critical tension members of A36 bridge 
steels having service temperatures down to 0~ require that the steel plates ex- 
hibit 25-ft-lb CVN impact energy at +70~ Because bridges have been shown to 
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be loaded at an intermediate rate of loading, this requirement is designed to 
ensure non-plane-strain behavior beginning at about -50~ well below the min- 
imum service temperature of 0~ as shown in Figure 14.3. The use of the tern- 
perature-rate "shift" to establish fracture toughness requirements for steel high- 
way bridges has been demonstrated to be quite satisfactory because of: 

1. The intermediate loading rate to which bridges are subjected. 
2. The loadings are reasonably well known. 
3. The conservative AASHTO fatigue requirements. 

Laboratory tests conducted on nonredundant,  welded bridge details indi- 
cated that the AASHTO fracture toughness requirements were adequate even 
when the details were subjected to the total fatigue design life, the maximum 
design sfress, the minimum operating temperature, and the maximum expected 
loading rate [9]. Although not stated directly, the AASHTO fracture toughness 
requirements for bridge steels follow a fitness-for-service approach and demon- 
strate the use of actual loading rates in setting fracture toughness requirements. 

14.2.3 Effect of Constraint 
Although the effects of temperature and loading rate on the fracture behav- 

ior of structures are reasonably well understood and documented, the relation- 
ship between constraint and fracture toughness is less clear. 

The out-of-plane constraint (Figure 14.4) generally is handled by either test- 
ing very thick specimens or, at least in a fitness-for-service application, testing 
the thickness of actual interest. However, the in-plane constraint is more difficult 
to analyze. The in-plane constraint is controlled by the effect of crack depth (a) 
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FIG. 14.3 Schematic showing elastic-plastic fracture toughness behavior 
at a service temperature of 0~ for an AASHTO material toughness 
specification of 25 ft-lb at +70~ 
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constraint as a function of crack length and a /W 
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and crack-depth to specimen-width ratio (a/W) in test specimens. Comparison 
of finite element results of various crack-depth to specimen-width ratios (a/W) 
shows a fundamental change in the nonlinear stress field at an a / W  ratio of 
approximately 0.15. Specimens with shorter cracks (a/W = 0.10 and 0.05) show 
yielding to the free (tension) surface behind the crack well before the formation 
of a plastic hinge. Specimens with deeper cracks (a/W ~ 0.20) develop a plastic 
hinge before the plastic zone extends from the crack tip to the back surface. 

In the lower shelf region, where valid Kic results can be obtained, experi- 
mental fracture toughness (CTOD and J-integral) results of short-crack specimens 
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are similar to the results of the deep-crack specimens. Correspondingly, the three- 
dimensional finite element analyses for two specimen a/W ratios (0.50 and 0.15) 
reveal that the opening mode stresses near the crack tip are essentially identical 
at the same fracture toughness (Kic, CTOD, and Jic) levels. This confirms that the 
fracture toughness can be expressed as a single parameter characterization of the 
stress field, which is independent of specimen size and crack depth in the lower 
shelf or linear-elastic region. 

However, in the lower-transition region, where considerable plastic defor- 
mation and crack tip blunting occurs prior to brittle fracture, the experimental 
fracture toughness results (CTOD and J) of the short-crack specimens are ap- 
proximately two to three times larger than results of the deep-crack specimens 
at identical temperatures, as shown in Figure 14.5 [10]. Thus, at equivalent frac- 
ture toughness levels in the elastic-plastic regime, the finite element analyses 
reveal significant differences in crack tip stresses between the shallow and deep- 
cracked specimens. The deep-crack specimens exhibit significantly higher open- 
ing mode stresses near the crack tip compared to the short-crack specimens, as 
shown in Figure 14.6. Correspondingly, at equivalent levels of opening-mode 
stress, the short-crack specimens have CTOD and J values approximately 2.5 
times larger than the deep-crack specimens, as was shown in Figure 14.5. 

Both crack depth (a) and a/W ratio affect the fracture toughness of structural 
and pressure vessel steels. For deep-crack geometries (a/W = 0.5), crack depth 
has a limited effect on fracture toughness. That is, even for a large difference in 
laboratory specimen size (W = 0.8 to 4.0 in.), there is little difference in fracture 
toughness as tong as the a/W ratio is 0.5, as shown in Figure 14.7 for an A533B 
steel. As the in-plane constraint is decreased by decreasing the a/W ratio to 0.1, 
specimens with a smaller crack length exhibit a higher fracture toughness, Figure 
14.8. For specimens with the same crack length (a = 0.4), decreasing the a/W 
ratio increases the fracture toughness, Figure 14.9. Finally, decreasing both crack 
length, a and a/W ratio results in a significant increase in fracture toughness, 
Figure 14.10. 

The significance of this increase in fracture toughness with respect to struc- 
tural performance will have a large effect on fitness-for-service evaluations. How- 
ever, presently it is difficult to quantify this effect, which is the subject of current 
research. For example, the Nuclear Regulatory Commission is analyzing the pos- 
itive effect that this observation may have on the prediction of the remaining life 
of pressure vessels used in the nuclear industry [11]. 

Constraint is the result of a triaxial state of stress at the crack tip. If stresses 
are relaxed in any direction, either out-of-plane or in-plane, then the constraint 
is decreased and the fracture toughness increases as was just shown. For struc- 
tural situations as well as laboratory specimens, constraint can be lost in either 
the out-of-plane or the in-plane direction. 

A current theory [12] suggests that at low a/W ratios, the single fracture 
toughness parameters, such as K, J or CTOD, are not adequate to characterize 
the fracture toughness. Specifically these studies show that a second parameter, 
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such as the T stress when referred to Kic or the Q parameter when referred to J, 
can be used to characterize the state of stress at the tip of a crack. In the original 
Williams stress function [13], the stresses near the crack tip are described by an 
expansion of the stress field about the crack tip. The first term of the Williams 
expression is expressed in terms of K~, which is linear-elastic fracture mechanics. 
However, it has been shown that the second term of this expansion can have a 
significant effect on the stress levels near the crack plane in the in-plane direction. 
This K-T, two-term expansion is limited to the linear-elastic region just as K~ is 
limited to the linear-elastic region. In the elastic-plastic area, a similar analysis 
exists for a Q parameter which is compatible with the J integral. Just as the T 
stress affects the fracture toughness for low values of a/W in the linear-elastic 
region, the Q parameter will affect the fracture toughness in the elastic-plastic 
regime. The K-T stress or the J-Q analyses may enhance our understanding of 
the conditions controlling fracture and lead to a better understanding of the 
structural performance of structures with shallow cracks. 

14.2.4 Effect of Many Factors 
There are cases where many factors may affect the fracture behavior of a 

structure. The fracture of welded steel moment frame (WSMF) connections dur- 
ing the Northridge earthquake in January, 1994 has been assumed to be such an 
example [14]. That earthquake demonstrated the susceptibility to damage of the 
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welded beam-to-column moment connections commonly used in the construc- 
tion of welded steel moment resisting frames [15]. 

The Preface to SAC Report 95-09, Background Reports [14] notes that: 

"It is now known that a large number of factors contributed to the damage 
sustained by steel frame buildings in the Northridge earthquake. These in- 
cluded [numbered for clarity]: 

1. design practice that favored the use of relatively few frame bays to resist 
lateral seismic demands, resulting in much larger member and connection 
geometries than had previously been tested 

2. standard detailing practice that resulted in the development of large 
inelastic demands at the beam to column connections 

3. detailing practice that often resulted in large stress concentrations in the 
beam-column connection 

4. the common use of welding procedures that resulted in deposition of low 
toughness weld metal in the critical beam flange to column flange joints 

5. relatively low levels of quality control and assurance in the construction 
process, resulting in welded joints that did not conform to the applicable 
quality standards 

6. detailing practice for welded joints that resulted in inherent stress risers and 
notches in zones of high stress 
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7. excessively weak and flexible column panel zones that resulted in large 
secondary stresses in the beam flange to column flange joints 

8. large variations in material strengths relative to specified values 
9. the inherent inability of the material to yield under conditions of high 

triaxial restraint such as exist at the center of the beam flange to column 
flange joints." 

The relative importance of these factors currently is being studied in nu- 
merous investigations [16]. Various recommendations and guidelines for reliable 
connections are being developed and should be available in the year 2000. 

14.3 Existing Fitness-for-Service Procedures 

14.3.1 General 
Two existing fitness-for-service procedures have been used widely by engi- 

neers for years. These two methodologies are: 

1. PD 6493--Guidance on Methods for Assessing the Acceptability of Flaws in 
Fusion Welded Structures [3]. This procedure was developed in 1980 and 
has been updated recently. It is used "to examine critically the integrity of 
fusion welded joints in new or existing constructions." 

2. ASME Section XI--Rules for In Service Inspection of Nuclear Power Plant 
Components [5]. This procedure is used to determine the acceptability of 
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flaws detected during in-service inspections of fabricated nuclear vessels 
and components. 

Both of these methodologies are based on concepts of fracture mechanics 
and generally follow the procedures described in Parts I, II, and III of this book. 
An introduction to specifics of these procedures is given in the following sections. 
A third procedure has just been developed by API and also is described. 

14.3.2 PD 6493 
The British Standards Institute document PD 6493:1991, Guidance on Some 

Methods for the Derivation of Acceptance Levels for Defects in Fusion Welded 
Joints, is based on concepts of fracture mechanics as stated earlier. This document 
establishes specific guidelines to the engineer who is assessing the safety and 
reliability of existing structures in which defects have been found. The document 
establishes a failure assessment diagram that is actually an interaction curve re- 
lating the limits of both fracture and yielding. The schematic diagram in Figure 
14.11 shows that as long as both 

K~ 
Kr = Kcc (14.1) 

and 

S r - -  O'n~ (14.2) 
O-flow 

are below the assessment line, the structure should be safe. In essence, the failure 

Fracture  Assessment 

""=�88 

Safe /Collapse 

SR.. (~Nom 
( ~ F l o w  

FIG. 14.11 Schematic showing general failure assessment 
diagram used in PD 6493. 
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assessment diagram is designed to keep the driving forces (K~ and (morn) less than 
the resistance forces (K c and  O-~ow) as has been discussed earlier. In the PD 6493 
procedure,  the flow stress is used rather than the yield stress because it is a more 
accurate predictor of the limit load in tension. PD 6493 actually establishes a 
formalized procedure that  can be used as a code. Three levels of sophistication 
are specified. 

Level 1 is shown in Figure 14.12 and  includes a limit of 0.7 on K r and 0.8 
on St. These two limits result in a factor of safety of 2 on flaw size as follows: 

07 / 

Because O-no w -~  1 . 2 0 " y i e l d  , restricting S r to 0.8 limits o-no m to be less than or 
equal to the yield stress. Because the Level 1 analysis includes a factor of safety, 
it is used as a conservative screening procedure for rapid assessment of the safety 
of an existing structure. 

The fracture behavior in Level 1 also can be established in terms of CTOD, 
as follows: 

V ~  = ~ (14.3) 

where 

1 , 0  m T I I [ I 

Assessment Line 0.8 

0 . 6 -  

0 .4 -  

0 .2 -  

0.0 ~ ~ ~  
0.0 0.2 0.4 0.6 0.8 1.0 

Sr 

FIG. 14.12 Level 1 failure assessment diagram. 

i t /Level 1 FAD 
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•i 2 

81 = the driving force - (14.4) 
O'y s E 

B c = the resistance force as described in Chapter  3 

Level 2 is a preferred  assessment level for the majority of structural appli- 
cations. It is based on  the strip yield model  descr ibed in Chapter  2 as follows: 

[8 (2Sr)] ]/2 (14.5) Kr, X/~ = Sr ~-~lnsec 

This relationship is shown in Figure 14.13. Note  that the limits of K r or 
%/-S-7 and Sr are 1.0, so there is no pre-established factor of safety. 

Either K r or X~r can be used,  depending  on  the availability of material frac- 
ture  toughness  data. Al though Jc data can be conver ted  to K c values, the proce- 
dure  specifically prohibits using CTOD test results to estimate K c values. The 
reasons for this restriction are that, at the t ime of writ ing PD 6493, the relation 
be tween K c and 8 c was  not  well  established. The authors  of this text believe that 
the relation presented  earlier, namely:  

K c = X/1.78c%ow E (14.6) 

is sufficiently well  established that  it wou ld  give reasonable results. However ,  
any  conversion be tween  CTOD test results and K c result is prohibi ted in the 1991 
vers ion of PD 6493. 

The document  still allows conversion of the driving force, KI, to 8~ as follows: 
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FIG. 14.13 The failure assessment diagram for Level 2. 
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K~ 
~ - ( 1 4 . 7 )  

O-ysE 

Although there is not inherent safety factor on a Level 2 assessment, welded 
wide plate test data have been analyzed and compared with Level 2 assessment 
[17,19]. These results are shown in Figure 14.14 and show that the actual factors 
of safety vary considerably. 

Level 3 is the advanced level and normally is used only for the assessment 
of materials with high work-hardening exponents. However, recent studies at 
Lehigh University show that there does not appear to be any significant advan- 
tages of using the Level 3 assessment, particularly in view of the additional 
testing and analysis required. Readers interested in the Level 3 approach are 
referred to PD 6493. 
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The preceding discussion is a brief overview of the PD 6493 fitness-for- 
service fracture assessment of existing structures. PD 6493 also describes fatigue 
crack growth behavior, which is similar to that presented in Part III of this book. 
In addition, there are brief sections on yielding, buckling, and creep in PD 6493. 

14.3.3 A S M E  Sect ion X I  
Appendix A of the ASME Code--Section XI [5] provides a procedure for 

determining the acceptability of flaws (fitness for service) that have been detected 
during in service inspection which exceed a specified allowable value. The pro- 
cedure is based on principles of fracture mechanics and applies to ferritic ma- 
terials 4-in. thick or with O ' y  s = 50 ksi or less. 

Briefly, the procedure consists of the following steps: 

Step A Determine the actual flaw configuration or configurations (if multiple 
flaws are present) and resolve the flaw(s) into a simpte shape repre- 
sentative of the actual severity of the flaw(s). The Code gives proce- 
dures for establishing the possible interaction of multiple flaws. 

Step B Determine the stresses and stress intensity factors at the location of 
the observed flaw for normal, emergency, and faulted conditions. The 
stress intensity factors are calculated using the relations described in 
Chapter 2. 

Step C Determine the necessary material properties, e.g., K~c or K~a, including 
the effects of irradiation if applicable. Kia is based on the lower bound 
of critical crack arrest K I values measured as a function of tempera- 
ture. K~c is based on the lower bound of critical static initiation K~ 
values measured as a function of temperature. 

Lower bound K~a and K~c versus temperature curves from tests of 
SA-533 Grades B Class 1, SA-508 Class 2, and SA-508 Class 3 steel are 
provided in Figure 14.15 for use if data from the actual product form 
are not available. The temperature scale of these data should be re- 
lated to the reference nil-ductility temperature RTNDT, as determined 
for the material prior to irradiation. The curves in Figure 14.15 are 
intended to be very conservative since the recommended procedure 
is to determine the material fracture toughness from specimens of the 
actual material and product form in question. 

If fatigue crack growth is a consideration, the Code describes the 
relations to be used, which are in essence, the ones presented in Part 
III of this book. 

Step D Finally, using the Code-prescribed procedures for different loading 
conditions, compare K I to K~a or Kic for various loading conditions. 
The minimum critical flaw size for emergency and faulted conditions, 
ai, should be established using K~c data for flaw initiation considera- 
tions and K~ data for flaw arrest considerations. 

In summary, Section XI of the ASME Code provides a fitness-for-service 
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analysis of vessels in which flaws have been detected and for which fracture 
toughness levels may have decreased because of irradiation effects. 

14.3.4 A P I  579 
API 579--Recommended Practices for Fitness-For-Service [20] is a "result of 

a need for standardization of fitness-for-service assessment techniques for pres- 
surized equipment in the refinery and chemical industry." 

The document is a comprehensive one intended to: (1) ensure that older 
equipment can be used safely, (2) provide technically sound fitness-for-service 
assessment procedures to ensure that different service providers furnish consis- 
tent life predictions, and (3) help optimize maintenance and operation of existing 
facilities to maintain availability of older plants and enhance long-term economic 
viability. API 579 describes fitness-for-service evaluations using the results from 
a finite element analysis, in particular for inelastic behavior involving the 
J-integral or CTOD procedures as discussed in the appendix to Chapter 2. 

Although the section on assessment of crack-like flaws should be of primary 
interest to readers of this text, the document also includes assessment of general 
metal loss, corrosion, blisters, weld misalignment, creep and fire damage. 

14.4 Benef i ts  of  a Proof  or Hydro-Test  to Establ i sh  Fi tness  for 
C o n t i n u e d  Service 

Of the various methodologies to justify continued fitness for service, or life ex- 
tension of an existing structure (e.g., re-analysis, inspection, probabilistic analysis, 
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etc.), an actual load test, or in the case of a pressure vessel, a hydro-test, is by 
far the best methodology on which to base a decision to extend the design life 
of a structure. In fact, periodic load or hydro-testing can be used to extend the 
life of a structure indefinitely. 

Engineers have known this for years. In a proof test, or hydro-test there are 
no assumptions or modeling involved. The real structure is loaded and the actual 
material condition is evaluated in the presence of whatever imperfections actu- 
ally may be in the structure. The engineer does not need to assume crack size 
or material properties or to model loading conditions, etc. Hydro-testing is a 
well-established viable procedure for determining fitness for future service, i.e., 
life extension. 

Although a proof or hydro-test is the best fitness-for-service or life-extension 
methodology that can be used for almost any type of structure, unfortunately it 
is not practical for some large structures such as ships. However, in the case of 
many structures, the actual material in its current state, e.g., possibly irradiated 
in the case of a nuclear pressure vessel, with actual (if any) flaws, can be sub- 
jected to the same types of loading that the vessel will see in continued service. 
Test temperature and pressure can be controlled so that the desired degree of 
conservatism during a proof or hydro-test can be achieved. Thus, a proof or 
hydro-test is an ideal methodology to evaluate the continued service of many 
structures. Boeing used this concept in the 1960s to evaluate the performance of 
pressure vessels, and NASA used this approach during the Apollo space pro- 
gram. Industry uses this procedure regularly. The methodology is very applicable 
to many structures, particularly where the loading is slow and can be well con- 
trolled at temperatures near ambient. 

Fracture mechanics methodology can be used to demonstrate the merits of 
proof or hydro-testing as shown schematically in Figure 14.16. For a given flaw 
depth, a, with a given shape factor, Q, the general K~ relation for a surface flaw 
is :  

a 
K I =  C 'o"  r  (14.8) 

Letting K I = K c, the critical material fracture toughness at a given level of 
embrittlement and service temperature (Kc = K~c if plane strain conditions 
exist), the locus of failure points can be calculated as shown in Fig. 14.16. As 
long as K I, the combination of operating stress and flaw size, is kept below K c, 
the vessel will not fracture. During hydro-test, an overpressure is applied such 
t h a t  O'Hydro_test will cause failure if act is equal to or greater than the acr(p . . . . .  t ti . . . .  d 
future time T2) value shown in Figure 14.16. If failure does not occur during the 
hydro-test, the vessel is safe to operate at O'operating until continued material deg- 
radation (or perhaps reduced temperature) reduces K c in the future to Kc2 such 
that failure would be predicted. Note that at Time T1, the toughness of the ma- 
terial has been reduced only to Kcl and a larger flaw size, acr(futur e time T1), would 
be required for failure. 
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FIG. 14.16 Schematic showing fracture control by hydro-testing. 

If fatigue crack g rowth  does not  occur, the actual flaw size will never  be 
greater than it is at the present  time. However ,  subsequent  proof  tests would  
account for fatigue crack growth  as the hydro- tes t  is conducted  on the actual 
vessel wi th  any actual cracks. Also, note  that  the more  likely flaw size in many  
structures is aHFiR(realistic), not  acr(present time)" This observat ion introduces some con- 
servatism into the hydro- tes t  procedure.  In summary,  fracture mechanics theory 
can be used  to demonst ra te  that hydro- tes t ing is a viable engineering method-  
ology to insure the safety of a structure. The clear advantage  of periodic hydro-  
testing, coupled  with cont inued surveil lance testing, is that if periodic hydro-  
testing is successful, the process shown  in Figure 14.16 can be repeated 
indefinitely. 

14.5 Di f ference  Be tween  Init iat ion and Arrest (Propagation) 
Fracture Toughness  Behavior 

In a fitness-for-service analysis of an existing structure, it is impor tant  to under-  
s tand the difference be tween  crack initiation and crack arrest (propagation) 
behavior. 

The general  difference in initiation and propagat ion  behavior  of low-to- 
medium-s t rength  structural  steels as related to fracture-toughness test results 
is shown schematically in Figure 14.17. The curve labeled "static" refers to 
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the fracture toughness obtained in a standard ASTM K~c fracture test under 
conditions of slow loading. [The curve for rapid or intermediate loading-rate 
tests, K~c (t), would be slightly to the right of the static curve.] The impact curve 
is from a Kid or other dynamic test under conditions of impact loading. The 
difference in the location of these curves is the temperature shift, which is a 
function of yield strength for structural steels as discussed in Chapter 4. 

In Region I~ for the static curve (Figure 14.17), the crack initiates in a cleavage 
mode from the tip of the fatigue crack. In Region II~ the fracture toughness that 
will result in initiation of unstable crack propagation increases with increasing 
temperature. This increase in the crack-initiation fracture toughness corresponds 
to an increase in the size of the plastic zone and in the zone of ductile tear (shear) 
at the tip of the crack prior to unstable crack extension. In Region III~ the static 
fracture toughness is quite large and is more difficult to define (that is, elastic- 
plastic fracture-mechanics tests are required--Chapter 3), but  the fracture initi- 
ates by ductile tear (shear). 

The ductile tear zone at the tip of a statically loaded crack is confined to the 
zone of plastic deformation along the crack front. The maximum size for this 
plastic zone is restricted by the ASTM E-399 K~c test requirement to ensure valid 
plane-strain test results. Deviations from this requirement for elastic plane-strain 
conditions toward elastic-plastic conditions usually result in high initiation frac- 
ture-toughness values. As was described in Chapter 3, the ductile tear zone at 
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the tip of a crack under elastic-plastic conditions is usually very small and may 
be difficult to delineate by visual examination. As the test temperature increases, 
the elastic-plastic behavior becomes more plastic than elastic and the ductile tear 
zone at the tip of the crack becomes very evident. 

The dynamic curve in Figure 14.17 represents the dynamic (impact) fracture 
toughness behavior for the steel and the crack propagation behavior once the 
crack initiates. The fracture behavior in Regions Id, lid, and III d for the dynamic 
curve are similar to those for the static curve. 

In an actual steel structure loaded at Temperature A, initiation may be static 
and propagation dynamic. However, there is no apparent difference between the 
two because both initiation and propagation are by cleavage. If a similar structure 
is loaded slowly to failure at Temperature B, there will be sOme localized shear 

FIG, 14.18 Fracture surfaces of full-thicknesses (B = 1,5 in.) 4-T 
compact tension specimens of A572 Grade 50 steel tested 
under load-control conditions using a total-unload/reload 
loading sequence, 
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and a reasonable level of static fracture toughness at the initiation of failure. 
However, for rate-sensitive structural materials, such as structural steels used in 
bridges, offshore rigs, or ships, once the crack initiates, the fracture toughness is 
characterized by the dynamic fracture toughness level on the impact curve. Thus, 
the fracture appearance for the majority of the fracture surface is cleavage. If the 
structure is loaded slowly to fracture initiation at Temperature C, the initiation 
characteristics will be full-shear initiation with a high level of plane-stress frac- 
ture toughness K c. However, the fracture surface of the running crack may still 
be predominately cleavage but  with some amount of shear as shown in the lower 
impact curve at Temperature C in Figure 14.17. 

Figure 14.18 shows the fracture surfaces and representative fracture tough- 
ness levels (CVN and Kc) for an A572 Grade 50 steel. The specimen tested at 
-42~ exhibits some small amount of shear initiation, that is, at a temperature 
slightly below B, Figure 14.17. The specimen tested at +38~ exhibits full shear 
initiation (between B and C), but primarily cleavage propagation. The specimen 
tested at +72~ exhibits full shear initiation (Temperature C) but still exhibits a 
large region of cleavage propagation, Figure 14.18. Thus, ductile crack propa- 
gation (dynamic) would only occur at Temperature D, which is essentially dy- 
namic upper-shelf CVN impact behavior (i.e., 80% or above shear fracture 
appearance). 



408 FRACTURE A N D  FATIGUE CONTROL IN STRUCTURES 

Schematic P-A records as would be obtained from a slow-bend fracture test 
are presented in Figure 14.19 for each of the three fracture surfaces shown in 
Figure 14.18. Note that although all of them are shown to exhibit some nonlinear 
or elastic-plastic behavior, there is a considerable difference in the overall test 
records. 

In summary, steels that exhibit considerable initiation fracture toughness at 
slow loading rates may have fracture propagation surfaces that are primarily 
cleavage. If the engineer looks only at the propagation surface, he or she may 
conclude that the cause of the fracture was low fracture toughness. This conclu- 
sion is only partially correct. Whereas the arrest (i.e., propagation) or dynamic 
fracture toughness may be low, e.g., Region Id, Figure 14.17, the initiation fracture 
toughness, e.g., Region II s, Figure 14.17, may be fairly high. Thus, if initiation 
can be prevented, e.g., by slow loading, the material may be quite satisfactory. 

This behavior will be illustrated in Chapter 16 in the case study of the In- 
gram Barge. A slow overload 2.5 times the design load in a region of very high 
constraint led to crack initiation. After the fracture started, it propagated by 
cleavage around the entire ship, even though the CVN impact notch toughness 
was 55 ft-lb. Analysis of this failure illustrated the importance of understanding 
the difference between initiation and arrest (propagation) fracture toughness, as 
well as the influence of constraint in brittle fracture initiation. 
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Importance of Fracture 
Toughness and Proper 
Fabrication Procedures-- 
The Bryte Bend Bridge 

15.1 Introduction 

FRACTURE toughness is a very important consideration in preventing brittle frac- 
tures of welded structures. However, as research and service experience have 
shown, brittle fracture is not, and never has been, just a material problem. De- 
sign, fabrication, materials, inspection, and service conditions all are factors that 
affect the susceptibility of a structure to brittle fracture. In this chapter the con- 
tribution of these factors to the Bryte Bend Bridge failure [1,2] is discussed. In 
addition, the AASHTO Fracture Control Plan for steel bridges is discussed to 
show how, had the ASSHTO Fracture Control Plan [3] been in existence, this 
failure would not have occurred. 

In the Bryte Bend Bridge, the combination of low material toughness and 
poor fabrication practices led to the failure of this structure. Specifically, an out- 
of-specification steel in the presence of a severe Category E fatigue detail result- 
ing from welding a lateral brace into the flange combined to cause a brittle 
fracture. 

This case study points out that brittle fractures are caused by complex in- 
terrelations between material fracture toughness, design, welded details, fabri- 
cation practices, and service conditions. For steel bridges, the AASHTO Fracture 
Control Plan provides a reasonable set of balanced controls on all of these factors 
and thus is a satisfactory plan to prevent brittle fractures in steel bridges. 

However, it should be emphasized that a particular plan developed for the 
prevention of fractures in one type of structure such as the AASHTO Fracture 
Control Plan for steel bridges cannot be used indiscriminately to prevent fracture 
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in other types of structures. As discussed previously, differences in loading rate, 
design details, fatigue loading, etc. are such that fracture control should be made 
as specific to a particular type of structure as possible. 

15.2 AASHTO Fracture Control Plan For Steel Bridges 

Fracture-toughness requirements often are developed to be used in conjunction 
with good design, fabrication, and inspection procedures, without being specific 
as to how "good" procedures are defined. In the 1970s AASHTO recognized the 
need for a more specific fracture control plan for nonredundant steel bridges and 
developed the "Guide Specifications for Fracture Critical Non-Redundant Steel 
Bridge Members" [3]. Specifically, this Guide requires additional controls on the 
material notch toughness, welding, and inspection of fracture-critical bridge 
members compared with redundant bridge members. Fracture-critical members 
(FCMs) or member components are tension members or tension components of 
members whose failure would be expected to result in collapse of the bridge. 
The Guide specifications are to be used in conjunction with all existing AASHTO 
requirements and are based on numerous research studies designed to translate 
research into engineering practice. 

The American Association of State Highway and Transportation Officials 
(AASHTO) approach to fracture control has been to specify the materials, design, 
fabrication (welding), construction, inspection, and maintenance in four separate 
specifications as follows: 

1. Standard Specifications for Highway Bridges [4]. 
2. Standard Specifications for Transportation Materials and Methods of 

Sampling and Testing [5]. 
3. Standard Specifications for Welding of Structural Steel Highway Bridges [6]. 
4. Manual for Maintenance Inspection of Bridges [7]. 

The controls described in these specifications have worked very well, and 
the incidence of bridge failures has been extremely low after the development of 
the AASHTO Fracture Control Plan [3]. When failures did occur, they usually 
were attributed to the fact that the various AASHTO specifications were violated. 

15.3 Bryte Bend Bridge Brittle Fracture 

The Bryte Bend Bridge, near Sacramento, California, Figure 15.1, consists of twin 
parallel structures with an overall length of 4050-ft (1234-m) and 55-ft (16.8-m) 
vertical clearance between low steel and mean high water, Figure 15.2. The main 
river section consists of four continuous spans of 281, 370, 370, and 281 ft (85.6, 
112.8, 112.8, and 85.6 m) with a hinge in each of the 370-ft (112.8-m) spans, as 
shown in Figure 15.3. 

The superstructure is a trapezoidal steel box supported on reinforced con- 
crete piers. The exterior webs of the box were sloped to reduce the width of the 
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FIG. 15.1 Overall view of Bryte Bend Bridge. 

compression flanges in the continuous spans and to improve overall appearance, 
Figure 15.4. Conventional girder flanges were welded to the tops of the box sides 
and to a single longitudinal web plate stiffening the center of the box. The bottom 
plate of the box is longitudinally stiffened with a series of vertical plates. 

The bridge was fabricated from plates of A36, A441, and an A517 type steel. 
The A36 steel was used in all areas of low stress. The A441 steel was used for 
the web and compression members at the river piers. In this region, the tension 
flanges were fabricated from 21/4-in. (5.7-mm)-thick A517 type steel plates 
(O-y S = 100 ksi, 690 MPa) to reduce the size of the members. The A517 type steel 
was furnished out of specification and had lower notch toughness than was 
expected, although there were no notch toughness requirements. All fabrication 
was by welding. 

While the concrete deck was being placed in June 1970, a brittle fracture 
occurred across one of the outer flanges in the negative moment region at Pier 
12, Figure 15.3. It initiated at the intersection of a 1/5-in (12.7-mm)-thick lateral 
attachment welded to the 21,4-in. (57.1-mm)-thick flange. The fracture propagated 
across the entire 30-in. (762-mm)-wide flange and about 4 in. (101.6 mm) down 
into the web where it was arrested. The fracture surface was a classic herring- 
bone-type brittle fracture with very small shear lips, Figure 15.5. 

The nominal yield strength of this material was 100 ksi (690 MPa), and the 
maximum design stress was 45 ksi (310 MPa). At the time the crack propagated, 
the dead load stress was about 28 ksi (193 MPa) and the ambient temperature 
was about 60~ (15.5~ 
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FIG. 15.2 View of twin structures over river. 

Analysis of the fracture surface indicated that a weld crack about 0.2 in. (5.1 
mm) deep, Figure 15.6, initially was present in a residual stress field such that 
sometime during fabrication or erection, the weld crack initiated. After the initial 
weld crack propagated out of the residual stress field, it arrested at a distance 
of about 1.3 in. (33 ram) as determined from the rusted area shown in Figure 
15.6. This would be expected because of the residual compressive stress field 
adjacent to the residual tensile stress field and the fact that there was no applied 
load. During pouring of the concrete deck, when the dead load stress increased 
to about 28 ksi (193 MPa), complete fracture of the top flange occurred. 

At the service temperature of +60~ (15.5~ and for slow loading rates, the 
K k value of steel from the flange plate was 55 ksif~m. (60.5 MPa.  ml/2). This was 
a valid Kjc test result that met all the requirements of the ASTM Fracture Me- 
chanics Test Method E 399, Chapter 3. The fracture surface was flat with very 
small shear lips, similar to that of the actual fracture surface. The Kic value of 
55 ksiX/~m. (60.5 M P a . m  1/2) at +60~ (15.5~ was considerably lower than 
would be expected for this material and is not representative of A514-517 steels 
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FIG. 15.4 Cross section of box  girder, 

FIG. 15.5 Brittle fracture surface showing classic herringbone pattern and small shear 
lips. 
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FIG. 15.6 Or ig in  o f  f r a c t u r e  s h o w i n g  0 . 2 - i n c h - d e e p  w e l d  c r a c k  a n d  1 . 3 - i n c h - d e e p  c rack .  

because the steel was furnished out of specification. The stress-flaw size relation 
for KIc = 55 ksiX/~. (60.5 MPa " m  1/2) is shown in Figure 15.7 using a simple 
edge-crack relation. It was assumed that sometime during fabrication, transpor- 
tation, or erection, the 0.2-in. (0.5-mm) crack initiated. For a K~c of 55 ksi~n~n. 
(60.5 MPa. m 1/2) and an initial flaw size of 0.2 in. (0.5 mm), crack propagation 
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FIG. 15.7 Stress-flaw-size relation for edge crack in 
steel with K~c = 55 k s i ~ . .  
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would be expected in a high residual stress region of 60-80 ksi. As the crack 
propagated out of the residual stress region, it arrested at a distance of about 1.3 
in. (33 ram) as was shown by the rusted area in Figure 15.6. As the dead load 
stress was increased, the combination of an applied stress of 28 ksi (193 MPa) 
and the 1.3-in. (33-mm)-deep crack caused the stress intensity K~ to reach the 
critical stress intensity for this material (55 ksiX/~m. (60.5 MPa. ml/2)), Figure 15.7. 
Complete failure of the flange resulted under static-loading conditions. As the 
crack propagated into the thinner web plate that had a higher level of notch 
toughness and the load was transferred to other members in the structures, the 
crack was arrested. 

15.4 Design Aspects of the Bryte Bend Bridge as Related to the 
AASHTO Fracture Control Plan (FCP) 

Since the Bryte Bend Bridge fracture in 1970, there have been a number of similar 
fractures in other bridges in the United States. Collectively, these fractures 
brought about certain changes in the AASHTO Bridge design process, especially 
for fracture-critical nonredundant  members. The following comparison of the 
AASHTO design criteria used during the design of the Bryte Bend Bridge and 
the current AASHTO FCP evaluates these changes as they relate to the events 
which took place at the Bryte Bend Bridge. 

The original design for the structure was based on the provisions of the 
Ninth Edition (1965) of AASHTO's Standard Specifications for Highway Bridges. 
The significant areas of change in the Standard Specifications since then are the 
subsequent adoption of provisions for the use of high-yield strength quenched 
and tempered alloy steels, the modifications of the fatigue design procedure, the 
addition of specific notch toughness requirements, and more stringent require- 
ments on fabrication and inspection. Also, the Guide Specifications for Fracture 
Critical Non-Redundant Members was adopted. 

The 1965 design procedure for fatigue considered maximum stress, type of 
loading (lane load or truck), number of cycles of maximum stress for a given 
use, the ratio of minimum stress to maximum stress, and consideration of the 
method of joining the pieces making up a structural element. There was no direct 
relationship drawn between stress range and structural details. 

Prior to the design of the Bryte Bend Bridge, the California Department of 
Transportation had designed and constructed several bridges using quenched 
and tempered alloy steel. Design stresses were conservative, 45 ksi (310 MPa) 
maximum for a minimum yield stress of 100 ksi, and welding procedures and 
quality control were carefully monitored. The structures all have performed well 
to date. 

The Bryte Bend Bridge design called for attaching the top transverse member 
of the intermediate crossbracing to the upper flanges of the box, Figure 15.8. 
These members were designed to take horizontal forces that resulted from the 
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FIG. 15.8 Critical detail at brittle fracturemAs DesignedmAs BuiltmAs Repaired, and 
Fracture. 

slope of the exterior webs. With the exception of the cross frames at the piers 
(where the fracture occurred), the intermediate braces were attached to flanges 
under compressive stress. The end frames at the piers of the continuous span 
were designed to transfer this force through the web stiffeners and were not to 
be attached to the upper flanges, Figure 15.8 (As Designed). 

An A517 pressure vessel quality steel was specified rather than an A514 steel 
because of the general two-direction rolling used in the manufacture of A517. It 
was believed that the additional rolling would ensure a superior overall product 
compared to A514 steel because the A517 steel is "pressure vessel quality." Thus, 
no impact testing was specified in the contract provisions; also, the material was 
supplied out of specification according to the ASTM standard. 

The contract provisions specified comprehensive requirements for welding 
procedures, materials, and testing. The basic document used, by reference in the 
specifications, was the Specifications for Welded Highway and Railway Bridges 
of the American Welding Society. This was augmented by additional State of 
California requirements for electrodes, welding processes and procedures, pre- 
heat and interpass temperatures, prequalification testing of welds and welders, 
and nondestructive testing to be done during fabrication. 

During the fabrication of the box units, the contractor misinterpreted the 
design detail for connecting the top transverse bracing at the piers for the con- 
tinuous spans of the bridge. The member, an inverted "U'" made up of a 24-in. 
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(61-ram) x 1/2-in. (1.3-ram) plate with two 18-in. (45.7-mm) • 1-in. (2.54-mm) 
plates welded to it as shown in Figure 15.8 (As Built), was welded to the girder 
flanges for the entire width of the 24-in. (61-mm) plate (present AASHTO Cate- 
gory E Fatigue Detail). The contractor had then ground the edge of the 21,4-in. 
(5.7-mm) flange to a slope of approximately 1:3 in an attempt to have a smooth 
transition to the 1/2-in. (1.3-mm) plate. The transition was in the transverse di- 
rection only with no attempt to feather the sides of the taper in the longitudinal 
direction. 

A design review was made of the incorrectly fabricated detail to evaluate its 
effect on the flange stresses and fatigue life. While the general stress state was 
only nominally changed from the original design, the attachment introduced 
high residual weld stresses along the edge of the flange and re-entrant corners. 
A design review concluded that the fatigue life would be satisfactory for a sound 
joint. It was assumed that these welds would be inspected, yet they were not. 

A comparison between the 1965 and 1981 AASHTO Specifications, with re- 
spect to the Bryte Bend Bridge failure, points out three significant areas where 
changes have been made: 

1. Vastly improved fatigue criteria. 
2. Higher quality steels through the addition of Charpy V-Notch impact 

requirements. 
3. A requirement for a design evaluation of structural redundancy. 

Had Zone I requirements (25 ft lb @ 0~ been specified, a representative 
value for Kic would have been about 150 ksiV':-~m. (165 MPa. ml/2), Figure 15.9, 
showing that even at the maximum design stress of 45 ksi (310 MPa), the critical 
crack size is about 3 in. (7.6 mm). Actually, the critical crack size would be even 
larger than the 3 in. because elastic-plastic plane-stress behavior (Kc) would gov- 
ern rather than Kic. However, fatigue crack growth would still have occurred 
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from the 0.2-in. (0.5-mm)-deep weld defect and may have caused problems even- 
tually. However, the critical crack size would have been much larger. 

An added dimension of low-notch toughness steels, although difficult to 
establish quantitatively, is that it may cause problems during welding. In addi- 
tion to the minimum notch toughness requirements in the current AASHTO Frac- 
ture Control Plan, the controls on preheat and interpass temperatures (if fol- 
lowed) help to prevent the formation of cracks during welding. 

The repair was accomplished by  jacking the entire structure into a zero-stress 
condition, cutting out the material in the vicinity of the failure, and replacing it 
with material with a higher level of notch toughness. The notch toughness of the 
replacement plate was insured from various correlations between fracture tough- 
ness tests, including the upper-shelf CVN impact Kic correlation. Material re- 
quirements used met the required AASHTO notch toughness values for fracture- 
critical members. 

Because the notch tougbaness of other A517 type plates in similar negative 
moment regions in the structure was questioned, and because it did not appear 
feasible to remove these plates completely and replace them using field welding, 
additional plates were bolted to the original plates. As stated earlier, the entire 
structure was jacked into a zero-stress condition before the additional plates were 
added. Thus, the design stress in the original plates was reduced considerably, 
thereby increasing the critical crack size at the lower design stress level markedly. 
Also, and more importantly, multiple-load paths were established to carry the 
entire load in the event that additional fractures should ever occur in these A517 
type plates throughout the life of the structure. 

A closeup of the replacement plates as bolted to the original plates in the 
negative moment regions over the piers is presented in Figure 15.10. The bridge 
was opened to traffic in October 1971 and has been in continuous use since that 
time. 

15.5 Adequacy of the Current AASHTO Fracture Control Plan 

15.5.1 Implied vs. Guaranteed Notch Toughness 
The question is often asked whether it is necessary to specify certain mini- 

mum toughness requirements or can the engineer rely on generic properties of 
various classes of steels. Although the engineer would like to be able to expect 
certain minimum material properties for a particular grade of steel, notch tough- 
ness values should be specified when needed because of their greater sensitivity 
to thermo-mechanical history than other material properties such as yield 
strength. Essentially this is the position AASHTO has taken by the development 
of the Fracture Control Plan material notch toughness requirements for bridge 
steels. Other code-writing bodies have taken a similar position. 

A lower level of notch toughness also may cause problems during welding. 
This is another reason it is desirable to have some minimum level of notch tough- 
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FIG. 15.10 Closeup of additional plates attached to original flange plates. 

ness, such as that specified by AASHTO. The question of how much notch tough- 
ness is necessary for a particular structural application depends on many factors 
such as service history, design, fabrication, consequences of failure, etc. Obvi- 
ously fracture control plans consist of a specific set of recommendations devel- 
oped for a particular type of structure and should not be applied indiscriminately 
to other types of structures. 

15.5.2 Effect o f  Detai ls  on Fatigue Life 
The original plans for the Bryte Bend Bridge called for the lateral attachment 

at the fracture origin to be connected only to the web, not to the flange, Figure 
15.8 (As Designed). After discovery of the weld in the fabrication yard, the fa- 
tigue stress range was checked and found to be acceptable by the existing design 
standards. Because the stress range was within the design allowable and because 
it was thought that cutting the lateral attachments free from the flange might 
have produced additional lateral loading, it was decided prior to the occurrence 
of the fracture to leave the attachments welded to the flange. 

For steels with low levels of notch toughness (e.g., KIc = 55 ksi~n-~n. (60.5 
MPa-ml/2), for a steel with a yield strength of 100 ksi (690 MPa), o r  K i c / O - y  s = 

0.5, the critical crack size at the design stress loading is small, Figure 15.9. 
Figure 15.11 is a schematic plot of flaw size vs. number of cycles of fatigue 

loading. Given an initial flaw size, a o, the number of cycles necessary to reach 
acr is small for plane strain behavior such as would be expected for a steel with 
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FIG. 15.11 Schematic showing flaw size-fatigue life relations for various critical crack 
sizes. 

low notch toughness. In the case of the Bryte Bend Bridge, for ao = 1.3 in. (3.3 
mm), the propagation fatigue life was essentially zero. Thus, had failure not 
occurred during erection of the bridge, fatigue crack propagation would have 
led to failure early in the life of the bridge. 

If the Bryte Bend Bridge had been fabricated from a steel with more typical 
levels of notch toughness (e.g., 25 ft-lb minimum CVN impact value as now 
required by AASHTO), acr would have been higher, i.e., elastic-plastic behavior, 
Figure 15.11. Thus, there would have been considerable improvement in the fa- 
tigue life due to a moderate improvement in notch toughness, Region I. However, 
this particular detail still could have led to a fatigue problem because of the poor 
fabrication (e.g., the initial 0.2-in. weld crack) and complex geometry that com- 
pounded the severity of the detail. Thus, it is obvious that each element of a 
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fracture control plan from design through construction is critical and the end 
product is no better than the poorest element of the plan. That is, the designer 
cannot "compensate" for possible poor performance in one area (e.g., fabrication) 
by over-specifying requirements in some other area (e.g., material notch 
toughness). 

For example, as shown in Figure 15.11, if plastic levels of fracture toughness 
had been specified, the additional increase in fatigue life would have been small 
(Region IV) because of the rapid increase in fatigue crack growth at large crack 
sizes. 

FHWA-sponsored tests at Lehigh University of beams with lateral attach- 
ments properly fabricated from A514 steel with normal levels of notch toughness 
have verified that the AASHTO Fracture Control Plan is adequate for bridges. 
In these tests the fatigue life of Category E details similar to that found in the 
Bryte Bend Bridge had satisfactory fatigue lives at the low design stress range 
for this detail. In fact, after 2,000,000 cycles of loading, at the Category E allow- 
able stress range, during which time cracks ranging from 7/16 to 11/4 in. in depth 
were produced, testing temperatures below -140~ were necessary to cause brit- 
tle fractures under bridge intermediate loading rates. 

Thus, had the Bryte Bend Bridge been fabricated and inspected properly 
(i.e., no pre-existing cracks) from A514-517 steels with normal levels of notch 
toughness, the service life should have been satisfactory even with the severe 
Category E allowable loading. However, it is obviously preferable to minimize 
the use of severe details such as Category E. This usually can be done easily 
during the design stage. 

15.5.3 S u m m a r y  
The Bryte Bend Bridge fracture emphasizes the importance of guaranteed 

levels of notch toughness and the importance of a carefully prepared and exe- 
cuted quality control and assurance plan. Had appropriate levels of notch tough- 
ness been specified, the improperly fabricated joint and resulting weld crack 
would not have been as critical. Furthermore, after the fabricating error had been 
discovered, had a quality control and assurance plan been in operation, it would 
have been apparent that insufficient weld inspection was done. All of these as- 
pects are covered by the current AASHTO Fracture Control Plan, as well as the 
consequences of using poor details. Thus, the current AASHTO Fracture Control 
Plan appears to be adequate for steel bridges. 

Any rational Fracture Control Plan must recognize the fact that engineering 
design is an optimization of performance, safety, and cost. The AASHTO Fracture 
Control Plan recognizes this fact in that the potential contributors to a brittle 
fracture (materials, design details, fabrication, and severe conditions including 
maintenance) are controlled so that the bridge would perform satisfactorily 
throughout its lifetime. 

When brittle fractures have occurred, e.g., the Lafayette Street Bridge, the 1- 
75 Bridge in Pittsburgh, or the Dan Ryan Bridge in Chicago [8], the cause has 
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been failure to adhere either to the AASHTO Fracture Control Plan or to the 
principles of good engineering judgement, sometimes referred to as common 
sense. Specifically, lack of penetration weld defects and the absence of adequate 
cope holes in the Lafayette Street Bridge were major contributors to that brittle 
fracture. The brittle fracture in the 1-75 Bridge in Pittsburgh originated in a repair 
weld that contained a large pre-existing crack. The brittle fracture in the Dan 
Ryan Bridge in Chicago originated at a square cutout with fatigue behavior much 
more severe than the Category E fatigue details. In all of these cases, had the 
AASHTO Fracture Control Plan as well as good engineering principles been fol- 
lowed, the failure should not have occurred. 

Other examples of bridge and structural failures result in a similar conclu- 
sion, i.e., brittle fracture is as much a problem of poor design or poor fabrication 
practices as it is a problem of low material fracture toughness. In fact, the Bryte 
Bend Bridge fracture is one of the few failures in which the level of material 
fracture toughness played a significant role. 

It should be emphasized that the AASHTO fracture toughness requirements, 
as well as most fracture toughness requirements, are not sufficient to prevent 
brittle fracture propagation under certain possible combinations of poor design, 
fabrication, or loading conditions. 
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Importance of 
Constraint and Loading 
The Ingram Barge 
16.1 In troduct ion  

THIS CHAPTER DISCUSSES the brittle fracture of the Ingram Barge which occurred 
in 1972. This ship had a notch toughness level of about 55 ft-lb at the service 
temperature, well above what would generally be considered adequate to pre- 
vent a brittle fracture. However, in this case, the three-dimensional constraint 
based on the design was such that the principle stresses, o- 1, %, and O-B, were 
relatively high in tension. This triaxial state of tensile stresses prevented the de- 
velopment of significant shear stresses at the fracture origin. Thus, as would be 
concluded from strength of materials principles, brittle fracture could occur when 
the three principal stress components are large. 

It should be emphasized that materials with good ductility and notch tough- 
ness may fracture in a brittle manner under conditions of triaxial tension. This 
state of stress can be produced either by direct loading in the three orthogonal 
directions, which is rare, or in complex welded details that are constrained such 
that they do not allow for any relaxation of stress in the two directions perpen- 
dicular to the primary stress. 

16.2 Effect  of  Constra int  on  Structural  Behav ior  

The stress field for an element within a structure can be described by three prin- 
cipal stresses that are normal to each other, Figure 16.1 [Barsom (1996)] [1]. Shear 
stresses can be calculated from the principal stress components. Assuming that 
% in Figure 16.1 is the largest principal stress and o-3 is the smallest principal 
stress, the maximum shear stress component along the two shaded planes is: 
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FIG. 16.1 Principal stresses and planes of 
maximum shear stress. 

1 
Tma x ~--- ~ (0" 1 - -  0"3) ( 1 6 . 1 )  

In a uniaxial  tension test  used  to specify mater ia l  proper t ies ,  o. = o.max and  
0"2 = o.3 = 0. Therefore 

O"1 __ o .max  (16.2) 
Tmax 2 2 

Since the plastic deformat ion ,  i.e., yielding,  begins  w h e n  "rma x reaches a crit- 
ical value,  a change in the relat ionship be t ween  Tma x and  o.max represents  a change 
in the plastic de fo rmat ion  behav io r  of the material .  Note  that  yielding occurs 
w h e n  the shear  stress, "r . . . .  reaches a critical value,  not  w h e n  0.max reaches a 
critical value.  

The relat ionship be t ween  the shear  stress and  the no rma l  stresses, o.1, o.2, 
and  %, can result  in either yie lding and  relaxation of constraint  or not  yielding 
and  increased constraint.  This behav ior  is i l lustrated in Figure 16.2 using M o h r ' s  
circle of stress. Figure 16.2a shows the pr inciple  stress directions, wi th  the largest  
be ing 0-1. For uniaxial  loading,  such as the case of a s t andard  tension test, o- 1 = 
appl ied  stress and  o- 2 = o.3 = 0. At 0-1 = 0- . . . .  Tma x = o.rnax/2, as shown  in Figure 
16.2b, and  yielding occurs w h e n  Tma x = o.ys/2. 

In contrast  to the s imple  tension test, Figure 16.2c represents  a triaxial tensile 
state of stress such as w o u l d  be expected in h ighly  const ra ined connections such 
as the I n g r a m  Barge. Because of the triaxial stress loading,  the stresses approach  
the ul t imate  stress and  yie lding (which is p reven ted  because  Tma x is l O W )  m a y  
never  occur. 

The effect of increased sever i ty  of a s t ructural  detail  on  yield s t rength and  
plastic de format ion  m a y  be i l lustrated fur ther  by  consider ing the inelastic be- 
havior  of a mater ia l  in a smoo th  tension test and  a tension test wi th  a circular 
notch, Figure 16.3. The r educed  section in the notched  tension test bar  de fo rms  
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FIG. 16.2 Mohr's circle of stress analysis for stresses in a structure. 

inelastically while the surrounding material is still elastic. Since the amount of 
elastic contraction due to Poissons ratio is small compared with the inelastic 
contraction of the reduced section, a restriction to plastic flow develops. This 
restriction corresponds to a reaction-stress system such that the ~2 and o" 3 stresses 
restrict or constrain the flow in the o- 1 (O-y or primary load) direction, Figure 16.3. 
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FIG. 16.3 Constraint to plastic flow caused by notched geometries. 
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Thus, the uniaxial stress state in the smooth bar is changed to a triaxial tensile 
stress system in the notched bar. Because plastic flow is restricted, the yield 
strength exhibited by the notched bar is higher than in the smooth bar. In other 
words, the notched bar behaves elastically at a higher stress than does the smooth 
bar. Thus, the strength, ductility, and fracture behavior in a smooth tension test 
referred to in design specifications do not characterize the behavior of highly 
constrained and notched details like the Ingram Barge. 

16.3 Constraint Experiences in the Ship Industry 

The published literature contains many examples that demonstrate the effects of 
various factors on the fracture behavior of steel structures. A brief description of 
the fractures of ships in the mid 1940s is presented prior to discussing the Ingrain 
Barge fracture in 1972 to illustrate the significant effects of severe stress raisers 
such as sharp corners and notches and highly constrained connection details on 
the fracture behavior of steel structures. 

More than 20% of the 4694 merchant ships built during World War II de- 
veloped cracks of considerable size by 1946. Between 1942 and 1952, more than 
200 ships had sustained fractures classified as serious, and at least 9 T-2 tankers 
and 7 Liberty ships had broken completely in two as a result of brittle fractures 
[2-9]. The first procedure to solve this problem was to contour sharp corners at 
various openings in the ship deck to decrease their stress concentration. These 
changes, plus improvements in other fabrication practices, improved the per- 
formance of ships significantly. Later, studies of the notch toughness of source, 
through, and arrest plates showed that plates exhibiting ft-lb levels greater than 
10 ft-lb tended to be plates in which cracks had arrested. This study led to the 
15 ft-lb CVN fracture criterion. 

16.4 Ingram Barge Failure 

On January 10, 1972, the 178-m (584-ft)-long Ingram Barge fractured in a brittle 
manner, Figure 16.4. At the time the air temperature was 7~ (45~ and the ship 
was turning slowly at the harbor in calm waters. Failure originated at an unu- 
sually high stress level for this type of structure (2.5 times design load or 2.5 
times a nominal stress level of about 165 MPa (24 ksi)). The unusually high stress 
level occurred because there was no approved loading manual and an unusual 
ballasting of the barge created the large stress. The ship had been in service for 
only 9 months [10,11]. 

The fracture initiated in a region of very high constraint at a doubler ring 
welded to the deck plate with a king post welded to the doubler, Figure 16.5. 
Also, four gusset plates were welded to the king post and deck as stiffeners, 
Figure 16.6. The fracture origin at the port king post is shown in Figure 16.7, as 
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FIG. 16.4 Overall fracture of Ingram Barge. 

well as the fracture path across the structure. As illustrated in Figure 16.7, a 
second fracture initiated from the same general location at the starboard king 
post. 

No pre-existing flaw was observed, even though chevron markings on both 
sides of the king post pointed toward the fracture origin at the king post, as 
shown in Figure 16.8. The local geometry was such that a high triaxial state of 
stress existed, and thus failure occurred at a very high load even in the absence 
of a flaw. A finite element stress analysis verified that the local stress level was 
well above the yield stress level. Because there was no pre-existing crack, the 
notch toughness level did not have as significant an effect on the initiation as 
did the local geometrical constraint and loading. Once a brittle fracture had in- 
itiated in the deck plate, the loading conditions (essentially constant load) were 
such that the cracks would be expected to propagate in both directions until the 
potential energy was dissipated by a complete fracture. 

The steel had very good notch toughness as measured by the Charpy V- 
Notch impact test specimen, well within the expected range for ABS-B steel, 
Figure 16.9. The notch toughness as measured by a more severe fracture test, the 
dynamic tear (DT) test, indicated a lower notch toughness as shown in Figure 
16.10. The dynamic notch toughness of the steel, as measured with one of the 
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FIG. 16.5 Origin of fracture at Port King on Ingram Barge. 

most severe notch toughness tests available (i.e., the DT test), was about 10~ 
approximately 30~ below the service temperature, near the lower end of the 
transition range. Although a ductile, rather than a brittle, fracture might have 
occurred had the notch toughness been greater, full upper shelf dynamic behav- 
ior is needed to eliminate completely the risk of failure by brittle fracture. 

J Bow ~ (~ J Deck Plate O" ~- Stern J 
= 165MPa (24 ksi) ~ 1 

Location of Fracture 
Bulkhead (Long. and Trans,) 

FIG. 16.6 Longitudinal section at king post showing location of 
fracture origin. 
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FIG. 16.7 Fracture path across barge 
showing a primary and a secondary 
origin. 

FIG. 16.8 Primary origin of fracture (ring 
stiffener above deck plate and longitudinal 
bulkhead below). 
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Overall analysis of this failure lead to the conclusion that the very large 
sustained loading at a highly restrained detail caused by improper ballasting 
was the primary cause of the failure. It is also possible that the unusually large 
load caused a premature separation of a stiffener from the deck plate. Such an 
occurrence would have superimposed a dynamic load onto the large sustained 
load. 

The notch toughness of the steel at the service temperature as measured by 
the CVN impact test was very good and certainly better than that found in many 
other types of structures. On the basis of the general service experience of ships, 
this level of notch toughness should be satisfactory for normal design, fabrica- 
tion, and loads. 

This particular fracture emphasizes the fact that brittle fracture is not, and 
never has been, just a material problem. Design, fabrication, materials, inspection, 
and operation (i.e., loads) are all factors that affect the susceptibility of a structure 
to fracture. When one or more of these factors is significantly more severe in a 
particular structure, compared with conditions in other structures of the same 
generic class, then the possibility of fracture is increased. In the case of the In- 
gram Barge, the sustained load of 2.5 times the design load in the presence of a 
severe geometrical discontinuity was significantly different than usually found 
in this type of structure. Therefore, this loading and the king post detail were 
the dominant factors leading to the brittle fracture. 

In contrast, steel surge tanks in North Dakota, built from welded plates with 
only 2 to 3 ft-lb operating at a minimum service temperature of -40~ have 
operated successfully for over 45 years [12]. The surge tank design is a simple 
cylinder, the loading is slow, the stresses are about one half the yield strength, 
and inspection and usage are such that any flaws would be small. 

Thus, heavily constrained structures, such as the Ingram Barge, can fail un- 
der severe loads even though the inherent notch toughness and ductility may be 
very good. In contrast, well-designed simple structures can operate successfully 
at temperatures where their notch toughness may be very low. Thus, constraint 
and loading are key factors in the prevention of brittle fracture. 

16.5 Summary 

In the marine industry, structural integrity is established by adherence to a set 
of rules and specifications developed and modified over many years of service 
experience. Thus, only those materials, designs, and fabrication procedures that 
have had satisfactory performance in previous structures or that have been ex- 
tensively evaluated are used in new ship designs. Over the years this approach 
has been used in a conservative manner to ensure a very high level of structural 
integrity in the marine industry. Accordingly, the state-of-the-art modern day 
merchant ship design is such that the overall structural integrity is quite good, 
and brittle fractures occur only w h e n  unusual circumstances arise such as in the 
case of the Ingram Barge. 
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In the case of the Ingrain Barge, the design detail of the king post was highly 
constrained and is no longer allowed. Furthermore, the loading was excessive 
and in violation of approved loading conditions. 
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Importance of Loading and 
Inspection--Trans Alaska 
Pipeline Service Oil Tankers 
17.1 Introduction 

OIL TANKERS, such as those in the Trans Alaska Pipeline Service (TAPS), can be 
subjected to fairly severe wave loadings. The severe wave loadings result in high 
cyclic stresses, and undetected cracks may grow by fatigue to lengths approach- 
ing the critical crack size of the hull steel. 

This type of structure is very prone to fatigue cracking because of the mul- 
titude of Category D and E fatigue details located throughout the ships and the 
fact that they are continuously being loaded in fatigue. Inspection is very difficult 
and yet an extremely important criteria to ensure safe service. 

Previously, we discussed the importance of maximum stress in controlling 
fracture and stress range in controlling fatigue. Ships, as well as airplanes, are 
subjected to loadings that are heavily influenced by the weather. Accordingly, a 
fracture control element that can be used for ships or airplanes is referred to as 
voyage planning, that is, scheduling the passage of a ship to avoid the most 
severe storms. If this can be done, the extremely large fatigue loading, in which 
most of the fatigue damage occurs, can be avoided and the life of a ship can be 
increased significantly. 

This chapter presents a general fracture mechanics methodology that can be 
used to assess the structural reliability of critical area details in structures such 
as oil tankers that experience fatigue cracl~ing. The methodology is based on 
principles discussed previously in this text and is primarily deterministic. 

Inspection recommendations are made based on the potential fatigue load- 
ing of the ships. However, the fatigue loading can be reduced significantly by 
voyage planning wherein storms are avoided. Although this may increase the 
travel time of the structure, it will significantly increase the fatigue life of the 
structure. By reducing the fatigue crack propagation and increasing the fatigue 
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life, the safety and reliability of TAPS vessels have been increased markedly, as 
described in this case study. 

17.2 Background 

The United States Coast Guard has conducted an extensive review of cracking 
reported between 1984 and 1988 on the 69 vessels over 10,000 gross tons in the 
TAPS trade during that time frame. These studies revealed that while the TAPS 
fleet comprised only 13% of the U.S. flag fleet, these tankers accounted for 59% 
of all of the reported fractures. Additionally, 73% of the reported TAPS fractures 
occurred in only 24 of the 69 ships [1]. 

The Coast Guard review of the vessels in the TAPS trade noted that hulls 
fabricated from high tensile strength (HTS) steel experienced a disproportion- 
ately higher number of structural cracks than did hulls fabricated from mild steel 
plates. Although the design rules allow the allowable stress to rise as the HTS 
yield strength increases, the fatigue strength of HTS steel weldments remains 
about equal to that of mild steel and offers no advantage in this area. As the 
operating stress range increases, the number of cycles to fatigue failure generally 
decreases (reduced fatigue life), and the subsequent fatigue damage may end up 
being greater than would be the case in a similar mild steel detail. This fact, 
combined with thinner scantlings from the use of HTS steel, as well as possible 
further reduction in scantlings by corrosion, may lead to early fatigue cracking 
in tankers fabricated from HTS steel. 

The fairly severe wave loads can lead to fatigue crack initiation and prop- 
agation at certain fatigue-sensitive details in oil tankers. During inspection of 
critical details in some oil tankers, fatigue cracks have been discovered [1 ]. Since 
the fatigue initiation life of these details already is exhausted, the prediction of 
the remaining propagation fatigue life must be made using a fracture mechanics 
crack-propagation methodology. Determination of the remaining fatigue crack 
propagation life is essential in establishing inspection intervals to insure the 
safety and reliability of these oil tankers for continued safe service in the TAPS 
trade. 

17.3 Fracture Mechanics Methodology 

This chapter describes the methodology used to establish the remaining fatigue 
crack propagation life and representative inspection intervals for a specific ship 
detail, namely bottom shell plates near longitudinal drainage and master butt 
weld cutouts. Figure 17.1 is a schematic drawing of this detail showing the lo- 
cation of fatigue cracks at the "rat hole" at the end of the master butt weld cutout. 
The methodology presented in this chapter can be applied to other types of ship 
details, provided the steps below are performed for each particular detail. Note 
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that each of these individual steps are discussed previously in this book. Briefly, 
the methodology consists of the following steps: 

1. Identification of specific details where cracks occur and selection of a stress 
intensity factor, K~, that describes the stress field at that detail. 

2. Inspection of these details to establish a representative initial flaw size, ao, to 
be used in a fatigue crack propagation analysis. 

3. Determination of a representative fracture toughness value of the steel 
plates used in the details under study. By knowing the maximum stress to 
which these details will be loaded, the critical crack size can be estimated. 
The critical crack length is the length that a fatigue crack must reach before 
the crack will propagate unstably. This length depends on material 
toughness and applied stress level so it is not a material property. 

4. Use of histograms to estimate the equivalent root-mean square stress range, 
AO-RM s, to which the ship is subjected for a specific loading season. This 
A~rRM s value can be used in existing crack propagation equations to estimate 
the number of cycles of loading (Np) it takes a crack to grow from the initial 
crack size, a o, to the final or critical crack size, act. 

5. On the basis of this estimate of the crack propagation life (Np), establish 
reasonable inspection intervals for safe and reliable service. 

Determination of the fatigue crack propagation life for a particular critical 
crack size in a specific structural detail is a complex process and cannot be gen- 
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eralized for different details or structures. Each type of detail and loading must 
be analyzed individually. Accordingly, this case study presents a generalized 
methodology that can be used with specific details and then presents one single 
example for what is considered to be a representative loading of one detail in 
one class of tank ships in the TAPS trade. 

17.4 Appl icat ion  of  M e t h o d o l o g y  to a Detai l  in  an Oil  Tanker 

17.4.1 Identi f ication of  Critical Details 
Fatigue cracks have been observed in some classes of tankers engaged in the 

TAPS trade [1]. These tankers are subjected to fairly severe service loads on a 
routine basis, and this loading, plus the use of high-strength steel in fatigue 
sensitive details, has led to cracking. On one class of tankers in particular, the 
details where cracking is most severe are: 

1. Side shell longitudinal bracket connections to transverse bulkheads and to 
web frames. 

2. Webs of bottom shell longitudinal stiffeners. 
3. Bottom shell plates near longitudinal drainage and master butt weld 

cutouts. 

Analysis of these details on this class of tankers indicates that while all 
cracking in ships potentially can be serious, the first two types of cracks appear 
to be less severe and are being addressed by inspection and repair, improvement 
of details, grinding of poor weld contours, hammer peening, and the use of 
drilled holes as crack arrestors. 

Cracking in the third category of details, however, is more difficult to detect 
and has the potential of leading not only to a through thickness penetration of 
the bottom shell plating, but possibly to rapid fracture in the tankers. Accord- 
ingly, this study has focused on the significance of bottom shell cracks, Figure 
17.1, with respect to the overall structural integrity of these tankers. Finally, rec- 
ommendations are made regarding hull grinder inspection criteria. 

17.4.2 Fracture Toughness 
Crack-tip opening displacement (CTOD) fracture tests were conducted on 

3/4-in.-thick AH-36 steel plates taken from tankers in this one class of TAPS 
vessels, using ASTM Standard E 1290. Each specimen used the full plate thick- 
ness after surface grinding to a uniform thickness. The specimen sizes were ap- 
proximately 3/4-in. by  1.5 in. Analysis of these results indicated that, as expected, 
there was considerable variation in the CTOD results for various plates and weld- 
ments. Results presented in Table 17.1 show CTOD test results for two typical 
bottom shell plates plus one weld and one heat-affected zone (HAZ). At 32~ a 
representative minimum bottom shell plate temperature, the CTOD values for 
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TABLE 17.1. CTOD Test Results from Bottom Shell Plates, mils (0.001 in.). 

TEMP. OF PLATE PC7 PLATE PC8-A PC8-HAZ PC8-WELD 

32 1.9 29.7 7.0 5.4 
32 2.8 28.4 " 29.3 9.9 
32 2.4 28.9 9.5 10.4 

Avg 2.4 29.0 15.3 8.6 

base metal can average as low as 2.4 mils. This value is consistent with unpub- 
lished test results obtained from other tankers. Test results for weld metal and 
HAZ specimens were higher (8.6 and 15.3 mils, respectively). 

The base metal toughness is of greatest interest since most fatigue crack 
growth probably occurs in base metal. Accordingly, a conservative value of 2.4 
mils was selected as a representative minimum value to analyze the behavior of 
the bottom shell plates in this one class of vessels subjected to TAPS service. 

A value of 2.4 mils for base metal can be related to an equivalent Kc by: 

K~ = ~ F L E  (17.1) 

where K~ = critical stress intensity factor, ksi~n~n., 
m ~ 1.7 based on research studies of structural grade steels, 
gc = CTOD value, 2.4 mils, 

O-EL = flOW stress (average of yield and tensile strength) 

- -  ~ O'ys @ O'ULT = 70 ksi, and 
2 

E = modulus of elasticity. 

Therefore K~ =X/(1.7)(.0024)(70,000)(30,000,000) 

K c ~ 92.5 ksiV~-~. 

For a CTOD value of 29 mils (see Table 17.1), the estimated K c is approxi- 
mately 322 ksiN/V~m. Thus, there is considerable scatter in the fracture toughness 
of these steels based on a limited sample analysis. 

Charpy V-notch (CVN) test results of these same two plates and results of 
other tests presented in Table 17.1 show that the toughness of about 2.4 mils is 
at the lower range of values for this particular steel. Therefore, as a representative 
value, a fracture toughness level of about 100 ksiX/~m, was selected as a reason- 
able lower bound value to use for subsequent critical crack size calculations. It 
should be noted that at the time of construction of this particular class of vessels, 
there were no CVN specifications for AH-36 steel in the ABS Rules for Steel 
Vessels. The specification in the ABS Rules for Steel Vessels now is 25 ft-lb. Of 
the five typical 3/4-in.-thick bottom plate samples tested, three had CVN values 
below this 25 ft-lb minimum. As noted later, the fatigue life of these tankers is 
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not that dependent on notch toughness as long as the critical crack size is rea- 
sonably large, as it appears to be for these tankers. 

17.4.3 Stress Intensity Factors and Critical Crack Size 
f o r  Crit ical  Deta i l s  

To predict critical crack lengths, estimates of the material fracture toughness, 
K c, and the maximum likely stress level crma x, that occurs during maximum sea 
states are required. The fracture toughness and maximum stress level are used 
in the expression for K~, the stress intensity factor that best represents the actual 
structural geometry in the bottom shell plates to calculate critical crack lengths. 
Different geometries require different K I relations, as described in Chapter 2. 

For an unstiffened bottom shell plate, the relatively simple expression for a 
through-thickness crack in a semi-infinite wide plate would be appropriate. This 
expression is: 

K~ = r  (17.2) 

Values of critical fracture toughness (K I = Kc) and maximum stress (o- = 
o'max) are used to calculate the critical crack size, act. Actually the critical crack 
length is twice this value or 2acr because of the nature of the stress-intensity factor 
equation. Because the bottom shell plate actually is stiffened, the above expres- 
sion should be modified to account for the effect of the presence of a single 
stiffener perpendicular to the crack [2], Figure 17.1. A review of the effect of 
stiffeners on K I values leads to the conclusion that the K I value in a stiffened 
plate is about 0.7 of the K I value for an unstiffened plate. This value of 0.7 is 
used to correct the value of stress range in the analysis of fatigue crack growth 
and is referred to as the single stiffener reduction factor (RFss) in subsequent 
fatigue analyses. 

For very long cracks that have crossed several stiffeners, the effect of these 
stiffeners on the stress intensity factor is greater. This observation may help to 
explain why cracks of several feet in length crossing one or more stiffeners may 
not lead to a rapid fracture. Thus, in addition to preventing plate buckling during 
compressive loading, longitudinal stiffeners may act as crack growth retarders 
(possibly even arrestors) for severe stresses during tensile loading. The fact that 
stiffeners have this effect emphasizes the need to repair all cracks in the webs 
(and flanges) of longitudinal stiffeners near drainage and weld cutouts at each 
inspection. 

The K 1 expression for an unstiffened plate is modified by reducing the max- 
imum stress by a reduction factor of about 0.6 (RFMs) to account for the beneficial 
effect of multiple stiffeners. As noted in Reference 2, the actual effect of several 
stiffeners may be to reduce the K L by a factor greater than 0.6. Using a RFMs factor 
of 0.6, the relation for critical crack size, 2act, therefore becomes: 
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K c = (RFMs) o- . . . .  ~'N//~cr (17.3) 

2 ~  Kc ~ 2 
.'. 2acr ~ - -  . 

~r \(0.6) O'max// 

Previously, it was shown that a reasonable lower bound fracture toughness, 
K c, is about 100 ksiV~m. Members of the industry working group [1 ] estimated 
the maximum stress to be about 30 ksi, although discussions with ABS personnel 
have indicated that the actual maximum stress might be slightly higher. There- 
fore, assuming that the maximum stress, (rmax, can be as high as about 2/3O-ys, or 
about 34 ksi, 2acr is estimated to be: 

2 (  100 ~2 
2acr ~- ~ \(0.6~4i] 

2acr -- 15 inches 

It is important to note that the stress RF for a single stiffener, RFss, is to be 
applied only when a crack is small as it is during the early stages of fatigue crack 
propagation. The stress reduction factor for multiple stiffeners, RFMs, is to be 
used to estimate critical crack length, when the crack may be fairly large. 

It should be noted that 15 in. is a fairly conservative value for the critical 
crack length because the lowest measured fracture toughness level and a fairly 
high stress level were used to estimate the critical crack length. Also the effect 
of several stiffeners may result in a reduction factor less than 0.6 and thus in- 
crease the critical crack size even further. However, even if the critical crack size 
were larger, the calculated fatigue crack growth rate is fairly high (because of 
the large crack length), resulting in only a slight increase in fatigue life. In other 
words, even if the critical crack length were larger than 15 in., the fatigue life 
would not be significantly longer. This is why it was stated earlier that the fatigue 
life is not strongly dependent on fracture toughness as long as the level of frac- 
ture toughness is reasonably high. Even if the material had a higher K c, the crack 
growth rate is fairly large at this point, and a material with higher fracture tough- 
ness would not increase the fatigue crack propagation life significantly. Thus, a 
critical crack size of about 15 in. is assumed for the bottom shell plates in this 
example, realizing that in most cases it probably is larger. 

17.4.4 Inspection Capabi l i t y  f o r  In i t ia l  Crack Size, a o 

Determining a realistic value of the crack size that can be detected reliably 
in an oil tanker is likely the most difficult aspect of a fracture control method- 
ology. The probability of detection (POD) of a crack varies from inspection to 
inspection and is dependent on a variety of factors. These include degree of 
surface cleanliness, lighting, inspection techniques used, inspector experience 
level and familiarity with the vessel class, vessel loading condition, condition of 
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the coating system, and the location of the critical structural detail in the ship. 
No POD curves were available for ship structures. 

Lacking such POD information, a conservative estimate for each critical area, 
taking into account the factors listed above, was made about what size cracks 
could be found with reasonable certainty. This value should be used in fatigue 
crack propagation studies as the initial flaw size, G, assumed to exist in the 
structure after an inspection has been completed. In an article about their new 
fatigue guide for tankers, the American Bureau of Shipping [3] recently noted 
that ship operators constantly detect and repair cracks of 3 to 4 in. It is interesting 
to note that these values are similar to what was estimated in this case study. 
For the particular class of TAPS tankers evaluated for this study, U.S. Coast 
Guard inspectors estimated that surface cracks could be detected in the areas 
identified as critical with a high degree of confidence. These detectable cracks 
were estimated by the inspectors to be 3 in. in length using visual means, and 2 
in. in length using either ultrasonic or magnetic particle inspection techniques. 

17.4.5 Determination o f  Histogram for  Fatigue Loading 
In developing the stress histogram, the most accurate estimate of actual 

stresses experienced by a member in the critical area (both fatigue stress ranges 
and extreme stress values) was made. The calculations included using seasonal- 
based wave scatter data to account for the effect of loading history. A hydrody- 
namic model was used to develop global wave-induced hull girder vertical and 
horizontal bending moments, external and internal hydrodynamic pressures, and 
internal and inertial induced pressures; then a finite element analysis was used 
to develop local critical area stresses. Consideration should be made for the ef- 
fects of vessel speed, loading conditions, wave direction, and wave spreading, 
or termed differently, "short" and "long-crestedness," as it varies during each 
voyage. Statistical analyses of the wave scatter data and the subsequent lifetime 
fatigue and the extreme stresses in this study were based on the formulation by 
Ochi [4,5]. The fatigue stress range histogram was then used to calculate the root 
mean square stress range value for each season, &r 

Using these procedures, a dynamic stress range histogram was developed 
for the subject tankers by the American Bureau of Shipping representatives [6]. 
National Oceanic and Atmospheric Administration buoy wave data measured at 
5 points along the actual vessel's route was used to specify the characteristic 
seasonal wave environments. Statistical information was developed on the prem- 
ise of seasonal fatigue loading and 20-year lifetime extreme values. The extreme 
values were obtained by adding the maximum dynamic stresses to the still water 
bending and hydrostatic pressure (internal and external where applicable). The 
extreme stress calculated in the bottom shell was in the loaded condition and 
was 207 N / m m  2 (30 ksi). Table 17.2 shows the dynamic stress range histogram 
developed using this approach for the bottom shell on the subject vessels oper- 



TABLE 17.2. Wave Load ings  and  N u m b e r  of Cycles and  Values of haRM s for Center  of Center  Tank, Bot tom Shell Plate. 

(3 

V~ 

FULL LOAD 
AVERAGE 

~m~ (r .... &cr, SPRING SUMMER FALL WINTER SPRING 
N/ram 2 N / m m  2 N / m m  2 M, A, M J, J, A S, O, N D, J, F M, A, M 

NORMAL BALLAST 

SUMMER FALL WINTER ANNUAL 
J, J, A S, O, N D, J, F TOTAL 

0 10 5 28886 84717 29781 24563 31225 87494 32243 27171 346080 
10 20 15 51032 78971 41011 39814 53548 81520 43165 43309 432370 
20 30 25 57664 51971 49465 48155 59495 53013 51162 51100 422025 
30 40 35 49488 35064 46511 45123 50117 34751 47424 46539 355017 
40 50 45 34963 20102 36928 35396 34933 19971 37079 35491 254863 
50 60 55 21342 9579 26038 24452 21170 9738 25807 23910 162036 
60 70 65 11654 3892 16769 15373 11496 4084 16497 14676 94441 
70 80 75 5824 1367 10002 8974 5681 1479 9823 8332 51482 
80 90 85 2699 417 5560 4922 2570 462 5468 4401 26499 
90 100 95 1169 111 2887 2553 1066 125 2842 2169 12922 

~00 100 105 475 25 1403 1257 407 29 1377 999 5972 
110 120 115 182 5 639 589 143 5 1377 432 2617 
120 130 125 66 273 263 46 1 261 176 1086 
130 140 135 23 110 112 14 102 67 428 
140 150 145 7 42 45 4 37 24 159 
150 160 155 2 15 17 1 13 8 56 
160 170 165 5 6 4 3 18 
170 180 175 1 2 1 1 5 
180 190 185 0 

SUM 265476 286221 267440 251616 271916 292672 273927 258808 2168076 
AaRMS 37.11 26.00 42.20 42.01 36.51 25.92 41.62 40.54 36.81 

r 
(3 

(3 p., 

r 

v~ 
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ating in the TAPS service as part of this study. Use of the stress ranges is de- 
scribed in the next section on fatigue crack propagation. 

17.4.6 Fatigue Crack Propagation in Bottom Shell Plates 
As discussed in the section on inspection capability, there is a strong likeli- 

hood of either 2 or 3-in.-long surface cracks being present after any given struc- 
tural inspection. That is, because there are fatigue-sensitive details that have been 
subjected to fairly severe fatigue loading throughout the life of these vessels, 
cracks continue to initiate from these details. These cracks are difficult to detect 
when they are small, but as they grow they can be found and repaired. However, 
cracks smaller than either 2 or 3 in. in length, depending on type of inspection, 
may not be detected. Thus, it is prudent, on the basis of information provided 
by Coast Guard inspectors, to assume that either 2 or 3-in.-long surface cracks 
(depending on type of inspection) may be present after a structural inspection. 

An unknown factor is the relative shape of cracks with a surface length of 
either 2 or 3 in. Although the bottom shell is loaded primarily in tension, there 
are pressure stresses as well as differences in weld contours that may affect the 
shape of an unknown crack. Analysis of actual cracks found in the plate samples 
shows that the relative crack depth (a) to surface length (2c) ratio, a/2c, the crack 
aspect ratio, can vary from about 0.15 to about 0.35. Figure 17.2 shows the two 
initial surface crack lengths of 2 and 3 in. for an assumed a/2c ratio of 0.25, 
which was chosen to model typical crack growth behavior. This assumption ap- 

FIG. 17.2 Surface crack  model  for a/2c = 0.15 in. or 0.35 in., and 2c = 2 in. or 3 in. 
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pears to be reasonable on the basis of observations of actual fracture surfaces. 
Studies of ratios ranging from 0.15 to 0.35 indicate that the shape of a 2 or 3-in.- 
long surface crack does not have a significant effect on the fatigue propagation 
life for the 0.75-in.-thick bottom shell plates in these tankers. After the crack 
grows through the 0.75-in.-thick wall, it becomes a through-thickness crack and 
grows to the critical crack size, 2acr, as shown in Figure 17.3. Note that for surface 
cracks, Figure 17.2, "a"  is the dimension through the plate. For through-thickness 
cracks, Figure 17.3, "a"  is one half the total crack length. This is common fracture 
mechanics terminology as described in Chapter 2. 

To estimate the time it would take either a 2 or 3-in. surface crack to grow 
to critical size, the crack shown in Figure 17.2 was subjected to the dm-RM s values 
presented in Table 17.2 and reduced by the reduction factor (RFss). The stress 
range histograms shown in Table 17.2 were computed using the formulation by 
Ochi [4,5] and the buoy measured wave data available from NOAA. These his- 
tograms show representative stress ranges and numbers of four seasons in both 
the fully loaded and normal ballast condition. AO-RM s values for each condition 
were calculated as follows: 

~ (Ao-i) 2 
AO-RM S = y/ (17.4) 

These AO'RM S values were used to represent the variable loading as described 
in Chapter 9. Individual AO-RM s values are shown at the bottom of each of the 
eight conditions in Table 17.2. Because the differences in fully loaded and normal 
ballast conditions were so small, these two conditions were averaged, and thus 
only the four seasonal loading conditions were used in the fatigue analysis. 

Based on the information presented in Table 17.2, it was assumed that a 
representative oil tanker experiences the following four fatigue loading condi- 
tions during a typical year: 

FIG. 17.3 Through thickness crack growth model: crack grows from initial size to 
2act = 15 in. At 2acr, rapid fracture occurs. 
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Winter: AO'RM S 
42.01 + 40.54 

= 41.28 MPa--5 .98  ksi 

Spring: 

for N = 251,616 (Table 17.2) 
+258,808 
510,424 cycles Reduced  Loading 0.7 (5.98) = 4.19 ksi 

AO'RM S ~-- 
37.11 + 36.51 

2 
= 36.81 MPa--5 .34  ksi 

Summer: 

for N = 265,476 (Table 17.2) 
+271,916 
537,392 cycles Reduced  Loading 0.7 (5.34) = 3.74 ksi 

26.00 + 25.92 
2~O-RMS = 2 = 25.96 MPa--3 .76  ksi 

for N = 286,221 (Table 17.2) 
+292,672 
578,893 cycles 

Fall: ZXr = 

Reduced Loading 0.7 (3.76) = 2.64 ksi 

42.20 + 41.62 

2 
= 41.91 MPa--6 .08  ksi 

for N = 267,440 (Table 17.2) 
+273,927 
541,367 cycles Reduced  Loading 0.7 (6.08) = 4.25 ksi 

The crack growth  behavior  of ship steels can be represented by  the fol lowing 
expression, Chapter  9: 

da 
- 3.6 • 10 10(Z~KRMs)3'0 (17.5) 

dN 

Accordingly, the number  of cycles, AN, that it takes to grow a crack an amount ,  
Aa, is: 

Aa 
A N =  

3.6 • 10 10 (AKRMs)3.0 

For a surface crack of Length 2c and Depth  a: 

AKRMs = 1.12 2~O-RM s ~ �9 M K 

where  Q = f (a/2c) ,  and 
M K = back-surface magnification factor. 

For the through-thickness crack: 
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AKRM s = AO'RM s ~ (17.6) 

Figure 17.4 shows the calculated size of either a 2-in.-long or 3-in.-long sur- 
face crack versus loading time in months. As a crack grows, it changes from a 
surface crack (Figure 17.2) to a through-thickness crack (Figure 17.3). Figure 17.4 
shows that for the assumptions made earlier (stress ranges, fracture toughness 
levels, maximum stress levels), the critical crack size, 2acr, is about 15 in. and 
takes about 60 months to grow a surface crack of 2-in. length to a through- 
thickness crack of 15 in., depending on the a/2c ratio. 

Figure 17.4 also shows the calculated size of the 3-in.-long surface crack as 
a function of loading time. The behavior is similar to that of the 2-in. surface 
crack but that, as expected, the time to reach a crack size of 15 in. is less, namely 
about 48 months. Also, for a surface crack length of 3 in., any a/2c ratio larger 
than 0.25 is already through the 0.75-in. bottom shell plate, and thus any effect 
of a/2c ratio is smaller than for the 2-in. surface crack. 

The calculated lives shown in Figure 17.4 are fairly short and indicate the 
need for periodic inspection. These results also demonstrate that improved qual- 
ity of inspection, i.e., an inspection procedure that will find 2-in. surface cracks 
reliably rather than 3-in-long surface cracks, can lead to increased fatigue lives. 

17.5 Effect of Reduced Fatigue Loading 

Previously, it was shown that by improving the quality of inspection so that 
2-in.-long surface cracks can be found, rather than 3-in.-long surface cracks, the 

17 ~ ~ ~ ~ i ~ ~ ~ ~ I  ~ ~ ~ ~ i ~  f ~ i , ~ ,  ~ I ~  ~ i ~ ~ i ~ ~ ~ 

1 6  - 

'+- 7 /  13 - REDUCED LOADING 

O ~: 5 . t . - - "  ~ . -  2 c =  2.0. o/+2c = 0.25 
4 ~ _ , r ~ " ~ -  __+...~ ~ = -  2C= 3.0, a /2c 0.25 

o 3 
c~ 2 

1 
0 ~ , , I  i i i ~ 1 J  ~ ~ ~ I ,  , ,  , I q ~ J ~  I ~ J , , I  , ~ , , 1 ~  , i 

0.00 10.00 20.00 30.00 40.00 50.00 60.00 70.00 80.00 
Time (months) 

FIG. 17.4 The ef fect  of  2C value on the  c r a c k  g rowth  t ime  using t h e  

r e d u c e d  stress (0.7 s t ress R.M.S.). 
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fatigue life can be extended. If the inspection capability could be improved even 
more, the increase in fatigue life would be even greater. This improvement in 
life occurs by reducing the initial crack size, ao, as was discussed in Chapter 12, 
Fracture and Fatigue Control. 

For structures where the loading can be affected by the weather, such as 
ships or airplanes, the concept of voyage planning can be very useful in extend- 
ing the life of a structure. As described in Reference 7, Winter and Lewis made 
actual strain range measurements for 26 consecutive voyages of a TAPS tanker. 
By using actual loading (not maximum theoretical as was presented in Table 
17.2), and by voyage planning, the actual stress ranges were reduced below those 
presented in Table 17.2. A comparison of the actual Winter and Lewis (measured) 
data with that predicted in the current s tudy is presented in Table 17.3. Note that 
while the measured results were about 3.6 million compared with the predicted 
results of about 2.2 million cycles of loading, the AO-RM s range was only 1.4 ksi 
compared with 5.2 ksi. Because the crack growth varies as AO'p, MS to the power 
of 3.0, this reduction in actual stress range by voyage planning has a very signif- 
icant effect on the fatigue crack propagation life of a ship. 

The authors [7] state that: "The comparison of the two datasets is quite 
striking because the measured stress range/count  data is considerably less than 
the study predictions. The table [Table 17.3] shows: 

1) the maximum measured stress-range is less than the predictions for all 
seasons and for both loading conditions; 

2) the measured counts in equal stress-range are less than the predicted 
counts, except for the two lowest stress-range bins; and 

3) the predicted stress-range/count s tudy for the summer season is higher than 
the measured data for the winter. 

The larger number of counts in the lowest stress-range interval is caused by 
the hull vibrating nearly constantly at its first natural frequency." These low 
stress-range results due to hull vibration could not be included in the predicted 
NOAA results. 

"The predicted stress-range count data was used in the Rolfe study to prop- 
agate 2-inch and 3-inch cracks using the root mean square stress-range. The 
table shows the root mean square stress-range for the measured data is con- 
siderably less than the study predictions. The Rolfe study calculated it would 
take 50 months to grow a 3-inch surface crack to 15 inches using the study 
stress-range/count data shown in Table 17.3. Using the measured data from 
this table and the same fracture mechanics equations used in the Rolfe study, 
a 3-inch crack would only grow to 6 inches in 240 months (20 years) [as shown 
in Figure 17.5]. Since the rate at which cracks grow is roughly proportional to 
the cube of the root mean square stress range, the lower measured root mean 
square value has a dramatic effect on fatigue crack propagation. The fact that 
fatigue damage to the bottom shell plating has not been a problem on these 



TABLE 17.3. Comparison of Rolfe et al. Predicted Stress-Range/Counts with Full-Scale Measurements. 

STRESS SPRING SUMMER FALL WINTER 

rdl 

RANGE MAR, APR, belAY 
INTERVAL, 

ksi M E A S U R E D  ROLFE 

JUN, JUL, AUG SEP, OCT, NOV DEC, JAN, FEB 

MEASURED R O L F E  MEASURED R O L F E  MEASURED ROLFE 

0.0-1.5 164,412 28,226 413,964 84,717 278,774 29,781 228,220 24,563 

ANNUAL TOTAL 

MEASURED ROLFE 

3,023,861 346,080 ~-3 
1.5-3.0 22,108 51,032 40,371 78,971 40,254 41,011 49,071 39,814 416,848 432,370 
3.0-4.5 4,282 57,664 3,177 51,971 8,882 49,465 19,997 48,155 94,129 422,025 
4.5-6.0 994 49,488 228 35,064 2,744 46,511 7,775 45,123 28,858 355,017 
6.0-7.5 227 34,963 34 20,102 910 36,928 2,799 35,396 10,776 254,863 
7.5-9.0 73 21,342 5 9,579 341 26,038 973 24,452 3,771 162,036 

9.0-10.5 25 11,654 3,892 110 16,769 295 15,373 1,285 94,441 
10.5-12.0 10 5,824 1,367 26 10,002 123 8,974 524 51,482 
12.0-13.5 4 2,699 417 4 5,560 47 4,922 205 26,499 
13.5-15.0 2 1,169 111 1 2,887 23 2,553 91 12,922 
15.0-16.5 475 25 1,403 14 1,257 34 5,972 
16.5-18.0 182 5 639 5 589 9 2,617 
18.0-19.5 66 273 3 263 6 1,086 
19.5-21.0 23 110 2 112 2 428 
21.0-22.5 7 42 45 159 
22.5-24.0 2 15 17 56 
24.0-25.5 5 6 18 
25.5-27.0 1 2 5 
27.0-28.5 
28.5-30.0 

Sum 192,135 265,476 457,779 286,221 332,046 267,440 309,348 251,616 3,580,399 2,168,076 
~O'rrns 1.27 5.57 1.03 3.90 1.39 6.33 1.91 6.30 1.39 5.52 
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FIG.  17.5 C o m p a r i s o n  of  g r o w t h  of  a 3- in.  b o t t o m  shell  
c rack ,  

tankers tends to indicate that the measured stress-range/count data is more in 
line with reality." 

17.6 Summary 

The objective of this study was to present a general fracture mechanics meth- 
odology that can be used to assess the structural reliability of critical area details 
in oil tankers experiencing cracking. A methodology that is primarily determin- 
istic was developed based on concepts described earlier in this book and was 
used to estimate the behavior of cracks in bottom shell plates. Inspection rec- 
ommendations were based on conservative but reasonable assumptions. For the 
example presented, the predicted fatigue lives as well as a reasonable minimum 
critical crack length are consistent with service experience to date. That is, rela- 
tively large bottom-shell fatigue cracks have been observed in service but no 
complete failures have occurred. Using this methodology, similar analysis would 
be made on other classes of tankers, or other types of vessels. 

Voyage planning was shown to be a very effective method of improving the 
life of those structures where weather loading can be significant. Because the 
fatigue crack propagation lives are proportional to (ACrMS), even a slight reduc- 
tion in AO-RM s will have a significant effect on fatigue life, as was shown dra- 
matically by Winter and Lewis [7]. 

Estimation of critical crack lengths and fatigue propagation lives of cracks 
in ships depends on many factors. Thus, each class of ships as well as each type 
of detail must be evaluated individually. This case study describes a fracture 
mechanics methodology that can be used to estimate the critical crack length and 
fatigue life of bottom shell cracks in tankers. The example deals specifically with 
the case of one structural detail in one class of tankers subjected to TAPS service, 
and the results cannot be generalized to other details, ships, or loadings. How- 
ever, the methodology can be used in other cases provided that the specific load- 
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ings, material fracture toughness levels, inspection capabilities, and initial crack 
sizes are established. Comparison with another ship where actual loads were 
measured shows that this methodology can be very useful. 
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Importance of Proper 
Analysis, Fracture Toughness, 
Fabrication, and Loading 
on Structural Behavior'-- 
Failure Analysis of a 
Lock-and-Dam Sheet Piling 

18.1 Introduction 

THIS CHAPTER DESCRIBES the fracture of a sheet pile in a cofferdam cell and pres- 
ents a failure analysis to determine the cause of failure. The analysis examines 
the steel properties, fabrication and construction procedures, and the design of 
the cell. 

A cofferdam is a temporary enclosure placed in a wet area that, when de- 
watered, permits construction to proceed within it under dry conditions. Lock 
and Dam 26 replacement project in the Mississippi River at Alton, Illinois, con- 
sisted of a dam having nine gate bays and tainter gates and two navigation locks 
1200 and 600 ft long. Construction of this lock and dam was performed in three 
stages to ensure uninterrupted river navigation during its construction. Each 
stage consisted of construction of a temporary cellular cofferdam, construction 
of a portion of the permanent lock and dam inside the cofferdam, followed by 
removal of the cofferdam. Figure 18.1 shows the cofferdam construction for the 
second stage of this project, which consisted of the construction of a cofferdam, 
a 1200-ft navigational lock and two one half gate bays of the concrete dam. 

The cofferdam for the second phase of construction was oval in shape and 
comprised of circular cells connected by connection arcs. The cells and arcs were 
constructed from interlocking PS-32 steel sheet piles. The geometry and dimen- 
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FIG. 18.1 Construction of Stage II of the Lock and Dam 26 replacement project at Alton, 
Illinois. 
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sions of the sheets are presented in Figure 18.2. The sheets were driven around 
the perimeter of a circular template into the river bed. Variations in the com- 
position of the river bed prevented driving the sheets to the same elevation. Thus, 
the top of the sheet piles had to be trimmed by acetylene torches to the required 
elevation. Once the sheets were driven, the cells were filled with river sand. Work 
would proceed to the adjoining arc and cell until the cofferdam was fully en- 
closed. Finally, the interior of the cofferdam was dewatered to permit construc- 
tion within its confines. 

18.2 Description of the Failure 

In the days proceeding the failure at Lock and Darn 26, river sand was piled 
daily on top of the cells, Figure 18.3. The next day, a front-end loader, Figure 
18.3, would push the sand over the side to create a stability berm. On December 
9, 1995, a Caterpillar 973 front-end loader was operating on top of Cell 68. At 
that time, the sand was being pushed over the side of Cell 68 before all the sheets 
had been trimmed to elevation along the perimeter of the cell. During this op- 
eration, Sheet 55 of Cell 68 split from top to bottom of the cell. The sand in the 
cell spilled out of the slit, and the front-end loader sank to the bottom of the cell, 
Figure 18.4. The operator escaped from the loader unharmed. The temperature 
of the steel at the time of the failure was estimated to be 32~ 

Cell 68 was 63 ft in diameter and contained a 35-ft-diameter cell that became 
part of the downstream guide wall. The geometry of the cells and adjoining arcs 
is presented in Figure 18.5. 

18.3 Steel Properties 

Subsequent to the failure, Sheet 55 was removed from the cell wall and was 
subjected to chemical and mechanical tests. The tests confirmed that the steel 
satisfied the specified chemical and physical requirements of ASTM A328 spec- 
ifications for which it was purchased. The yield strength from two longitudinal 
tests were 43.4 and 51.1 ksi, and the tensile strengths were 92.1 and 92.0 ksi. The 
transverse test resulted in a 51.4-ksi yield strength and a 79.3-ksi tensile strength. 
The percent elongations in 2 in. were 27.5 and 26.0% for the longitudinal tests 
and 27.5% for the transverse test. These physical properties exceeded the ASTM 
A328 requirements of 70-ksi minimum tensile strength, 39-ksi minimum yield 
point, and 17% elongation in 8 in. Charpy V-notch (CVN) fracture toughness was 
not required for the purchase of the steel. However, CVN tests were conducted 
on the sheet that fractured and the results are presented in Figure 18.6. 

CVN ft-lb data may be converted to impact stress-intensity factors K~a by 
using the relationship: 

Kra = X/5E(CVN, ft-lb) (18.1) 

where E is the modulus of elasticity, psi, and Kid is psi~n~m. 
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FIG. 18.2 Profile and dimensions of Sheet Pile PS 32. 
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FIG. 18.3 Sand piled on cofferdam cells and the f ront-end loader used 
to push it overboard. 



460 FRACTURE AND FATIGUE CONTROL IN STRUCTURES 

FIG. 18.4 Fracture of a sheet pile in Cell 68. 

The calculated Kid values from Equation I may be used to estimate the static 
stress-intensity factors, Ktc, by using the temperature shift relationship between 
Kid and Kic: 

Tshi f  t = 215 - 1 . 5 O - y  s (18.2) 

where Tsh~f t =temperature shift in F ~ between the impact and the static fracture 
toughness. 

O'y s = room temperature yield strength ksi. 

The conversion of CVN ft-lb data into KId data and the prediction of K~c behavior 
are presented in Figure 18.7. 
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Cell 68 Downstream Cell 69 
Guidewall 

River Flow Cell DG-4 

FIG. 18.5 Geometry of Cells 68 and 69 and connecting arcs. 

Several crack-t ip-opening-displacement  (CTOD) fracture toughness tests 
were  conducted  on Sheet 55 steel at 0, 32, and 75~ The CTOD test results were  
conver ted  to equivalent  K c values  by  using the relationship 

K c = X/1.7o-f~ow(CTOD)E (18.3) 

where  K c = static critical stress intensity factor, psi, 
O-no w = algebric average of the yield and tensile strengths of the steel, psi, 

CTOD = crack tip opening displacement  at fracture, inch, and 
E = modules  of elasticity, psi. 
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FIG. 18.6 Charpy V-notch fracture toughness of Sheet 
Pile 55, 
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The calculated K c values are presented in Figure 18.7 and appear to be a 
good extension of the Kic values derived from the CVN data. 

18.4 Failure Analysis of Sheet 55 

Stress analysis of Cell 68 and strain measurements on similar cells showed that 
the circumferential stress on the cell wall induced by the sand fill is essentially 
zero at the top of the cell and increased linearly by about 200 psi per foot from 
top to bottom of the cell. Consequently, the nominal stress acting on the circum- 
ference of the cell at the tip of an edge crack of length a that initiated at the top 
of the cell and extended downwards would be 

O ' n o m i n a  I = (200, psi/f t)(a,  ft) (18.4) 

Assuming that the nominal stress at a given crack depth is uniform, rather 
than decreasing, up to the top of the cell, the K expression for that crack would 
be 

K~ = 1.12o-X/-~ (18.5) 

Because a cofferdam is a statically loaded structure, the critical fracture 
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toughness, Figure 18.7, at 32~ was about 100 ksiX/~m. Thus, Equation 5 shows 
that 

100'000' psiV~m" = 1"12 [200' psi/in" (a' in')] V ~ a '  i n ' 1 2 ,  in. (18.6) 

or a = 210, in. 

This large critical crack length, which is based on the conservative assump- 
tion that the applied stress at the tip of the crack was uniform up to the top of 
the cofferdam, suggests that either the critical stress intensity factor for the ma- 
terial was lower than 100 ksiX/[~n, or that the driving force to propagate the crack 
was larger than the applied circumferential stress from the fill, or both. 

The removal of a sheet pile by flame cutting during trimming to elevation 
requires cutting into the interlocking region of the adjacent sheet pile. The crack 
in Sheet 55 originated at the tip of a 3.5-in.-long sharp notch that was formed 
when the adjacent sheet was flame cut and removed and the trimming operation 
was interrupted. Thus, let us consider the assumptions that the surface of the 
notch where the crack initiated was severely damaged by the flame-cutting pro- 
cess and, therefore, possessed the least possible fracture toughness for steels of 
25 ksix/=m~m, and that this value determined the size of the critical crack that prop- 
agated under the influence of the applied stress from the fill. Repeating the pre- 
ceding calculations with K k = 25 ksi~m-~m, results in a critical crack size of 84 in. 
These calculations demonstrate that if a small crack initiated in the very brittle 
flame-cut surfaces, it would have arrested because the circumferential stress from 
the fill alone was not sufficient to extend it further. Therefore, assuming the least 
possible fracture toughness for the steel, an external force was required to initiate 
and propagate a large crack to a critical depth, at which point the circumferential 
stress from the fill alone would have been sufficient to extend the crack to the 
bottom of the sheet. 

An inspection of the cofferdam revealed several vertical cracks starting at 
the top of sheet piles and extending about 3 ft in length, Figure 18.8. The most 
probable cause for these cracks was the front-end loader pushing on the top of 
the cell wall. Such a force would decrease rapidly with depth. Thus, a crack 
initiated by the front-end loader at the top of the cell would arrest unless the 
applied force was large enough to propagate it to a large depth at which point 
the circumferential stress from the fill would propagate it further. The following 
presents an analysis of the combined effects of an external force and the circum- 
ferential stress from the fill on the fracture behavior of Sheet 55 and determines 
the magnitude of the force necessary to produce a critical crack that would prop- 
agate unstably. 

The stress intensity factor expression for an edge crack at the top of the sheet 
pile subjected to a uniform circumferential stress and to a force at the top of the 
cell wall, Figure 18.9, can be represented by the equation 
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FIG. 18.9 St ress in tens i ty  fac to r  ana lys is  for  Sheet  Pile 55. 
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P (18.7) KI = 1.12 r  + 2.6 

where P = _ F lb/ in .  
t" 

F = force, lb 
t = sheet-pile thickness = 1/2  in. 

The first term in Equation 18.7 is for an edge crack subjected to a uniform 
stress, while the second term is for an edge crack subjected to an opening force 
at its mouth  [1 ]. When the crack is short, the value of K I is governed primarily 
by the second term, whereas, when  the crack is long, it is governed primarily by 
the first term. Thus, a plot of stress intensity factor, K I, versus crack length, a 
(Figure 18.9), exhibits a m in imum value for K I, Kmi n. This m i n i mu m value cor- 
responds to a m i n i mum crack length, a0, that mus t  exist beyond  which the cir- 
cumferential fill stress becomes the dominant  driving force. Kmm is located at a 
point on the Ki-a curve where the slope, dKi/da, is zero. Thus, 

dK I ( ~ )  2 . 6 P [  1 1 ] (18.8) 
da = 1.12 f f  X/ '~a -1/2 + ~ 2 a 3/2 

dKi r P 
d~- - ~ a  0.74 a3/----- ~ (18.9) 

Because - 0 at a 0, then 
da 
(r P 

~ 0  - 0.74 a - ~  = 0  

(18.10) 

0.74 P 
or a 0 - (18.11) 

Substituting this expression for a 0 in Equation 18.7, we find Kmi n to be 

Kmin = 1.12r ~ 0 " ~ P  + 
2.6 P 

(18.12) 

We already demonstra ted that when  KIc = Kia = 25 ksiX/V~m.--the lowest 
fracture toughness for steels--a 0 was 84 in. The m i n i m u m  K~ value in Figure 18.9, 
which is assumed to be equal to 25 ksi ~ the lowest fracture toughness for 
steels, is the sum of two equal parts from each of the terms in Equation 8. One 
half the 25 ksix/in~n, min imum value is contributed by the circumferential fill stress 
and the other by  the applied force at the top of the cell wall. By using the 12.5 

Kmm = 3.41V~P (18.13) 
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ksiX/~m, contribution by  the fill stress and  the K I expression for an edge crack, 
the value of a 0 is determined to be about 48 in. Substituting this value for a 0 in 
Equation 15, we find that 

P = 64o" (18.14) 

Substituting this expression for P in Equation 15 we obtain 

Km~ = 27~ (18.15) 

For Kmi n = 25 k s i ~  

cr ~ 926 psi for a 0 = 48 in. (18.16) 

substituting Equation 18.16 in Equation 18.14 we obtain 

P >- 59,300 psi (18.17) 

F 1 
because P = t and t ~ in .  

Then F ~ 29,650 lbs (18.18) 

which is the min imum circumferential force required to initiate and propagate a 
crack from the top of a cell to a d e . ~ h  a 0 even when  the fracture toughness of 
the steel is assumed to be 25 ksi Vin.  

The magni tude  of the radial force, FFL , applied by  the front-end loader 
against a sheet pile to produce a circumferential force equal to or larger than 
29,650 lb can be determined by considering the static equil ibrium among these 
forces. The width  of a sheet pile along the circumference of the cell was 15 in., 
and the radius of a cofferdam cell was 35.5 ft. A radial force applied to the sheet 
would  produce forces at the side of the sheet that mus t  all be in static equilib- 
rium. These considerations, Figure 18.10, show that EFL had  to be equal to or 
larger than about 1200 lb. 

18.5 Summary 

The preceding analyses demonstra ted that even when  we assumed the least pos- 
sible fracture toughness for steels, the circumferential stress from the fill alone 
would  have tolerated a split sheet pile having an 84-in-long crack without  caus- 
ing failure of the cell. Consequently, an externally applied force was necessary 
to initiate and propagate a long crack from the top of the cell. The only possible 
source for such a force was the front-end loader pushing sand overboard at the 
time of the fracture. When the front-end loader applied a radial force less than 
about 1200 lb, a crack would  initiate, propagate,  and arrest. Several such cracks 
were observed in various cells, Figure 18.8. A radial force larger than about 1200 
lb caused the crack in Sheet Pile 55 to initiate and propagate to a critical dimen- 
sion at which length the fill stresses extended it to the bot tom of the sheet. 
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FIG. 18.10 Analysis of the radial force applied by the front-end 
loader on Sheet Pile 55. 
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This cofferdam failure analysis presents  an example where  the design is 
conservative and where  fracture toughness  is not  a significant parameter  for the 
performance of the structure. However ,  the fabrication and the construction prac- 
tices caused a fracture that could have been easily avoided.  

18.6 References 

[1 ] Tada, H., Paris, P., and Irwin, G., The Stress Analysis of Cracks Handbook, 2nd ed., 1985, p. 2.25. 
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Importance of Loading Rate 
on Structural Performance-- 
Burst Tests of Steel Casings 
19.1 Introduction 

THIS CHAPTER PRESENTS chemical and mechanical properties of two J-55 casings 
selected to have significantly different yield strengths. The chemical composition 
and tensile properties of the tested casings met the specification requirements for 
both J-55 and K-55 casing grades. Consequently, the results of the investigation 
are equally applicable to both grades. Also presented are the results of burst tests 
that were conducted at Battelle [1] on short sections of these casings containing 
milled notches and the results of a failure analysis of the tested sections con- 
ducted at the U.S. Steel Technical Center. Finally, the significance of the results 
to API Charpy V-notch requirements for J-55 and K-55 casings are discussed. 

19.2 Material and Experimental Procedures 

Material. Burst tests were conducted on two J-55 casings having 10-in. nominal 
diameter and 0.450-in. wall thickness. The chemical composition for each casing 
is presented in Table 19.1. 

One casing had a 77.3-ksi yield strength, which is well above the minimum 
value of 55 ksi required by API 5CT Specification, while the other had a yield 
strength of 55.5 ksi, which is essentially equal to the required minimum value. 
The tensile properties for these casings are presented in Table 19.2. 

The chemical composition and tensile properties of the tested casings met 
the specification requirements for both J-55 and K-55 casing grades. Conse- 
quently, the results of the present investigation are equally applicable to both 
grades. 

Transverse 2/3-size Charpy V-notch specimens were machined from each 
casing and tested at temperatures between -50  ~ and +300~ Figures 19.1 and 
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TABLE 19.1 Chemical Composition. 

C Mn P S Si Cu Ni Cr Mo AI 

Low Strength 
0.38 1.34 0.021 0.007 0.25 0.010 0.031 0.065 0.105 0.022 

High Strength 
0.49 1.14 0.010 0.016 0.065 0.008 0.010 0.024 0.021 0.018 

19.2 present impact Charpy V-notch absorbed energy and shear (fibrous fracture) 
curves for the low-strength and high-strength casings, respectively. 

19.3 Experimental Procedure 

Specimen Preparation. One section from each strength casing was V-notched lon- 
gitudinally by using an end mill. Each section contained three notches that were 
12.5% of the wall thickness in depth and had a length-to-depth ratio of 10. The 
geometry of the notches is shown in Figure 19.3. 

Each section was instrumented with a clip gage over each notch, direct cur- 
rent electric potential (DCEP) probes at each notch, thermocouples at two or more 
locations to monitor surface temperature, and pressure transducer to monitor 
internal pressure. The DCEP probes were tack welded to the casing without 
precautions, which is not consistent with recommended procedures. 

The Drilling Manual [2] of the International Association of Drilling Con- 
tractors and the API Recommended Practice for Care and Use of Casing and 
Tubing [3] caution that "unless precautions were taken, welding may have ad- 
verse effects on many of the steels used in all grades of casing, especially J-55 
and higher [underline added] . . . .  Cracks and brittle areas are likely to develop 
in the heat-affected zone. Hard areas of cracks can cause failure, especially when 
the casing is subjected to tool-joint battering. For these reasons, welding on high- 
strength casing should be avoided if possible" [underline added] [2,3]. 

Burst Tests. Each casing was tested at 0~ where the impact Charpy V-notch 
absorbed energy was 2 and 7 ft-lb for the low-strength and high-strength casings, 
respectively. This test temperature is well below the minimum operating tem- 
perature for casings and was selected to ensure conservative test results. The 
casings were cooled to 0~ by using circulating methanol cooled with dry ice in 
a supply drum. The temperature of the casing was stabilized for 30 min prior to 
testing. 

A. Low Yield Strength Casing. The casing was pressurized to 4250 psig at 0~ 
which was calculated by using thin-wall Barlow formula to result in circumfer- 

TABLE 19.2 Tensile Properties. 

YIELD STRENGTH, ksi TENSILE STRENGTH, ksi ELONGATION, % REDUCTION OF AREA, % 

55.5 101.3 24 53 
77.3 109.1 27 56 
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FIG. 19.3 Flaw geometry. 

ential wall stress equal to 100% the actual yield strength of the tested section. 
Once the pressure reached 4250 psig, it was maintained for 1 h without any 
indication from the instrumentation that the notches extended in depth or length. 

The casing was depressurized, one of the notches was lengthened to a 
length-to-depth ratio of 30, the casing was cooled to 0~ then repressurized to 
4250 psig and held at pressure and temperature for 1 h without failure or any 
indication of notch extension. Finally, the casing was depressurized, the DCEP 
probes were removed, the tack welds were ground off, and the surface was pol- 
ished smooth "to remove any surface anomalies" [1]; then the casing was cooled 
to 0~ and pressurized to failure. The pressure at failure was 5900 psig. The 
fracture did not originate from the notches. It originated in the tack weld region. 
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B. High Yield Strength Casing. The casing was cooled to 0~ then pressurized 
to 6500 psig, which resulted in a circumferential wall stress equal to 100% the 
actual yield strength (77.3 ksi) of the casing. Once the pressure was reached, it 
was maintained for 15 min when the casing fractured. The fracture originated at 
the toe of the tack weld used to connect the dc power supply to the casing wall. 

19.4 Fa i lure  A n a l y s i s  

Predicted Behavior. The tensile properties and Charpy V-notch energy absorption 
were used to predict the performance and behavior of the pressurized casing at 
0~ This prediction is based on the use of: 

1. An empirical correlation between Charpy V-notch impact energy absorption 
and impact (dynamic) critical stress intensity factor, Kid, where Kid is the 
fracture toughness property in terms of the applied stress and the flaw size. 

2. An empirical equation that predicts the slow loading fracture toughness K~c 
from the dynamic fracture toughness, Kid. 

3. An equation that related fracture toughness, stress, and crack size to predict 
the critical crack size for a given applied stress at the test temperature. 

This procedure is detailed in the following discussion and was presented earlier 
in Chapters 4 and 5. 

The Charpy V-notch impact energy absorption curve for steels undergoes a 
transition in the same temperature zone as the impact plane-strain fracture 
toughness, Kid. Thus, a correlation between these test results has been developed 
for the transition region and is given by the equation: 

(Kid) 2 
- 5 (CVN) (19.1) 

E 

where Kid is in psi ivan., E is in psi, and CVN is in ft-lb. The validity of this 
correlation is demonstrated by the data presented in Figure 19.4 [4,5] for various 
grades of steel ranging in yield strength from about 36 to about 140 ksi and in 
Figure 19.5 [4,5] for eight heats of SA 533B, Class 1 steel. Consequently, a given 
value of CVN impact energy absorption corresponds to a given Kid value (Equa- 
tion 19.1). A change in the rate of loading causes the fracture toughness transition 
curve to shift its location along the temperature axis, Figure 19.6 [4]. The higher 
the rate of loading, the higher the transition temperature. In other words, the 
fracture toughness transition for slow loading occurs at lower temperatures than 
for impact loading. Furthermore, the slow loading fracture toughness behavior 
can be predicted from the impact (dynamic) fracture toughness behavior by shift- 
ing the impact curve to lower temperature using the date presented in Figure 
19.7 [4]. These data show that the shift between static and impact plane-strain 
fracture toughness curves is given by the relationship [4]: 
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Tshif t = 215 - 1 .5O-y  s (19.2) 

for 36 ksi --~ O-y s ~ 140 ksi 

and Tsh~t = 0 

for ~ys -> 140 ksi 

where T is temperature in ~ and O'y s is room-temperature yield strength in ksi. 
The Charpy V-notch data in Figures 19.1 and 19.2 were used to predict the 

Kia versus temperature behavior for the tested casings. Because tl~e data in Fig- 
ures 19.1 and 19.2 were obtained by testing 2/3-size specimens, the data were 
adjusted to predict the equivalent full-size Charpy V-notch energy absorption 
values by interpolating the API correction factors in Supplementary Require- 
ments of SR16 Impact Testing (Charpy V-notch) For Pipe In Groups 1, 2, and 3. 
The corrected data were used with Equation 19.1 to predict the K~a behavior for 
the casing as a function of temperature, Figures 19.8 and 19.9. 

Equation (19.2) in combination with the yield strength data in Table 19.2 
results in a temperature shift of 132 and 100~ for the low-yield strength and 
high-yield strength casings, respectively. These values were used to construct the 
K~c curves as a function of temperature in Figures 19.10 and 19.11. 

Fracture mechanics technology shows that, for a given crack depth, a very 
long surface crack is more severe than one having a short surface length. In other 
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words, if a casing can tolerate a crack 12.5% the wall thickness in depth and 
having a length-to-depth ratio larger than about 8, it can tolerate a deeper crack 
whose length-to-depth ratio is less than 8. Also, when the length-to-depth ratio 
exceeds about 8, the crack behaves as having an infinite surface length. Thus, 
the notches that were machined in the casing had a length-to-depth ratio of 10 
to simulate the most severe notch geometry. 

The fracture mechanics equation that relates the critical stress intensity fac- 
tor, K~c, to stress, ~, and the depth, a, of a very sharp crack having infinite length 
is: 

KIc = 1.12o-X/-~a (19.3) 

The Kic values at the test temperature of 0~ for the low-strength and the high- 
strength casings, Figures 19.10 and 19.11, are 51 and 60 ksi~m-~m., respectively. 
Substituting these values in Equation (19.3) and a flaw depth of 12.5%, the casing 
walls result in a calculated stress at failure that exceeds the actual yield strength 
of the casings. Thus, in the presence of an infinitely long, very sharp crack having 
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a depth equal to 12.5%, the wall thickness, the tested low strength, and high- 
strength J-55 casings would sustain a circumferential stress equal to their actual 
yield stress at 0~ without fracturing. Also, the tested casings would be expected 
to plastically deform and bulge prior to fracture. This behavior is predicted even 
when the impact Charpy V-notch energy absorption for the tested casings were 
2 and 7 ft-lb at the test temperature of 0~ 

Equation (19.3) is based on linear elastic analysis and, therefore, is applicable 
when the applied stress, ~, is less than about 80% the actual yield strength of 
the material. For stresses higher than about 80% the actual yield strength of the 
material, Equation (19.3) gives conservative answers. Furthermore, the correla- 
tion between impact Charpy V-notch energy absorption and Kid and the pre- 
dicted Kic values are obtained by using the temperature shift are based on Kid 
and Kic data for very deep cracks. Available data show that shallow cracks exhibit 
higher fracture toughness than deep cracks, Figure 19.12. Consequently, the cas- 
ings should behave better than predicted in the preceding analysis. These pred- 
ications and observations are fully supported by the metallographic analysis of 
the burst tests presented in the following section. 
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19.5 Metal lographic  Analys i s  

General Discussion. The features of fracture surfaces for steels can be understood 
by examining the fracture-toughness transition curves under static and impact 
loading, Figure 19.13 [4]. These curves are separated from each other along the 
temperature axis by the temperature shift calculated by using Equation (19.2). 
The static fracture-toughness transition curve depicts the mode of crack initiation 
and the features of the fracture surface at the crack tip. The dynamic fracture- 
toughness transition curve depicts the mode of crack initiation under impact 
loading and the features of the crack propagation region under static or impact 
loading. 

In Region I s, for the static curve, Figure 19.13, the crack initiates in a cleavage 
mode from the tip of the fatigue crack. In Region II s, the static fracture toughness 
to initiate unstable crack propagation increases with increasing temperature. This 
increase in crack-initiation toughness corresponds to an increase in the size of 
the plastic zone and in the zone of ductile tearing (shear) at the crack tip prior 
to unstable crack extension. In this region, the ductile-tearing zone is usually 
very small and difficult to delineate visually. In Region IIIs, the static fracture 
toughness is quite high and somewhat difficult to define, but the fracture initiates 
by ductile tearing (shear). 

Once a crack initiates under static load, the features (cleavage or shear) of 
the fracture surface for the propagating crack are determined by the dynamic 
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FIG. 19.9 Predicted dynamic fracture toughness from Charpy V-notch test. Test 
results for a high-strength J-55 casing. 

behavior and degree of plane strain at the fracture temperature. Regions Ia, IId, 
and II I  d in Figure 19.13 correspond to cleavage, increasing ductile tearing (shear), 
and full-shear crack propagation, respectively. Thus, at Temperature A, the crack 
initiates and propagates in cleavage. At Temperature B and C, the crack exhibits 
ductile initiation but propagates in cleavage at Temperature B and in a mixed 
mode (cleavage plus ductile dimples) at Temperature C. The only difference be- 
tween the crack initiation behaviors at Temperatures B and C is the size of the 
ductile-tearing zone, which is larger at Temperature C than at Temperature B. At 
Temperature D, cracks initiate and propagate in full shear. 

Figure 19.14 [4] shows the fracture surfaces and fracture-toughness values 
(CVN and Kc) for an A572 Grade 50 steel having 50-ksi yield strength. The spec- 
imen tested at -42~ exhibited a small amount of shear initiation at a tempera- 
ture slightly below B in Figure 19.13. The specimen tested at +38~ exhibited 
increasing shear initiation (between B and C). The specimen tested at +72~ 
exhibited full shear initiation (Temperature C) and despite the high fracture 
toughness (49 ft-lb and 445 ksi V~-~m.) still exhibited a large region of mixed mode 
propagation. Thus, ductile crack propagation should only be expected at Tem- 
perature D, which is essentially dynamic upper-shelf Charpy V-notch impact 
behavior or in components having material properties, geometry, and loading 
conducive to plastic slip along shear planes. 

Burst  Tests. Figure 19.15 is a photograph of the burst tests showing location 
of the fracture origin and the general fracture path. It is clear from the photo- 
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FIG. 19.10 Static and dynamic fracture toughness for a low-strength J-55 casing. 

graph that both casings sustained plastic deformation and bulging prior to rup- 
ture. A closer look at the low-strength casing, Figure 19.16A, shows the fracture 
initiation to be in the vicinity of the tack weld that was removed by grinding 
rather than from one of the notches machined into the casing wall. Figures 
19.16B, ~19.16C, and 19.16D are increasing magnifications of the pre-existing crack 
at the initiation site. The crack depth was 16.5% of the wall thickness. Figure 
19.16D shows the fracture extending from a pre-existing crack in a brittle manner. 
The scanning-electron fractograph, Figure 19.17, shows a pre-existing intergran- 
ular crack that initiated in a ductile manner as indicated by  the ductile dimples 
at the crack front and extended by cleavage. A light micrograph of a transverse 
section through the pre-existing crack, Figure 19.18, shows the pre-existing crack 
residing in a very hard heat-affected zone of the tack weld. The heat-affected 
zone had a martensitic microstructure with a hardness of 49.3 HRC, whereas the 
deformed base metal exhibited about 97 HRB hardness. 

Figures 19.19 presents a closer look at the fracture origin of the high-yield- 
strength casing. Figures 19.19A and 19.19B show the tack-welded attachment in 
place. Figures 19.19B, 19.19C, and 19.19D show the crack initiating in the tack 
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FIG. 19.11 Static and dynamic fracture toughness for a high-strength J-55 
casing. 
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weld from a pre-existing crack and extended into the casing wall. Figure 19.19D 
shows the terminal fracture extending from multiple local initiating sites along 
the front of the pre-existing crack. At high magnification, Figure 19.20, the scan- 
ning electron fractographs show an intergranular pre-existing crack from which 
the final fracture initiated in a ductile manner and propagated in a mixed mode 
with the cleavage mode predominant. Light micrographs of a transverse cross 
section, Figure 19.21, show the presence of multiple pre-existing cracks associated 
with the tack weld. The cracks are very sharp and reside in a hard martensitic 
heat-affected zone with a maximum hardness of 54.4 HRC, whereas the deformed 
base metal had a hardness of 97 HRB. 

The crack depth as measured from the outside surface of the casing was 
about 24% of the wall thickness. The effective crack depth, considering the tack 
weld above the casing surface, is significantly deeper and the severity of the 
crack was increased by the stress concentration caused by the geometry and 
proximity of the welded attachment, Figure 19.19. 

The preceding metallographic analysis supports the analytical predictions. 
Also, the burst tests at 0~ where the fracture toughness was 2 and 7 ft-lb for the 
low-strength and the high-strength casings, respectively, show that the casings 
sustained stresses in excess of their actual yield stress and burst after permanent 
deformation and bulging in the presence of very sharp cracks deeper than the 
maximum 12.5% of the wall thickness permitted by the API specifications. 
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FIG. 19.14 Fracture surfaces of 1.5-in.-thick 4-T 
compact-tension specimens of an A572 Grade 
50 steel plate. 

19.6 Examination of API Specifications for J-55 and K-55 Casing 

API specifications permit the presence of surface imperfections equal to 12.5% of 
the wall thickness for J-55 and K-55 casing. Also, at the time the burst tests were 
being considered, API was considering an additional requirement of 15 ft-lb 
Charpy V-notch impact energy absorption (full-size specimen) at 70~ The burst- 
tested low-strength and high-strength casings with their respective Charpy V- 
notch values indicate that this Charpy V-notch energy requirement is very con- 
servative. The following discusses the implications of the API fracture toughness 
requirements in terms of structural performance for J-55 and K-55 casings. 
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FIG. 19.15 Hydrostatic tests of low-strength (Sample 1) 
and high-strength (Sample 2) J-55 casings, 

Equation (19.1) shows that a 15 ft-lb Charpy V-notch impact energy absorp- 
tion at 70~ corresponds to an impact (dynamic) critical stress-intensity-factor, 
Kid, value of 46.6 ksi X/=m-~m. at 70~ For a 70-ksi yield strength material, this Kid 
value corresponds to a static (slow) critical stress-intensity-factor, Kic, value of 

FIG. 19.16 Photographs of the fracture origin for low-strength J-55 casing. 
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FIG. 19.17 Scanning electron fractograph showing an intergranular pre-existing 
crack, dimple fracture at the crack front, and cleavage unstable crack 
propagation. 

FiG. 19.18 Light micrographs of a transverse cross section through the pre-existing 
crack in the heat-affected zone of the low-strength casing. 
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FIG. 19.19 Photographs of the fracture origin for the high-strength J-55 casing. 

FIG. 19.20 Scanning electron fractographs for the pre-existing crack front in the high- 
strength casing showing an intergranular pre-existing crack, ductile fracture initiation, 
and cleavage unstable crack propagation. 



0o 
O~ 

FIG. 19.21 Light micrographs of a transverse cross section through the pre-existing crack 
in the heat-affected zone of the high-strength casing. 
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46.6 ksi ~ at -40  ~ (Equation 19.2). Assuming that the casing is subjected to 
an applied stress equal to its actual yield strength of 70 ksi at -40 ~ Equation 
(19.3) indicates that such a casing would tolerate an infinitely long, sharp crack 
having a critical depth, a, of 0.11 in. However, design stresses are limited by the 
minimum specified yield strength of the casing grade. Thus, the stresses for J-55 
and K-55 casing are restricted to values below the minimum specified yield 
strength of 55 ksi rather than the actual yield s t ren~h of a particular casing 
section. Consequently, substituting a K~c of 46.6 ksi Vin. and a stress, or, value of 
55 ksi in Equation (19.3) results in a critical crack depth, a, of 0.18 in. 

The maximum wall thickness for J-55 and K-55 casing is 0.656 in. for a 16- 
in. outside diameter (OD) casing [6]. Thus, a J-55 or K-55 casing stressed to the 
minimum specified yield strength of 55 ksi and having 15 ft-lb in a full-size 
Charpy specimen would tolerate a critical crack depth 27% of the wall thickness 
of the thickest wall permitted by API. This value of 27% for the 16-in. OD casing 
would be tolerated at about -40~ for a J-55 or K-55 casing having 70-ksi actual 
yield strength and at about -60~ for one having 55-ksi actual yield strength. 

The preceding analysis combined with burst test results and metallographic 
failure analysis indicated that the API Charpy V-notch requirements are overly 
conservative under normal operating conditions. Also, this failure analysis dem- 
onstrates the significant effect of loading rate on the performance of structural 
and equipment components made of steels .and the usefulness of the empirical 
correlations between static and impact fracture toughness in failure analysis. 
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Problems 

Part I 

Problem 2.1 
Given a structural material  wi th  a yield s t r e n ~ h  of 80 ksi and an ultimate 

strength of 100 ksi loaded  to a K I value  of 60 ksiVin. ,  p lot  the stress distribution, 
%, directly ahead of a crack (0 = 0) be tween  r = 0 and r = 1.0 in. 

Problem 2.2 
If the crack in Problem 2.1 is an edge crack 1.0 in. long in a 2-in.-thick infinite 

plate, wha t  is the nominal  stress at failure if Kic = 60 ksiX~n~n.? 

Problem 2.3 
Calculate act for tr = O-ys ,  O-ys/2 , and O-ys/4 for an edge crack in a 4-in.-thick 

infinite plate in a material  that has O-y~ = 100 ksi and Kic = 120 ksiX/~-~n. 

Problem 2.4 
For an edge crack in a 30-in.-wide plate with O ' y  s = 40 ksi and K~c = 100 

ksix/in~n., calculate act for o- = ~ys, tYys/2, and O-ys/4. 

Problem 2.5 
A steel br idge is being considered for the desi/Kn_ of a pedestr ian br idge over 

a busy  street. The steel has a K~c value  of 80 ksiVin,  at 0~ and a yield strength 
of 100 ksi. Prepare a curve  of allowable design stress versus  crack dep th  for an 
edge notch in a 40-in.-wide plate loaded in tension. 

Problem 2.6 
Plot a stress--f law-size--K~c curve for an edge crack in a plate of infinite 

wid th  for the following three steels (see table below). Plot all graphs on the same 
sheet  of graph paper. 

491 
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MATERIAL Klc, ksiX/~m, ffys, ksi 

A 80 260 
B 110 220 
C 140 180 

Problem 2.7 
To s tudy  the effect of crack geomet ry  on  act, calculate and draw acr for the 

following conditions: 

(a) Edge Crack--K~ = 1.12erX/-~a 

(b) Through-thickness c rack - -K  I = r 

(c) Surface Crack--K~ = 1.12~X/'rra/Q �9 M K for three condit ions a/2c = 0.1, 
0.25, and 0.5. 

Given that KIC = 55 ksiX/~m., o-y s = 100 ksi, and O'de s = -  O-ys/4, calculate act 
and compare  the results using half-scale drawings of the actual crack geometries. 
Assume a plate thickness of 2 in. and an infinite width.  

Problem 2.8 
A long 1-in.-thick steel plate loaded in tension is 8 in. wide  and has an edge 

crack 2 in. deep.  If the steel has a yield strength of 60 ksi and a K c value of 200 
ksiX/~m., what  load can the plate wi ths tand before failure? What  is the m o d e  of 
failure? Explain your  answer. 

Problem 2.9 
Using an edge-crack analysis for infini te-width plates, compare  four steels 

that could be used in br idges in Alaska where  service temperatures  as low as 
-60~ will occur. The propert ies  of the steels are as shown  in the table below: 

MINIMUM 
YIELD 

STRENGTH, K~c AT -60~ 
STEEL ksi (ksi X/~n.) 

A36 36 60 
A441 50 53 
A572 50 100 
A514 100 60 

Prepare graphs of stress versus flaw size for each of these steels. If the design 
stress of each steel is 0.6 • the m i n i m u m  yield strength, compare  the critical 
crack sizes of each steel at the design stress level. 

Problem 2.10 
Given a longitudinal  surface crack in a pressure vessel with the following 

dimensions  and  propert ies,  wha t  is the factor of safety against  (1) yielding and 
(2) fracture, if the internal  pressure is 3000 psi? 

Length = 16 ft 2c = 4.0 in. 
Diameter  = 4 ft O-ys = 100 ksi 
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Thickness = 2 in. E = 30 • 10 6 psi  
a i = 1.0 in. K~c = 120 ksi~n~n. 

Problem 2.11 
An infinite pla te  of A36 steel wi th  the proper t ies  s h o w n  has  a 0.4-in.-long 

crack p ropaga t ing  f rom a 2-in.-diameter  hole. Wha t  stress level will cause failure? 

Kic = 50 ksi~q-~n. 
O-y s = 40 ksi 
E = 30 • 10 6 psi  

Problem 2.12 
An infinite pla te  of A36 steel wi th  the fol lowing proper t ies  has  cracks prop-  

agat ing f rom both  sides of a 2.0-in.-diameter hole: 

KIC = 50  ksi%/Vm~m. 
O-ys = 40 ksi 
E = 30 • 106 psi  

De te rmine  the total crack length that  will cause failure at a stress level of 20 
ksi and  show this crack in a sketch. 

Problem 2.13 
Given  a steel wi th  the fol lowing propert ies.  

E = 30 • 106 psi  
RA = 60% 
O'y s = 100  k s i  

o- T = 120 ksi 
O'ae ~ = 40 ksi 
Kic = 120 ksix/=m~m. 

A s s u m e  that  this steel is used  in an infinite pla te  that  has a 2-in.-diameter  
hole in the center. Fur thermore ,  a s sume  that  cracks are g rowing  un i fo rmly  f rom 
bo th  sides of the hole. Wha t  is the total defect  length (crack plus hole) at failure? 
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Part II 

Problem 3.1 
Prepare neat  curves of ~ versus  a for the following situations: 

(a) A572 steel at -100~ tested dynamically, Figure 4.5. 
(b) A572 steel at -100~ tested at an intermediate loading rate, Figure 4.5. 
(c) A572 steel at -100~ tested slowly, Figure 4.5. 

Plot three curves on the same sheet of paper  for each of two crack geometries 
specified as follows: 

1. An  edge crack in an infinite plate. 
2. A surface crack in an infinite plate with a/2c  = 0.25. 

Finally, compare  the actual crack sizes (to scale) for each condit ion at a stress 
level of 20 ksL 

Problem 3.2 
The following Charpy  V-notch impact  specimen results shown  in the table 

below have been obtained for an ABS-B steel wi th  a yield s trength of 40 ksi: 

ABSORBED LATERAL PERCENT 
TEMPERATURE, E N E R G Y ,  EXPANSION, SHEAR, 

~ ft-lb mils % 

-90 1.5 1 0 
-90 1.5 2 0 
-90 2 1 0 

0 6.5 10 5 
0 7.5 6 5 

32 8.5 13 10 
32 12.5 11 15 
32 13 10 20 
32 15.5 19 10 
70 24 23 30 
70 28 26 30 
70 52 55 50 
70 60 65 60 
70 68 66 50 

120 67 76 80 
120 73 67 85 
120 87 80 90 

Plot the resultant curves on separate pages and sketch the levels of performance 
on each of the three curves: 

(a) Absorbed energy versus temperature. 
(b) Lateral expansion versus temperature.  
(c) Percent shear versus temperature.  
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Problem 3.3 
Given the following Charpy V-notch impact specimen results (see table be- 

low) previously presented in Problem 3.2 for an ABS-B steel, assume the steel 
has a static yield strength of 40 ksi and  a dynamic  yield strength of 65 ksi: 

ABSORBED 
TEMPERATURE, ENERGY, 

~ ft-lb 

-90  1.5 
-90  1.5 
-90  2 

0 6.5 
0 7.5 

32 8.5 
32 12.5 
32 13 
32 15.5 
70 24 
70 28 
70 52 
70 60 
70 68 

120 67 
120 73 
120 87 

Plot an appropriate curve of KID and K~c versus temperature. 

Problem 3.4 
Determine the KID-KI c temperature shift for: 

(a) ABS-B steel 
(b) A514 steel 
(c) Grade 200 maraging steel 
(d) 7076 Aluminum 

Problem 3.5 

O-ys = 40 ksi 
O-y~ = 120 ksi 
O-y~ = 220 ksi 
Cry~ = 40 ksi 

A 1.0-in.-thick deck plate in a ship hull  is fabricated from a steel wi th  the 
following properties: 

E = 30 x 106 psi 
Cry s = 50 ksi 
Kic = 60 k s i V ~ .  
KID = 40 ksiX/~m. 
RA = 60% 
cr = 65 ksi 

(a) For a design stress of 30 ksi for both static and dynamic loading, what  is 
the max imum crack size, 2a, that the structure can tolerate before fracture? 

(b) If a crack with  a total length of 4 in. is discovered at sea, and the max imum 
stress at that time is 10 ksi, what  is the factor of safety against fracture? 
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Problem 3.6 
Determine the critical crack depth for design stress levels of 80, 60, 40, and 

20 ksi for a semi-infinite plate with an edge crack. The steel plate has a K E of 
90 k s iX~ ,  and a yield strength of 120 ksi. Tension test results indicate a percent 
reduction in area at fracture of 60%. Compare your answers graphically with the 
values for a steel with Kic = 180 ksiVin. 

Problem 3.7 
An aluminum used in the aerospace industry has a K~c of 27 ksiX/V~m, and a 

O'y s of 70 ksi. Assume that O'y s in tension and compression are equal. This material 
is to be used in two design situations. For each of these situations, determine the 
factor of safety against the possible modes of failure for each condition. 

Condi t ion  I: 
Long internally pressurized cylindrical vessel with hemispherical ends. 

Pressure = 400 psi 
Diameter of vessel = 6 ft 
Thickness of vessel = 0.5 in. 
Length of vessel = 30 ft 
Surface flaw with depth of 0.25 in. and length of 10 in. 
Assume crack is longitudinal in direction. 

Condi t ion  II: 
Solid column loaded in compression as shown in Fig. 20.1 (Problem 3.7). 

36 in. 

~.~P = 90 Kips (at edge of column) 

3in. 

Column 

I 

T 
F 

0-2in. ~ ' ~ -  0.1in. --.J 

Section A - A  

FIG. 20.1 (Problem 3.7). 



P r o b l e m s  497 

Problem 3.8 
Two steels, A and B, are being considered for use in a 0.4-in.-thick 30-in.- 

d iameter  c_p~essure vessel that may  have  a surface flaw such that K I = 
1.12crV~ra/Q �9 M K (assume Q = 1.0). We wou ld  like the vessel to be able to be 
pressur ized at a reasonably high pressure while  maintaining a factor of safety 
against yielding of 2. Assume that the fabrication quali ty and  cost are the same 
for bo th  steels. 

Select a steel for this application and  a r e c o m m e n d e d  design stress level for 
that steel (see table below). Justify your  answer. 

YIELD 
STRENGTH, 

STEEL Kic, ksiX~m~m, ksi 

A 200 150 
B 300 200 

Problem 3.9 

6 kips 

5 kips 

4 kips 

3 kips 

2 kips 

1 kip 

/ 
f \ \  

\ 
\ 

\ 

0.01" 0.02" 0.03" 0.04" 0.05" 0.06" 0.07" 0.08" 

CMOD 
FIG. 20.2 (Problem 3.9) 
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6 kips 

5 kips 

4 kips 

3 kips ] 

2 kips 

1 kip 

0.01" 0.02" 0.03" 

\ \  
\ 

\ 

0.04" 0.05" 0.06" 0.07" 0.08" 

P-LLD 
FIG, 20.3 (Problem 3.9) 

Two s ing le -edge  no tch  (SEN) b e n d  s p e c i m e n  test r ecords  of  an  A-533B steel 
are  a t tached.  K n o w n  proper t i e s  are: 

E = 30,000,000 ps i  
O-y s = 66 ksi  at - 4 0 ~  
O-ul t = 99 ksi at  - 4 0 ~  
W = 0.8 in. 
B = 0.8 in. 
a = 0.4 in. 

D e t e r m i n e  K c f r o m  b o t h  C T O D  a n d  f r o m  J. C o m p a r e  a n d  average  the  K c 
values.  
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Part III 

Problem 4.1 
Plot a curve  of crack dep th  versus  number  of cycles of fatigue loading to 

failure for the following structural case: 

(a) A36 structural steel (ferrite-pearlite). 

(b) K~ c = 50 ksiV~n, at service temperature .  
(c) Min imum yield s trength is 36 ksi. 
( d )  O'de s = 23 ksi (live load + dead  load). 
(e) Live-load stress = 10 ksi. 
(f) Dead-load stress = 13 ksi. 
(g) Surface flaw wi th  a 0 = 0.1 in. 
(h) a/2c = 0.25 and remains that way  th roughout  the life of the structure. 
(i) Plate thickness is 4 in. and is semi-infinite. 
(j) Use Aa = 0.1 in. 

Tabulate your  results and summar ize  the initial and  final conditions includ- 
ing sketches. Also, de te rmine  N, neglecting the R-ratio term (1 - R )  1/2 t o  establish 
the effect of neglecting R-ratio. 

Problem 4.2 
Prepare graphs of flaw size versus n u m b e r  of cycles for each of the fol lowing 

2 martensit ic steels: 

Steel A: Kic = 90 ksiX/~n. 
Steel B: Kic -- 180 ksiX/=m-Tm. 

wi th  the fol lowing structural  conditions: 

(a) Edge crack in an "infinite" plate. 
(b) a o = 0.3 in. 
(c) R = 0. 
(d) Grde s = 45 ksi. 
(e) Ao- = 15 ksi. 

Problem 4.3 
Prepare a graph of flaw size versus  n u m b e r  of cycles on the same sheet of 

paper  for Steel B in Problem 4.2 for the fol lowing 2 conditions: 

(1) Ao- = 15 ksi. 
(2) Ao- = 30 ksi. 

for the following structural  conditions: 

(f) Edge crack in an "infinite" plate. 
(g) a o = 0.3 in. 
(h) R = 0. 
(i) O'de s = 4 5  k s i .  
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Problem 4.4 
Assume that you  are responsible for the design of a wide-plate tension mem- 

ber built  from a structural a luminum.  The member  has a center-crack defect (2a) 
and can be subjected to various service conditions. Information on the a luminum 
is as follows: 

E = 10 • 10 6 psi. 
Cry s = 40 ksi. 

da 
- -  = 0.66 x 10-8(AK) 25 
dN 

Determine the propagation fatigue life for the following design conditions: 

(a) Stress range = 20 ksi (0 to tension) 
2a 0 = 0.5 in. 
K~c = 50 ksiN/~n. 

(b) Stress range = 20 ksi (0 to tension) 
2a 0 = 2.0 in. 
KIC = 50 k s i ~ . .  

(c) Stress range = 20 ksi (0 to tension) 
2a 0 = 0.1 in. 
Kic = 50 ksiX/i~m. 

Problem 4.5 
Discuss briefly the relative importance of the fatigue-crack-propagation life 

for problems 4.2, 4.3, and 4.4 of: 

(1) Lowering the stress range. 
(2) Decreasing the initial flaw size. 
(3) Using a tougher  material. 

Problem 4.6 
"Arrrhh, Captain!I! We have a problem in the hold!" wails first mate Wiley. 
"Well, don ' t  lose your  wits, lad! What  is it!" you  reply. 
"Err appears to be a crack in the hull! And  eees growing!"  
"Of course it's growing you  dolt! We're in the North Atlantic and every 

bloomin" wave that  hits the hull causes a stress range of 10 ksi that fatigues the 
crack. How big is i t?"  

"Eeet looks like 4 inches s i r . . . "  
"Well then, quit yer lollygaggin'  and do something about it, you  lazy 

barnacle!" 
"Shall I call the coast guard for assistance, Captain?" 
"Nay, you idiot!!! With our  cargo of ill-repute, they 'd  throw us all in the 

brig!!! Drill some holes at the ends of the crack tips where it is propagating. Then 
there will no longer be a sharp tip from which the crack can emanate."  
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FIG. 20.4 (Problem 4.6). 

"Aye Captain!" yells Wiley as he hustles down to the hold. "But wait 
Cap ta in . . .  Errr, if the hull will yield at a stress of 36 ksi, what diameter hole 
shall I drill, sir, since the likelihood of the crack reinitiating from the hole de- 
pends on the yield strength of the material, the stress level, the size of the crack, 
and the diameter of the hole?" 

"Ar r r . . . "  you scratch your head in bewilderment, "Have you been getting 
into my fracture and fatigue literature again, Wiley?" 

"Uhhh, yes, sir." 
"Wiley, my boy," you guilefully reply while patting him on the back, "Then 

YOU figure it out!!!" you add as you toss him into the hold. 
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Part IV 

(A) Design Problem Regarding Fracture and Yielding 
Two-inch-thick pla tes  of A517 martensi t ic  steel wi th  O-y s = 100 ksi and  hav ing  
the CVN impac t  test results  s h o w n  in the fol lowing table will be  used  to fabricate 
cylindrical  p ressure  vessels  hav ing  a nomina l  d iamete r  of 6 ft and  an overal l  
length of abou t  30 ft. This steel has  a 0.2% offset yield s t rength  of 100 ksi. 

Surface cracks wi th  a/2c = 0.3 and  a d e p t h  of 0.4 in. m a y  go undetected.  
No te  that  the plates  m a y  be or iented in ei ther the longi tudinal  or t ransverse  
direct ion and  the surface f laws m a y  be or iented in either direction. For a factor 
of safety of 2.0 against  bo th  yie lding and  fracture,  de te rmine  the m a x i m u m  al- 
lowable  pressure  to which  this vessel  can be  subjected. Also, de te rmine  the best  
or ientat ion of the plates. Service t empera tu re  will be +75~ 

A s s u m e  the ends  of the vessels  and  the connections to these ends  are to be  
ana lyzed  b y  another  divis ion and  you r  concern  is only  for the longi tudinal  sec- 
t ion of the vessels. 

Explain you r  answer  clearly and  include clear sketches of the vessel, p la te  
orientation,  and  crack or ientat ion that  controls the design. 

TEMPERATURE, CVN . . . . . . . . .  CVN~~ ...... 
~ ft-lb 

-100 3 6 
-75 5 15 
-50 7 28 
-25 10 37 

0 12 43 
25 13 47 
50 14 49 
75 14 50 

100 15 50 

(B) Design Problem Regarding Fatigue Initiation and 
Behavior of a Structure 
The structure s h o w n  is bui l t  f r om an A517 quenched -and - t empe red  martensi t ic  
steel wi th  the fol lowing propert ies:  

(ry S = 120 ksi TEMPERATURE, CVN IMPACT, 
O-u~ t = 140 ksi  ~ ft-[b 

-150 5 
-100 10 
-50 25 

0 35 
50 40 

100 40 

CVN Impact Properties 



20in. 

U 

Structure 

1.0in 

~, P = 0.1in 
Notch Detail 
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1.0in. --,.q 

Section 

FIG. 20.5 (Design Problem B). 

The structure is loaded in fatigue from a minimum stress of 40 ksi to a 
maximum stress of 60 ksi. To perform its design function, the U-shaped notch 
shown below was carefully machined into one edge. The structure must operate 
at 60~ 

(1) How many cycles of loading can it take before total failure? Define failure 
very specifically. 

(2) Estimate the fatigue life if the maximum stress were decreased to 50 ksi. 

(C) Design Problem Regarding Fracture and Fatigue 
A 48-in.-outside diameter, 1-in.-thick pressure vessel is to be fabricated from 
Steels A, B, or C. The vessel is 200 in. long with hemispherical ends and will be 
subjected to an internal pressure of 4000 psi. Assume "perfect" welding with all 
reinforcement ground smooth. Steels A, B and C have the following properties: 

YIELD 
STRENGTH, 

CONDITION ksi Kzc, ksiX/Vm~m. 

A 60 120 
B 70 100 
C 80 80 
D 90 60 

(1) Carefully sketch the worst possible location of an external surface flaw that 
could exist on this vessel. 

(2) If a surface crack is 1.0 in. long and 0.3 in. deep, determine the factor of 
safety against fracture for each steel with the flaw located as sketched in 
Item (1). 

(3) Assuming that Steel A is used, how deep can a surface flaw grow by fatigue 
or stress corrosion before failure occurs, assuming that the a/2c ratio of the 
crack is 0.3. 
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(4) If Steel C is used, and a 0.3-in. deep, 1.0-in.-long surface flaw grows by 
fatigue wi th  a constant aspect ratio (a/2c constant), describe the failure 
condition. (Hint: Do not  forget to account for Mk. ) 

(5) If Steel C is a martensitic steel and is pressurized from 0 to the max imum 
pressure wi th  a i = 0.3 in. and 2c = 1.0, as described in (4), determine Np. 

(D) Design Problem Regarding 
Fatigue-Crack-Propagation Design Curves 
Develop a series of "fatigue-crack-propagation design curves" for a ferrite- 
pearlite structural-grade steel that  can be heat  treated to the following conditions: 

YIELD 
STRENGTH, 

CONDITION ksi Klc, ksiX~m. 

A 60 120 
B 70 100 
C 80 80 
D 90 60 

The steel is to be used in a structure that will be subjected to a dead-load 
stress of  0.2O'y s and  a live-load stress of 0.30"y s. 

Assuming that the design curves for each condition are for an infinitely wide 
plate wi th  an edge crack, carefully plot a design curve of initial crack size (ver- 
tical axis) versus propagation life (horizontal axis). A semilog plot may  be desir- 
able. Note that this is not  a typical crack-growth curve as plotted before. Rather, 
it is a series of four design curves showing the relation between initial crack size 
and propagation life. 

(E) Design Problem Regarding Fracture and Fatigue 
Comparison of Two Steels 
Select a steel for use in high-pressure cylindrical containment vessels for the next 
generation of nuclear submarines. 

Two steels are being considered for this application, HY-130 and HY-180, 
which are both martensitic steels. The material properties for these two steels are 
shown in the table below. 

PROPERTIES HY-130 HY-180 

Yield strength, ksi. 130 180 
Tensile strength, ksi 150 190 
K~c, ksiX/~n. 280 300 
K~c in seawater, ksiX/~n. 260 180 
Hypothetical cost $ / lb  0.50 1.00 

Design parameters for the containment  vessels are as follows: 
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(a) Internal pressure = 5000 psi 
(b) Internal diameter of cylindrical portion -- 30 in. 
(c) Overall length of each vessel is 20 ft. Ends are to be hemispherical. 
(d) Welded fabrication will be used. Assume that weld metal properties are 

the same as base metal properties. 
(e) The vessel must have a factor of safety of at least 2.0 against both yielding 

and fracture of a 0.5-in-deep surface flaw. Assume that a/2c is 0.4. 
(f) The vessels will be cycled from 0 to full design pressure (5000 psi). 
(g) Inspection is such that all flaws greater than 0.05 in. can be found during 

fabrication. In service, the vessels will be in the forward-flooding zone of 
the submarine and cannot be Inspected, although they can be protected by 
painting. 

On the basis of performance, weight, and cost, recommend which steel you 
would use. Justify your answer. 
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local residual stresses 
effect, 343 

phases, 255 
ship steel behavior, 449 
stress-corrosion, fatigue 

and, 19-23 
Crack-growth rate 

as function of R_MS stress- 
intensity-factor range, 
223-225 

subcritical, relation to 
stress-intensity factor, 
295 

Crack-growth-rate tests, 
stress-corrosion 
cracking, 284, 294-296 

Crack initiation, 21-22 
fitness for service analysis, 

404-408 
Crack length, critical, 463 
Crack propagation, 21-22 

fitness for service analysis, 
404-408 

stages, weldments, 248-249 
unstable, 334 

Crack-shape parameter, 152- 
153 

Crack size 
critical, 138 

for critical details, Trans 
Alaska Pipeline Service 
oil tankers, 443-444 

as function of yield 
strength and fracture 
tougbaless, 144-145 

initial, inspection 
capability, Trans 
Alaska Pipeline Service 
oil tankers, 444445 

Crack surface displacements, 
modes, 31-32 

Crack tip 
coordinate system and 

stress components, 34 
deformation modes, stress 

and displacement 
fields, 32-33 

of "infinite" sharpness, 
limiting constraint, 107 

opening mode stresses 
near, short- vs. deep- 
crack specimens, 391 

Crack-fip-blunting model, 220 
Crack-tip deformation, 50-52 
Crack-tip opening 

displacement, 55-56, 
88-89 

calculation, 93 
critical value, 62 
Dugdale Model, 60-63 

fracture toughness tests, 
461 

stress-intensity factors 
relationship, 126-127 

temperature-transition 
curve, 128, 130-131 

Crack-tip opening 
displacement 
parameter, relation to 
f-integral, 63 

Crack-tip plasticity model, 61 
Critical member, nonfracture 

impact test 
requirements, 359 

Cyclic-load frequency, effect 
on 

corrosion-fatigue-crack 
initiation, 301-302 

fatigue-crack propagation, 
206-209 

Cyclic-stress waveform, effect 
on corrosion-fatigue- 
crack propagation, 
318-321 

D 

Delayed retardation, 220 
Design 

definitions, 133-134 
effect of lowering stress, 

fracture-control plan, 
347 

fatigue-crack propagation 
example, 212-216 

fatigue curves, 182 
high-strength steel selection 

for pressure vessel, 
150-158 

fracture-mechanics 
design, 151-157 

general analysis, 157-158 
tradition approach, 150- 

151 
see also Fracture-mechanics 

design 
Direct current electric 

potential probes, 469, 
471 

Discontinuities, weld, their 
effects, 243, 245-250 

Distortion, weldments, 240- 
241 

Distribution curves, 
unimodal, fatigue- 
crack growth, 227-228, 
230-232 

Distribution functions, 218 

Double cantilever clip-in 
displacement gage, 84- 
85 

Driving force, 14-15 
definition, xv 

Drop weight NDT test, 123 
Ductile failure 

vs. brittle behavior, 9-10 
characteristics, 9, 11 

Ductile plastic fracture, 368 
Dugdale Model, CTOD, 60- 

63 
Dynamic loading 

fracture-toughness 
transition behavior, 
steels, 476, 481 

impact transition curve, 
368, 373 

E 

Edge crack, stress-flaw-size 
relation, 418, 420, 422 

Elastic-plastic behavior, as 
fracture criterion, 364 

Elastic-plastic conditions, 
405-406 

Elastic-stress-field 
distribution, ahead of 
crack, 73-74 

Elliptical crack, embedded in 
infinite plate, stress- 
intensity factors 
equation, 37-39 

Environment-material 
system, corrosion- 
fatigue-crack growth 
rate dependence on, 
313, 315-316 

Euler column instability, 142- 
143 

F 

Fail-safe design, 135 
Failure 

assessment diagram, 397- 
399 

at component connections, 
237-238 

consequences, 368-370 
elapsed cycles to, 20-21 
modes, 333 

Fatigue, 163-181 
definition, 163 
effect of stress 

concentration, 184-187 
history, 3-9 
loading, 164-167 
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constant-amplitude, 165- 
166 

variable-amplitude, 166- 
167 

performance, factors 
affecting, 164 

stress-corrosion crack 
growth and, 19-23 

testing, 167-176 
fatigue-crack-initiation 

tests, 168-172 
fatigue-crack-propagation 

tests, 172-174 
strain-life tests, 170, 172 
stress-life test, 168-171 
tests of actual or 

simulated structural 
components, 174-176 

Fatigue control, 23-24 
Fatigue crack 

characteristics, 175-181 
marks, schematic 

representation, 176-177 
multiple, initiation, 176-177 
originating from internal 

discontinuities, 247- 
248 

propagation, 177 
striations, 177, 180 

Fatigue crack behavior, 
weldments 

smooth welded 
components, 250-253 

as welded components, 
253-264 

Fatigue-crack growth 
calculations, 215 
controlling, 352-353 
effects of stress 

concentration, 207, 
209-210 

retardation, 220 
steels, 225-229 
under unimodal 

distribution curves, 
227-228, 230-232 

under variable-amplitude 
loading, 218 

Fatigue-crack initiation, 182- 
192 

behavior of steels, 187, 299 
dependence on nominal- 

stress fluctuations, 
185-186 

life, 163 
predicting from notches, 

189-192 
sites, weldments, 246-250 

tests, 168-172 
threshold 

dependence on yield 
strength, 189, 260-262 

independence from stress 
ratio, 188 

predicting, 187-189 
Fatigue-crack propagation, 

194-232 
analysis, 254-255 
background, 194-196 
bottom shell plates, Trans 

Alaska Pipeline Service 
oil tankers, 447-450 

constant amplitude load 
fluctuation, 199-203 

aluminum and titanium 
alloys, 202-203 

austenitic stainless steels, 
201-202 

ferrite-pearlite steels, 
200-201 

martensitic steels, 199- 
200 

design example, 212-216 
effect of 

cyclic frequency and 
waveform, 206-209 

mean stress, 203-206 
stress ratio, 205 

life, 163 
dependence, 254 

regions, 194-195 
in shadow of notch, 207 
steel weldments, 210-212 
tests, 172-174 
threshold, 196-199 

effect of factors, 197 
variable-amplitude load 

fluctuation, 216-221 
fatigue-crack growth, 218 
ordered-sequence cyclic 

load, 225 
probability-density 

distribution, 216-219 
random-sequence, 223 
root-mean-square model, 

221-225 
single and multiple high- 

load fluctuations, 218, 
220-221 

Fatigue life 
determination, calculations, 

271-272 
effect of details, Bryte Bend 

Bridge, 424-426 
stages, 182 
storm avoidance and, 438 

Fatigue loading 
histogram, Trans Alaska 

Pipeline Service oil 
tankers, 445-447 

reduced, effect, Trans 
Alaska Pipeline Service 
oil tankers, 450-453 

Fatigue-strength-reduction 
factor, 182 

Ferrite-pearlite steels, 177, 
179 

fatigue-crack propagation, 
constant amplitude 
load fluctuation, 200- 
201 

Fitness for service, 25-26, 
384-408 

definition, 25, 384-385 
evaluations, 388 
existing procedures, 396- 

402 
API 579, 402 
ASME Section XI, 396, 

401-402 
PD 6493, 396-400 

proof or hydro-test to 
establish continued 
service fitness, 402-404 

Fitness-for-service analysis 
difference between 

initiation and arrest 
fracture toughness 
behavior, 404-408 

fracture mechanics use, 
385-396 

constraint effect, 389-394 
effect of many factors, 

394-396 
loading rate effect, 386- 

389 
Fixtures, test, 82-85 
Flaw size 

critical 
relation with stress and 

material fracture 
toughness, 336 

service temperature 
effect, 343-344 

effect on life under fatigue 
loading, 349-350 

initial, effect of reducing, 
347-348 

maximum, 136 
relationship with 

critical stress-intensity 
factor, 136, 141 

stress and material 
toughness, 18 
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Fracture 
behavior, regions, 79-80 
factors controlling 

susceptibility to, 346- 
347 

history, 3-9 
identification, fracture- 

control plan, 340-342 
weldments, primary cause, 

335 
Fracture control, 23-24 

guidelines, historical, 337- 
339 

Fracture-control plan, 23-24, 
348-350 

comprehensive, 360-363 
design consideration 

recommendations, 
353-354 

design methods, 351-353 
developing, 336-337 
effect of 

lowering design stress, 
347 

reducing the initial flaw 
size, 347-348 

using material with 
better fracture 
toughness, 348-349 

elements, 339-340 
fracture identification, 340- 

342 
historical background, 337- 

339 
K~scc, design use, 343, 345 
relative contribution 

establishment, 342-346 
relative efficiency 

determination, 346-353 
steel bridges, 354-360 

AASHTO Charpy 
V-notch requirements, 
356-359 

design, 354-355 
fabrication, 355 
high-performance steels, 

357 
material, 355-356 
verification of AASHTO 

fracture toughness 
requirement, 357 

Fracture criteria, 24-25, 364- 
382 

consequences of failure, 
368-370 

elastic-plastic behavior, 364 
general levels of 

performance, 366-368 

leak-before-break criterion, 
378-381 

original 15-ft-lb CVN 
impact criterion, ship 
steels, 370-373 

parts, 366 
selection, 364-365 
steel bridges, 381-382 
through-thickness yielding 

criterion, 374-378 
transition-temperature 

criterion, 373-374 
varying for different 

structure types, 369 
Fracture instability, prediction 

with critical plane- 
strain stress-intensity 
factors, 60 

Fracture mechanics, 14-16 
driving force, 14-15 
fatigue crack propagation 

analysis, 254-255 
fundamental principle, 31 
resistance force, 15-16 

Fracture-mechanics approach, 
stress-corrosion 
cracking, 283 

Fracture-mechanics design, 
16-19, 133-158 

analysis of failure of 260- 
in.-diameter motor 
case, 146-150 

basic information, 135 
discontinuities in, 135 
factors controlling 

susceptibility to 
fracture, 335 

fail-safe, 135 
high-strength steel selection 

for pressure vessel 
151-157 

assumption that a flaw is 
present, 151-152 

crack-shape parameter, 
152-153 

design stress, 153 
magnification factor, 

154-155 
materials selection, 142, 

144-146 
Kic/O'y s ratio, 144 

procedure, 17-18 
for terminal failure, 136- 

142 
safe-life, 135 
specifying more fracture 

toughness than 
required, 367 

Fracture mechanics equation, 
474 

Fracture mechanics 
methodology, see Trans 
Alaska Pipeline Service 
oil tankers 

Fracture paths, multiple-load, 
351-352 

Fracture toughness 
behavior, weldments, 272- 

279 
bridge steel requirements, 

355-356 
crack blunting, 107-109 
crack depth effect, 390-393 
crack size effect, 480 
criterion 

critical stress intensity 
factor, 381 

through-thickness 
yielding before 
fracture, 377-378 

definition, 68 
difference between 

initiation and arrest 
behavior, 404-408 

effect of 
constraint, 101-109 
loading rate, 98-101 
temperature and loading 

rate, 114 
temperature and strain 

rate, 16, 71, 73 
effect on life under fatigue 

loading, 349-350 
elastic-plastic behavior, 69- 

70, 72 
fracture criterion, 366-367 
fully plastic behavior, 69, 

71-72 
as function of a/W ratio, 

391-395 
loading rate 

effect on behavior of 
structures, 387-388 

slow, initiation at, 408 
lowest value, 68-69, 72 
materials with low values, 

use, 346 
microstructure effect, 273 
plane-strain impact, 

correlation with CVN 
energy absorption, 
119-120 

relation with 
static and dynamic, 405 
stress and critical flaw 

sizes, 336 
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requirements, specifying, 
367 

service conditions affecting, 
69-76 

shear lip size and, 102-103 
temperature and strain rate 

effect, 386-387 
test, weldments, 277-279 
Trans Alaska Pipeline 

Service oil tankers, 
441-443 

transition behavior, steels, 
static and impact 
loading, 476, 481 

under linear-elastic 
condition, 68-69, 72 

values of steels, 150 
see also Stress-intensity 

factors 
Free surface correction factor, 

35 
stress-intensity factors, 44 

Frequency-of-occurrence data, 
217-218 

G 

Good design practice, 140 
Griffith analysis, 35 
Griffith fracture criterion, 59- 

60 
Griffith Theory, 58-60 

H 

Heat treatment 
effect on Ki~cc, 287, 290 
postweld, effects on as- 

welded components, 
fatigue behavior, 263- 
264 

Histogram, fatigue loading, 
Trans Alaska Pipeline 
Service oil tankers, 
445-447 

Holes, subjected to point or 
pressure loading, 
stress-intensity factors 
equation, 42-43 

Hydro-test, to establish 
fitness for continued 
service, 402-404 

Ingrain Barge, 428-437 

constraint effect on 
structural behavior, 
428-431 

failure, 431-436 
triaxial stress loading, 429- 

430 
Initiation life, relation to 

propagation life, 212- 
213 

Instrumentation, test, 82-85 
Interim Guidelines for 

Welded Steel Moment 
Frame Structures, 338 

Irwin, George R., 
comprehensive 
fracture-control plan, 
360-363 

J 

J integral, 54-55, 63-64 
calculation, 91-93 
stress-intensity factors 

relationship, 126-127 

K 

K~scc , 286-290 
corrosion-fatigue-crack- 

propagation behavior 
below, 313-320 

cutoff time effect, 290 
date for material- 

environment systems, 
291-294 

design use, 343, 345 
tests using cantilever-beam 

specimen and bolt- 
loaded WOL 
specimens, 287, 289 

L 

Leak-before-break criterion, 
378-381 

Load-crack-mouth-opening 
displacement, 85-87 

Loading rate 
affecting fracture 

toughness, 70-72 
effect on 

fitness for service 
analysis, 386-389 

fracture toughness, 98- 
101 

stress-intensity factors, 
96-100 

evaluating remaining life, 
388 

fracture toughness, effect 
on behavior of 
structures, 387-388 

reduction, fracture-control 
plan, 353 

Loading-rate shift, see also 
Structural steels 

Load-line displacement, 84, 
86 

Load-load-line displacement, 
85-87 

Lock-and-dam sheet piling, 
455-467 

failure analysis of sheet 55, 
462-466 

failure description, 457, 
459-461 

steel properties, 457, 461- 
462 

Long-life behavior, corrosion- 
fatigue-crack initiation, 
303 

Low-cycle fatigue, tapered 
welded specimen, 251- 
253 

Lower-transition region, 
short- vs. deep-crack 
specimens, 391-393 

M 

Magnification factor, 154-155 
Martensitic steels, fatigue- 

crack propagation, 
constant amplitude 
load fluctuation, 199- 
200 

Materials selection, 142, 144- 
146 

economics, 145 
Klc/Cry~ ratio, 144 

Material toughness 
kisco 22 
relationship with stress and 

flaw size, 18 
Metallographic analysis, steel 

casings, 476, 478, 481- 
483 

Microstructure 
effect on fracture-toughness 

behavior, 273 
weld metal and heat- 

effected base metal, 
274-279 
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Mohr's circle of stress, 105, 
429-43O 

Motor case, 260-in.-diameter, 
failure analysis, 146- 
150 

Multiple-load fracture paths, 
351-352 

N 

Nil-ductility temperature test, 
13 

Nil-ductility transition 
temperature, Kid value, 
123-126 

Northridge earthquake, 394- 
395 

Notched geometries, 
constraint to plastic 
flow cause by, 429-430 

Notches 
cause stress intensification, 

183 
predicting fatigue-crack 

initiation, 189-192 
single-edge, stress-intensity 

factor equation, 35-37 
Notch toughness, 10-14 

brittle fractures and, 9 
criterion specification, 366- 

367 
fracture-control plan, 351 
implied vs. guaranteed, 

423-424 
measurement, 11 
relation to structural 

performance, 364-365 
transition temperatures, 

12-13 

O 

Oil tankers, see Trans Alaska 
Pipeline Service oil 
tankers 

Out-of-plane constraint, 389- 
390 

P 

PD 6493, 338, 396-400 
failure assessment diagram, 

397-399 
Plane strain, 32-33 

limiting conditions, 374- 
376 

macroscopic, 109 

Plane-stress, limiting 
conditions, 374-376 

Plastic flow, constraint effects 
on fracture toughness, 
102-104 

Plasticity, microscopic, 109 
Plastic zone size, 50-52 

large, effective stress- 
intensity factors, 51-54 

Point Pleasant Bridge 
fracture, 6-8 

Pop-in, 388 
Probability-density 

distribution, 216-219 
Proof test, to establish fitness 

for continued service, 
402-404 

Propagation life, relation to 
initiation life, 212-213 

R 

Random-stress loading, 165 
Rayleigh curves, 218 
Reaction stresses, 239 
Reduction factor, 443-444 
Residual stress 

beneficial and detrimental, 
239 

development in 
weldments, 240-241 

effect on 
crack growth, 343 
fatigue crack behavior, 

as-welded 
components, fatigue 
behavior, 260-263 

elimination, 263-264 
induction, 239 
measuring, 240 
redistributed under cyclic 

loading, weldments, 
248 

superposition of 
applied compressive 

stress, 262-263 
applied tensile stress, 262 

weldments, 238-241 
Residual-stress model, 220 
Resistance force, 15-16 

definition, xv 
analysis of results, 85-87 
ASTM Standard Fracture 

Tests, 76-79 
critical, in terms of stress- 

intensity factors, 90 
overview, 67-69 

test fixtures and 
instrumentation, 82-85 

test specimen 
notch, 82 
size, 80-82 

Retardation, fatigue-crack- 
growth, 220 

Roberts-Newton lower-bound 
CVN-KIc relation, 126- 
127 

Root-mean-square model, 
221-225 

Rotating-beam fatigue tests, 
169 

Rough machining, 252 

S 

SAC Report 95-09, 395 
Safe-life design, 135 
Service conditions, affecting 

fracture toughness, 69- 
76 

constraint, 71-76 
loading rate, 70-72 
temperature, 70 

Shear stress 
planes, 104 
relationship with normal 

stress, 104-105 
Ship failures, 4-6, 338 

constraint experiences, 431 
see also Ingrain Barge; 

Trans Alaska Pipeline 
Service oil tankers 

Ship steels, CVN impact 
criterion, 370-373 

Single-edge notch, stress- 
intensity factors 
equation, 35-37 

Smooth welded components, 
fatigue crack behavior, 
250-253 

specimen geometries and 
test methods, 250-251 

surface roughness effects, 
251-253 

S-N curve, 168-171, 212 
initiation and propagation 

components, 21, 183 
Specimen notch, 82 
Specimen size, 80-82 
SR16 Impact Testing, 473 
Static loading 

fracture-toughness 
transition behavior, 
steels, 476, 481 
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transition region, 368, 373 
Steel bridges 

failures, 5-6 
fracture-control plan, 354- 

360 
AASHTO Charpy V- 

notch requirements, 
356-359 

design, 354-355 
fabrication, 355 
high-performance steels, 

357 
material, 355-356 
verification of AASHTO 

fracture toughness 
requirement, 357 

fracture criterion, 381-382 
see also Bryte Bend Bridge 

Steel casings 
API specifications, 482-483, 

487 
chemical composition, 468- 

469 
Steels 

chemical composition, 
restrictions, 5 

fatigue-crack growth, 225- 
229 

fracture-toughness 
transition behavior, 
static and impact 
loading, 476, 481 

high-performance, fracture- 
control plan in 
bridges, 357 

properties, 457, 461-462 
Steel weldments, fatigue- 

crack propagation, 
210-212 

Storm avoidance, fatigue life 
and, 438 

Strain-controlled test 
specimen, 172 

Strain-life tests, 170, 172 
Stress 

allowable, 133-134 
design, 153 
effect on life under fatigue 

loading, 349-350 
flow lines, 242 
history, 216-217 
limiting values, 67 
mean, effect on fatigue- 

crack propagation, 
203-206 

nominal, relation to critical 
stress-intensity factor, 
136, 141 

normal, relationship with 
shear stress, 429 

principal, 104 
relation with 

critical flaw sizes and 
material fracture 
toughness, 336 

flaw size and material 
toughness, 18 

Stress amplitude, 165-166 
Stress analysis, cracks in 

elastic solids, 31-32 
Stress concentration 

caused by grooves, 
scratches, and 
cracklike surface 
irregularities, 252 

effect on 
fatigue, 184-187 
fatigue-crack growth, 

207, 209-210 
magnitude, 242-243 

effects of dimensions, 
258 

regions, 244 
weldments, 241-245, 246 

Stress-concentration factor, 
29-30 

Stress-corrosion cracking, 
281-296 

cantilever-beam specimen, 
284-286 

crack-growth-rate tests, 
294-296 

experimental procedures, 
283-288 

fracture-mechanics 
approach, 283 

K~scc, 286-290 
date for material- 

environment systems, 
291-294 

test duration, 290-291 
test geometries, 282 

Stress intensification, 183 
planar discontinuities, 243 
surface discontinuity, 243 

Stress intensity factor 
analysis 

lock-and-dam sheet piling, 
463-465 

Stress-intensity factors, 15, 
28-64 

applied, 135 
calculation, 28, 67, 91 
vs. crack length, lock-and- 

dam sheet piling, 464- 
465 

critical, 67-68 
intermediate load, rate 

shift, 111 
intermediate-loading 

rate, 100 
limiting thickness for 

plane-strain behavior, 
106-107 

predicting using CVN 
impact tests, 119-121 

relationship with upper- 
shelf CVN test results, 
120-124 

slow-loading, effect of 
loading rate, 98, 100 

thickness effect, 101-103 
under plane strain, 74-76 

critical crack size as 
function of, 144-145 

for critical details, Trans 
Alaska Pipeline Service 
oil tankers, 443-444 

critical resistance force in 
terms of, 90 

critical value, 15-16 
CTOD relationship, 126- 

127 
effective, large plastic zone 

size, 51-54 
effect on incubation time, 

290-291 
general form, 34 
impact, 457 

value at NDT 
temperature, 123-126 

increased by fatigue to 
critical stress intensity 
factor, 141 

J-integral relationship, 126- 
127 

Kit-Kid impact-loading-rate 
shift, 110-111 

limiting values, 67 
materials selection, 

economics, 145 
nearly related to stress, 33 
for place strain, 88 
prediction using CVN-KId- 

K~-J and S relations, 
126-131 

relation to 
nominal stress and flaw 

size, 136, 141 
subcritical-crack-growth 

rate, 295 
root-mean-square 

corrosion-fatigue-crack- 
growth rate as 



Subject Index 515 

function of, 311-312, 
316-319 

crack-growth rate as 
function of, 223-225 

studying stress-corrosion 
cracking, 283 

surface flaw, 403 
temperature and loading 

rate effects, 96-99 
temperature shift, 109-110 
value of crack geometrics, 

137 
Stress-intensity factor 

equations 
cracks growing from round 

holes, 40-41 
embedded elliptical or 

circular crack in 
infinite plate, 37-39 

estimation of other factors, 
42, 44-47 

holes or cracks subjected to 
point or pressure 
loading, 42-43 

single crack in beam in 
bending, 41-42 

single-edge notch, 35-37 
superposition, 47-50 
surface crack, 39-40 
through-thickness crack, 35 

Stress-life test, 168-171 
Stress raisers, 177 
Stress range, 165 

effective, 272 
vs. fatigue life, 255-256 
maximum, 184 

Stress ratio, 166 
dependence of fatigue- 

thresholds stress- 
intensity-factor range 
on, 198-199 

effect on 
corrosion-fatigue-crack 

initiation, 302 
fatigue-crack 

propagation, 205 
Stress-strain curve, ductile 

and brittle materials, 
9-10 

Structural failures, brittle, 3-9 
Structural steels 

inherent fracture 
toughness, 
temperature and 
loading rate and, 95 

loading-rate shift, 109-116 
CVN temperature shift, 

109-110 

Kic and K~a impact- 
loading-shift, 110-111 

Kk(t)intermediate-loading- 
shift, 111 

predictive relationship 
for temperature shift, 
112 

regions of fracture 
behavior, 77 

significance of temperature 
shift, 112-116 

Surface crack, stress-intensity 
factors equation, 39-40 

Surface crack model, 447 
Surface finish, effect on the 

fatigue limit of steels, 
254 

Surface flaw, stress intensity 
factor, 403 

Surface roughness, fatigue 
crack initiation effects, 
smooth welded 
components, 251-253 

T 

Temperature 
affecting fracture 

tougl~tess, 70 
effect on stress-intensity 

factors, 96-100 
reference, establishing 

master curve, 93-94 
Temperature shift, 119 

between Kid and Kc, 126 
Thermal stress relief, 263 
Three-point bend test, setup, 

83 
Threshold stress-intensity- 

factor range, 196-199 
dependence on stress ratio, 

198-199 
Through-thickness crack 

constraint conditions, 105- 
106 

stress-flaw-size relation, 
138-140 

stress-intensity factors 
equation, 35 

Through thickness crack 
growth model, 448 

Through-thickness stresses, 
101 

Through-thickness yielding 
criterion, 374-378 

plane stress condition, 376- 
377 

Time to failure 

influence of specimen 
geometry, 286, 288 

tests, stress-corrosion 
cracking, 284 

Titanium alloys, fatigue-crack 
propagation, constant 
amplitude load 
fluctuation, 202-203 

Total fatigue life, 163 
Trans Alaska Pipeline Service 

oil tankers, 438-454 
application of methodology 

to a detail, 441-450 
critical details, 

identification, 441 
fatigue crack 

propagation in bottom 
shell plates, 447-450 

fracture toughness, 441- 
443 

histogram of fatigue 
loading, 445, 447 

inspection capability for 
initial crack size, 444- 
445 

stress intensity factors 
and critical crack size, 
443-444 

background, 439 
fracture mechanics 

methodology, 439-441 
reduced fatigue loading 

effect, 450-453 
storm avoidance, 438 
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