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NATIONAL COOPERATIVE HIGHWAY RESEARCH 
PROGRAM 

Systematic, well-designed research provides the most effective 
approach to the solution of many problems facing highway 
administrators and engineers. Often, highway problems are of 
local interest and can best be studied by highway depart­
ments individually or in cooperation with their state universi­
ties and others. However, the accelerating growth of highway 
transportation develops increasingly complex problems of 
wide interest to highway authorities. These problems are best 
studied through a coordinated program of cooperative re­
search. 

In recognition of these needs, the highway administrators of 
the American Association of State Highway and Transporta­
tion Officials initiated in 1962 an objective national highway 
research program employing modern scientific techniques. 
This program is supported on a continuing basis by funds 
from participating member states of the Association and it 
receives the full cooperation and support of the Federal 
Highway Administration, United States Department of 
Transportation. 

The Transportation Research Board of the National Re­
search Council was requested by the Association to adminis­
ter the research program because of the Board's recognized 
objectivity and understanding of modern research practices. 
The Board is uniquely suited for this purpose as: it maintains 
an extensive committee structure from which authorities on 
any highway transportation subject may be drawn; it pos­
sesses avenues of communications and cooperation with fed­
eral, state and local governmental agencies, universities, and 
industry; its relationship to the National Research Council is 
an insurance of objectivity; it maintains a full-time research 
correlation staff of specialists in highway transportation mat­
ters to bring the findings of research directly to those who 
are in a position to use them. 

The program is developed on the basis of research needs 
identified by chief administrators of the highway and trans­
portation departments and by committees of AASHTO. Each 
year, specific areas of research needs to be included in the 
program are proposed to the National Research Council and 
the Board by the American Association of State Highway 
and Transportation Officials. Research projects to fulfill 
these needs are defined by the Board, and qualified research 
agencies are selected from those that have submitted propos­
als. Administration and surveillance of research contracts are 
the responsibilities of the National Research Council and the 
Transportation Research Board. 

The needs for highway research are many, and the National 
Cooperative Highway Research Program can make signifi­
cant contributions to the solution of highway transportation 
problems of mutual concern to many responsible groups. The 
program, however, is intended to complement rather than to 
substitute for or duplicate other highway research programs. 
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FOREWORD 
By Staff 

Transportation Research 
Board 

This report contains the findings of a study that was performed to develop im­
proved acceptance criteria for bridge welds. In addition, the report documents an 
experimental research program that measured fatigue crack growth rates under stress 
spectra realistic for highway bridges. Existing literature and research results were 
examined in an attempt to define acceptance criteria that would ensure repair of 
harmful discontinuities in welds (imperfections which would cause fatigue failures), 
while preventing unnecessary repairs. This report provides a comprehensive description 
of the research along with recommended criteria intended for inclusion in the ANSI/ 
AASHTO/ A WS D 1.5 Bridge Welding Code. The contents of this report will be of 
immediate interest and use to bridge engineers, welding and materials engineers, steel 
bridge fabricators, specification writing bodies, researchers, and others concerned with 
the design, fabrication, and inspection of welded steel bridge components. 

The use of inaccurate methods of nondestructive evaluation and empirical accept­
ance criteria for bridge welds has resulted in unnecessary repair of welds and has 
permitted unsound welds to be incorporated in some bridges. Failure to apply accurate 
bridge weld quality acceptance criteria can significantly increase construction and 
maintenance costs or can lead to structural failures. Weld repairs can generate harmful 
residual stresses and distortions and can often create new and more serious discontinu­

ities. 
Radiographic and ultrasonic weld-quality accpetance standards currently in use 

for bridge welds had their origin in the boiler and pressure vessel industry. Use of these 
empirical standards has been justified by the inherent inaccuracy of nondestructive test 
methods. With improvements in the ability of nondestructive tests to measure and 
characterize flaws, it is appropriate to develop better weld quality acceptance criteria. 
The development of new criteria based on appropriate analytical methods and verifica­
tion procedures can produce realistic bases for design and inspection decisions. Such 
weld criteria should produce safer bridge welds while reducing unnecessary repairs. 

NCHRP Project 10-31, Acceptance Criteria for Steel Bridge Welds, was initiated 
with the objective of developing needed improvements in bridge weld acceptance 
criteria. The research entailed collecting and evaluating existing literature and data, 
and performing analytical studies and laboratory testing to develop new data. This 
report documents the work performed under Project 10-31. 

During the course of the study, the technology for weld inspection and weld flaw 
quantification was also under development and improvement in a number of research 
projects around the world. Therefore, it was the intent of this project that these 
emerging technologies play an important role in the improved acceptance criteria. 



Expected improvements in weld inspection and weld flaw quantification technology 
were not available in a timely manner to the researchers on this study. Therefore, the 
acceptance criteria developed under Project 10-31 were based on existing, inaccurate 
inspection and quantification methods. The criteria are sufficiently flexible, however, 
so that they can be adjusted and improved as technology permits in the future. 

It should also be noted that the technical recommendations resulting from this 
report have not received universal endorsement by experts in this field. Such disagree­
ment on technical issues and recommendations should, however, stimulate discussion 
between fracture mechanics experts resulting in additional advances in the future. In 
the meantime, the criteria recommended in this report could provide incremental 
advances in the state of the art of steel bridge weld fabrication, inspection, and ac­
ceptance. 
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ACCEPTANCE CRITERIA FOR STEEL 
BRIDGE WELDS 

SUMMARY The objective of this research was to develop improved weld acceptance criteria for 
steel bridge welds. To the extent possible with current technology, and anticipating 
potential improvements in nondestructive test methods, the acceptance criteria should 
result in the repair of welds containing harmful discontinuities, that is, weld imperfec­
tions which would cause fatigue failures. At the same time the criteria should not 
mandate unnecessary weld repairs. 

On the basis of fracture mechanics analysis and experimental fatigue studies, allow­
able imperfection sizes for different effective stress ranges are suggested. These findings 
can potentially be used with any nondestructive testing methods which define weld 
imperfection size. In this report, revisions to the current weld acceptance criteria in 
the area of radiographic and magnetic particle inspection are proposed. The major 
change involves taking the design stress range, Fs,• into account in specifying acceptable 
weld imperfection sizes. This recognizes the fact that stress range is a crucial factor in 
determining whether or not an imperfection will develop into a fatigue failure. Other 
changes involve removing the current dependence of acceptable imperfection size on 
thickness (effective weld throat) and revising the conditions under which neighboring 
discontinuities are considered to be interactive. Inspection requirements for ultrasonic 
examination are left unchanged because the inspection procedure does not give an 
adequate characterization of weld imperfections to support specific modifications. 

The reasoning behind the proposed changes in weld acceptance criteria is based on 
a fracture mechanics evaluation of imperfections based on treating them as sharp 
cracks, and supporting experimental studies. The experimental portion of the program 
consisted of two phases. The first was measurement of fatigue crack growth rates (da/ 
dN) under a stress spectrum realistic for highway bridges and with !::.K in the range 
1.5 to 10 ksi~, the appropriate range as defined in the fracture mechanics analysis. 
The second part of the experimental study involved an investigation of the development 
of fatigue cracks from deliberately introduced weld discontinuities, porosity, and slag 
inclusions. 
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CHAPTER ONE 

INTRODUCTION AND RESEARCH APPROACH 

OVERVIEW 

A harmful weld imperfection is one that leads to a fatigue 
failure; a harmless one is one that does not develop into a fatigue 
crack or, if it does, the crack growth is so limited as to be of no 
consequence for structural performance. Ideally, weld accept­
ance criteria would identify all harmful imperfections and re­
quire their repair, while all harmless imperfections would be 
accepted. This is an unattainable ideal. 

This project was conceived at a time when significant advances 
in imperfection characterization were anticipated, and it was 
hoped that these would be the basis on which to build more 
rational weld acceptance criteria. The expected improvements 
in evaluation of weldments by using ultrasonic testing did not 
materialize. Even if they had, it would not be possible to discrimi­
nate, with a high degree of certainty, between harmful and harm­
less imperfections. It is more realistic to deal with the probability, 
P, that an imperfection may be harmful, and to analyze the 
factors that enter into this probability. For example, in a situa­
tion where there were 1,000 seemingly identical imperfections in 
apparently equivalent fluctuating stress environments, it is not 
likely that all 1,000 would lead to a fatigue failure by a given 
time, or that none would. Most probably some fraction, P, would 
prove to be harmful while the remainder, 1 - P, would prove 
harmless. Of course, P will be near zero for small imperfections 
and low stress fluctuations, and near unity for large discontinu­
ities and higher stresses. It would be simpler if P were always 
either zero or one, but this cannot generally be expected, and 
the best that can be hoped for is a reliable estimate of P. 

Suppose a weld imperfection were judged to have a 5 percent 
probability of being harmful, that is, P = 0.05, Should it be 
repaired? This kind of question can be addressed in a formal 
manner. If, for example, the cost of repairing a fatigue failure 
that might result from the imperfection were 20 times the cost 
of removing the initial imperfection, economic considerations 
alone indicate that the imperfection should be repaired. Ac­
cepting this conclusion, however, means acknowledging at the 
outset that many harmless imperfections may have to be re­
moved in order to eliminate one harmful one. This is an inescap­
able feature of any rational weld acceptance criteria. 

The work carried out on this project included analytical and 
experimental studies designed to clarify the factors affecting the 
probability, P, that a weld imperfection may be harmful. One 
can write 

P = P(!la-,ff, a, q) 
(1) 

which is an abbreviated way of saying that the probability, P, 
depends on three factors or groups of factors . .6.a-,ff is the effec­
tive stress range in the region of the imperfection, a is a measure 
of the size of the imperfection, and q is a catch-all of leftover 
factors such as the shape of the imperfection, its orientation, 

edge sharpness, and so on. These factors will be treated in detail 
in subsequent chapters of the report, but at this point some 
general observations or assertions can be made. 

Whether or not an imperfection will become a fatigue origin, 
and, if so, how fast the fatigue cracking will progress, depend 
strongly on the magnitude of the stress fluctuations in the region 
of the imperfection . .6.a-elf is an important factor in Eq. I, and 
any weld acceptance criteria based on a realistic assessment of 
whether or not an imperfection may be harmful must take stress 
range into account. The current weld acceptance criteria in the 
Bridge Welding Code (]) make no reference to stress range. 
Although it is recognized that there are practical obstacles to 
doing so, it will be recommended in this report that stress range 
considerations will be incorporated into the weld acceptance 
criteria. 

When the stress distribution in a material is interrupted by a 
discontinuity, stress intensification does not, of course, develop 
uniformly over the remaining cross section; it occurs primarily 
in the immediate vicinity of the discontinuity. Therefore, it is 
the absolute size of an imperfection, the factor a in Eq. I, that 
controls an imperfection's potency as a fatigue origin, and not 
its size relative to the dimensions of the cross section. In the 
current weld acceptance criteria (1) the acceptable discontinuity 
size is scaled to the thickness, that is, the groove weld effective 
throat. In the weld acceptance criteria to be proposed in this 
report, acceptable discontinuity size will not depend on 
thickness. 

Another factor affecting the probability that an imperfection 
is harmful is its proximity to other imperfections or to an edge; 
and, in this area, some changes from current weld acceptance 
criteria are also proposed. 

In general, the recommendations made in this report are aimed 
at replacing current empirical radiographic weld quality accept­
ance standards, with standards based on assessment of the proba­
bility that a particular discontinuity will be the origin of a fatigue 
failure. Although the probabilities cannot be precisely defined, 
the procedure is a step in the direction of producing more realis­
tic bases for design and inspection decisions. The proposed weld 
quality criteria should help produce safer bridges while reducing 
unnecessary repairs. 

RESEARCH APPROACH 

Linear elastic fracture mechanics deals with sharp cracks. For 
this type of discontinuity it provides a basis for relating the first 
two factors in Eq. I, t::.a-,ff' and a. To do this it defines an 
effective stress intensity factor range, .6.K,ff' which has a determi­
nate dependence on .6.a-,ffand a. In applying linear elastic frac­
ture mechanics to discontinuities in bridges, it was noted that 
virtually all of the data on fatigue crack growth pertained to 
.6.K,11 greater than 10 ksi~, whereas the area of interest was 
.6.K,11 ranging downward from 10 ksi~ to, perhaps, 2 ksi 



0fl. or less. Thus, an experimental study was undertaken to 
measure fatigue crack growth rates at low llK,11 on plates of 
AASHTO M222 and M244 steels (ASTM A588 and AS 14, re­
spectively). 

Any imperfection which proves to be the origin of a fatigue 
failure in a bridge or other structure will at some time develop 
into a sharp crack and extend as a sharp crack; and an investiga­
tion of fatigue crack growth is obviously relevant. On the other 
hand, detected imperfections that are ascertained to be cracks 
are not allowed by current standards, and it will not be proposed 
here that they be accepted. Of immediate concern in weld accept­
ance criteria are fusion defects such as porosity, entrapped slag, 
incomplete fusion. The experimental program also involved, 
therefore, an inve.~tigation of fatigue behavior of weld samples 
containing deliberately introduced slag inclusions and porosity. 

To be meaningful, the fatigue studies had to be carried out 
under a stress spectrum realistic for highway bridges. This 
meant, not only that the crack growth rate studies would involve 
near-threshold crack extension rates, but also that the weld im­
perfection studies would involve fatigue lives of the order of tens 
of millions of cycles. The program was extended in time by one 
year to accommodate this testing; but, even so, only a limited 
number of tests could be run. Given the inherently probabilistic 
nature of the information being dealt with, it is necessary to be 

CHAPTER TWO 

FINDINGS 

ANALYTICAL STUDIES 

A weld imperfection may be thought of as a region which 
cannot support a tensile stress. Fluctuating tensile stresses that 
would otherwise have been transmitted through the imperfection 
are now transferred to adjacent material, where the increased 
stress range may initiate a fatigue failure. The magnitude and 
distribution of the stress intensification that occurs in the vicinity 
of an imperfection will depend on the nominal stress level (and 
stress range), and on the size of the imperfection; they will 
al!lo depend on t he general shape of the imperfection, on its 
orientation in the stress field, and on the sharpness of its edges. 
Analytical procedures that would take into account all of these 
variables and lead to a prediction of their combined effect on 
fatigue life are not available. Even if such procedures were avail­
able, the inability of nondestructive examination to characterize 
flaws fully would limit their usefulness in deciding whether or 
not to accept a particular imperfection discovered in the weld 
inspection. 

Fracture mechanics is concerned with sharp cracks. By itself, 
therefore, fracture mechanics cannot take into account an imper­
fection's edge sharpness, and some general shapes of flaws cannot 
be realistically handled. When an imperfection can be treated as 
a sharp crack (which is always the case in the crack growth 
phase, if not the initiation, of a fatigue failure), fracture mechan­
ics provides some tremendous unifying simplifications. Most im-
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cautious about drawing too firm a conclusion from a small num­
ber of tests, especially in the case of the " natural' ' discontinuities. 

The point of the program, of course, is to use the experimental 
data, and any other available information, to devise rational­
and practical- weld acceptance criteria. T he fatigue crack 
growth rate studies, based on linear elastic fracture mechanics, 
can be made into a tidy analytical package. Unfortunately, the 
real weld imperfections of interest are not, at least initially, 
sharp cracks. On the other hand, a unified analytical approach 
accounting for the geometrical variety of "natural" discontinu­
ities is scarcely to be expected. The approach taken here, there­
fore, has been to use the fracture mechanics analytical model to 
arrive at weld acceptance criteria, and then determine whether 
the results on weld imperfections invalidate the model or suggest 
changes in it. In doing this it should be kept in mind that with 
respect to any particular imperfection detected in nondestructive 
examination there are three uncertainties. First, the imperfection 
will not be accurately characterized in terms of its size and shape; 
second, the fluctuating stresses that will be operative cannot be 
precisely known; and third, given a precise characterization of 
the imperfection and the stress environment, it is not possible to 
predict with certainty the subsequent fatigue behavior. Within 
the constraints imposed by these uncertainties, it is still appro­
priate to seek the most rational weld acceptance criteria. 

portantly, it defines the relationship between imperfection size 
and stress level or stress range. It can also account for the effect 
of flaw orientation. 

In linear elastic fracture mechanics the stress state at the 
leading edge of a sharp crack is characterized by a parameter, 
K , known as the stress intensity factor. The stress intensity factor 
is related to applied stress, a-, and crack size, a, by an expression 
of the type 

K = ya- (1ra)112 (2) 

where Y is a dimensionless shape factor which depends on the 
configuration under consideration. In general, the factor Y can 
itself depend on the crack size, but for cases of interest here it 
can be assumed that Y = I. Under a fluctuating stress with a 
range /la- the stress intensity factor range is 

llK = Y Ila- (1ra) 112 (3) 

Application of fracture mechanics to fatigue involves experimen­
tal determination of the crack growth rate per cycle, da/ dN, as 
a function of the stress intensity factor range /lK. The depen­
dence of da/ dN on l!.K is often expressed by a power law rela­
tionship 

S.C.R.T.D. LIBRARY 
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Table 1. Fatigue behavior of sharp cracks of different sizes at different 1 o-5 
stress ranges. 
a . 1nitial 6K for different combinations 

of crack size and stress range: 

Init ial AK (ks i/in) for 

2a- 1/16 1/8 

Effec tive stress 8 Lll 3. 54 
range. tw.rr 6 1. 88 L.22 

(ksi) 4. 5 1.41 I. 99 
3 0. 94 1. 33 
2 0. 63 0 . 89 

b. Cyc 1 ic 11 fe. for different c ombi nations 
of c rac k size and stres s range: 

1/4 

5 . 01 
3. 76 
L.ll 
1.88 
l. 25 

Hil 11 ons of eye l es 

1/2 

7 .09 
5. 32 
3. 99 
Lil 
1. 77 

for crack to double in s izc for 

2a- 1/ 16 1/8 1/ 4 1/2 

Effec tive stress 8 L!.2 0 . 97 0. 79 0 . 64 
range, llc,.ct. 6 2. 52 ~ 1. 67 l. 35 

(ks !) 4. 5 5. 33 4. 33 l..ll 2. 86 
3 15. 31 12 .43 10.10 Ll2 
2 43. 92 35. 68 28. 98 23. 54 

da/ dN = C (t::..Kt 

1 inch 

10.03 
7 . 52 
5. 64 
3 . 76 
Lll 

1 i nch 

0 . 52 
1 . 10 
2. 32 
6 . 66 

J.2...ll 

(4) 

where C and n are constants determined to fit a set of crack 
growth measurements. If there is a level of 6.K below which da/ 
dN = 0, that level is referred to as a fatigue crack growth 
threshold. 

Table la shows values of 6...K for selected combinations of 
stress range, 6.o-, and crack size, 2a. Five values of t!..o- extend 
from 2 ksi to 8 ksi, a realistic range for steel highway bridges. 
Five crack size values span a 16-fold range from 2a = \1;6 in. to 
2a = 1 in. The values of 6.K are simply calculated from Eq. 3 
taking Y = I, and the table has been set up so as to give roughly 
constant values of 6.K along diagonals from upper left to lower 
right. First, it may be noted that the 6.K values thus calculated 
are almost all substantially less than JO ksi.J;n., and this defines 
the area of interest for crack growth rate studies in this program. 
Second, Table la illustrates the importance of stress range as a 
factor in fatigue; a two-fold change in 6.o- has the same effect 
on 6..K as a four-fold change in crack size. This is simply because 
6.o- enters Eq. 3 linearly, whereas a enters as a square root. The 
implication for weld acceptance criteria is that having a good 
definition of stress range is at least as important as having a good 
definition of imperfection size in assessing whether an imperfec­
tion will be a harmful one or not. 

FATIGUE BEHAVIOR OF SHARP CRACKS 

Fatigue crack growth rate measurements at low 6...K were 
made on AASHTO M222 and M244 steels (ASTM A588 and 
A514). The tests used a spectrum load based on the same distri­
bution proposed and used by Schilling and Klippstein (2) and 
later used by Fisher (3). Stress ratios of R = 0.9 and higher were 
used to mimic the effects of possible tensile residual stresses, and 
to avoid the possibly misleading crack closure influences. Testing 
details and more complete results are given in Appendix C. A 
summary of the results is given in Figure I. The line plotted in 
the figure corresponds to Eq. 4 with n = 2.6 and C = 1.5(10)- 9 
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Figure J. Fatigue crack growth rate measurements on M222 and 
M244 steels. 

(for da/dN in inch/ cycle and 6...K in ksi~)- The 6.K is the 
root-mean-square value for the spectrum used. This line, while 
not strictly an upperbound, is a generally conservative represen­
tation of the results. Crack growth was detected at t!..K as low 
as 1.5 ksi.J;n., but below about 2.5 ksi.J;n. there is a departure 
from the linear relationship toward lower crack growth rates. 

It is a straightforward exercise to combine Eqs. 3 and 4 and 
integrate between two crack length limits to obtain the number 
of fatigue cycles required for that amount of crack growth. Table 
1 b shows the result of such calculations for the same conditions 
represented in Table l a. The results are given in terms of the 
number of stress cycles required to produce a doubling of the 
crack size. For example, at 6.o-eff = 8 ksi, 1.19 million cycles 
are required for a crack to grow from 2a = \1;6 in. to 2a = Ys 
in., then another 970,000 cycles are required for the crack to 

grow to 2a = 1/.i in., and so on. 
There is a significant contrast between Table la and Table lb. 

In terms of initial 6.K, positions along a diagonal in Table la 
represent roughly equivalent conditions; in terms of remaining 
fatigue life, this is definitely not the case. For two cracks having 
at some point the same 6...K, a large crack under a low stress 
range provides a significantly greater remaining life than does a 
short crack under a high stress range. In other words, when 



crack growth is taken into account, the already strong influence 
of stress range becomes even more pronounced. It is probably 
quite safe to say that primary protection against fatigue failure 
comes about because stress fluctuations are generally low, rather 
than because weld imperfections are controlled. 

FATIGUE BEHAVIOR OF NATURAL 
IMPERFECTIONS 

Weldments in I-in. thick plates of AASHTO M222 (ASTM 
A588) and of M244 (A5 l 4) steel with deliberately introduced 
porosity and entrapped slag were fabricated, and axial fatigue 
specimens with a I-in. square cross section were machined from 
them. A total of eight specimens, four from each steel type, were 
tested. The tests employed the same load spectrum used in the 
fatigue crack growth rate tests. The stress ratios were lower, R 
= 0.5 and R = 0.33, because oflimited test machine capacity. 
The root-mean-square stress ranges were chosen, based on radio­
graphic evaluation of the imperfections, to produce failure in 
about 5 million cycles based on crack growth rate performance. 

Details are given in Appendix C; the results are summarized 
in Table 2. Of the eight specimens tested, three failed under the 
initial spectrum loading conditions. The remaining five were still 
intact after 30 to 50 million load cycles; and to induce failures 
in these specimens a constant amplitude high stress range loading 
was employed. (Stress ranges not marked "rms" in Table 2 are 
constant amplitude.) When the specimens were finally broken 
the fracture surfaces could be examined to determine (1) the 
actual size and shape of the imperfection at which fatigue crack­
ing originated and (2) whether or not, in the specimens which 
did not fail under the low amplitude spectrum loading, any 
cracking occurred in the initial fatigue phase. 

Even when imperfections were fully exposed on the fracture 
surfaces of the tested specimens, it was not always easy to identify 
the appropriate a dimension to use in a fracture mechanics analy­
sis. In most cases, however, a reasonable estimate could be made; 
and the initial ilK. values given in Table 2 are based on assessment 
of discontinuities on the fracture surfaces. The estimated initial 
11K values ranged from 2.25 to 3.7 ksi Jin. It was also observed 
that four of the five specimens, which did not completely fail in 
the initial low amplitude load spectrum, did show evidence of 
fatigue cracking originating at imperfections in the fracture sur­
face. The behavior is more fully documented in Appendix D; an 
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Table 2. Axial fatigue testing of specimens with weld imperfections. 

I nitial 

S cr e ss Stress Hlllions AK' 

~ Range (kip) ~ ~ il.tl.Li.nl Res u l t 

A>l4/Sl 6 . 5 n11s 0. 50 29 . 59 3 . 20 fa iled 

A514/S2 5 .5 rms 0 . 50 25 .00 3 . 70 fa i led 

A514/ Pl 6. S rrns 0. 50 29 . 59 2. 80 crack(?) 
9 . 0 rms 0 . 25 9. 57 c rac k 

27. 0 0.10 1.47 fa ! l ed 

A514/P2 6 .5 r ms 0 . 50 33. 78 3. 60 no c r ack 
18 . 0 0 .10 4 . 74 no crack 
27 . 0 0 .10 I. 54 f ailed 

A588/ A 8. 0 rms 0. 33 51. 32 2 . 50 e ra.ck 

25 . 0 0.10 0. 58 f a iled 

A588/B 8 . 0 r ms 0. 33 52. 25 3 . 20 e r a.c k 

27 .0 0 .10 0 .90 f a iled 

A58 8/C 8 .0 r rns 0. 33 7 .00 2 . 25 failed 

A588/D 8 . 0 r e s 0 . 33 so . 51 2 . 25 c rack 
22. 5 0. 10 5 . 51 cra c k 

27 . 0 0.10 5 . 56 fa iled 

1 The loa d i ng pattern cons isted of a base l o ad, P0 , a nd a fluc tua ting 
load , Pnn. · The s tress r at io is R - P0 / ( P0 + P= 1 ) . 

2 The initia l b.K i s the r oot- mean-square s t r ess int ensity f actor 
calcu l ated f r om the r ms stress and t he i ni t ia l impe rfec t i o n 
s i z l:! as me .a.sur ed on the f racture. surfa c e. 

example is given here. Figure 2 shows the fracture surface of 
specimen A588/D. Three imperfections of approximately the 
same size are apparent on the fracture surface; two of the three 
show evidence of fatigue cracking in the initial low amplitude 
spectrum loading. 

Looking at the totality of the data summarized in Table 2 and 
assessing it relative to what might have been expected based 
on the numbers in Table I suggests the following. In all eight 
specimens the cyclic lives were always greater than would have 
been expected from the sharp crack model, and, usually, many 
times greater. While five specimens survived upward of about 
40 million cycles, four of the five showed evidence that fatigue 
cracking was underway; they would not have survived indefi­
nitely. In other words, controlling imperfection size such that 
the initial 11K is of the order of 2.5 ksi Fn, will probably result 
in quite long fatigue lives, but clearly does not guarantee immu­
nity from fatigue failure. 

INTERPRETATION, APPRAISAL, APPLICATIONS 

The findings presented in the preceding chapter have been 
concerned primarily with the influence of discontinuity size and 
stress range on fatigue performance. In order to incorporate 
this information into weld acceptance criteria it is necessary 
to consider how well an imperfection can be characterized by 

nondestructive examination, how accurately the stress range can 
be predicted, and other factors that may influence whether or 
not an imperfection may be harmful, that is, lead to a fatigue 
failure. These issues will be considered here. 
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Figure 2. Documentation of fatigue testing of specimen A588/ D. The fracture plane contains three distinct, isolated imperfections 
all of about the same size, approximately 0. 05 in. across. Two appear to be fatigue origins and show clear evidence of crack growth 
in the initial variable amplitude loading, 50.5 million cycles at Ao-,ms of 8 ksi. The third does nol appear to have been of fatigue 
origin. Imperfection size corresponds to an initial AK,m, of about 2.25 ksi -Ji;. • 



INSPECTION 

Sophisticated ultrasonic techniques hold the greatest promise 
for more complete weld imperfection characterization, but pres­
ent procedures do not give adequate definition upon which to 
base rational weld acceptance criteria. When commercially prac­
tical techniques are available, they can be incorporated readily 
into the framework of the proposed weld acceptance criteria. In 
this report it seems appropriate to concentrate on other inspec­
tion methods. Information provided by radiographic testing 
(RT) and by surface inspection methods (VT, MT, PT) is limited, 
but the limitations are easy to understand. Thus, the greatest 
potential for this program is with weld acceptance standards 
based on these tests; and RT will be treated here. 

Views A, B, and C in Figure 3 represent three projections of a 
groove weld containing an imperfection, d, The most informative 
view from a fracture mechanics viewpoint is projection C; it 
defines the dimension 2CL which is the critical dimension for 
fracture or fatigue. A radiograph provides only projection A; it 
allows definition ofa dimension, 2a, the trace of the imperfection 
normal to the principal stress direction. If one calculates a stress 
intensity value with the formula K = CT (1ra)l12, this implies an 
assumed imperfection as shown in view C', that is, an imperfec­
tion extending uniformly across the weld throat. If the imperfec­
tion were circular, as in view C", the stress intensity factor 
would be K = (2/1r)CT(1ra)ll2, that is, less than ½ the value for 
configuration C'. (This assumes, however, that the imperfection 
is not near enough to the top or bottom surfaces to feel their 
influence.) Weld imperfections will commonly be as small or 
smaller in the thickness direction than along the weld axis. In this 
case, because the smaller dimension predominates in determining 
the stress intensity factor, K, or its range AK, the radiograph 
does not provide information about the most critical dimension. 
(This is precisely the deficiency that the time-of-flight technology 
was expected to remedy.) 

Taking the stress intensity factor to be K = CT(1ra)l12 where 
2a is simply the trace of the imperfection projected perpendicular 
to the normal stress direction is a conservative simplification. In 
the case where 2a is significantly larger than the thickness direc­
tion dimension of the discontinuity and where the discontinuity 
is well removed from the top or bottom surfaces, it may be 
absurdly overconservati ve. The benefits of the simplification, 
however, outweigh the drawbacks of this conservatism. First of 
all, there is no practical way to evaluate the thickness direction 
dimension. Secondly, on the assumption that it is considerably 
more costly to repair a fatigue failure than to remove a weld 
imperfection, it is prudent to repair imperfections which may 
have only a small probability of being harmful. Finally, the 
acceptance criteria need not be concerned with the through the 
thickness location of the discontinuity (the worst case has been 
assumed); the same acceptance standards, therefore, can be ap­
plied to surface evaluations (VT, MT, PT) as to radiographic 
evaluation. 

By reducing a three-dimensional problem to a two-dimen­
sional problem, the issue of interacting discontinuities can be 
readily evaluated. In a repeated array of equal length cracks, the 
stress intensity factor increases by a factor of ✓2 when the 
distance between neighboring cracks is reduced to about 1/4 of 
the crack length. In other words, the stress fields of d iscontinu­
ities do not interact significantly unless they are quite close 
together. For practical purposes, therefore, considering distances 
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Figure 3. Characterization of the geometry of weld imperfections. 

measured perpendicular to the normal stress direction (that is, 
along with the weld axis in Figure 2), if an imperfection of length 
2a is at a distance greater than 2a from an edge or from another 
imperfection, it can be regarded as an isolated imperfection. 

STRESS RANGE 

As emphasized in the introductory chapter, the effective stress 
range, denoted ACT,ff' is a crucial factor in determining whether 
or not an imperfection will develop into a fatigue failure. In 
practice, an accurate definition of ACT,gwill not be available; the 
design parameter closest to ACT eff is the design stress range, F5 ,. 

Formally at least, F
5

, can be any value from, perhaps, 2 ksi, up 
to a maximum of 16 ksi for a Category B detail. Presumably, 
ACT,gcould vary from case to case by the same proportion. It is 
not possible, with this level of uncertainty in effective stress 
range, to devise weld acceptance criteria based on a realistic 
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assessment of whether or not an imperfection may be harmful. 
Different acceptance criteria are needed for different stress 
ranges. 

One way to obtain an estimate of !:J.er,11is to assume it has a 
fixed relationship to the design stress range F

5
,; and, in the 

absence of better information, a reasonable assumption may be 
!:J.er,11 = 0.5 Fs,• that is, that the root-mean-square value of the 
bridge load spectrum is about one-half the design calculated 
maximum value. (Here and throughout the report F

5
, does not 

refer to the design allowable stress range, but rather to the value 
actually calculated in the course of verifying that the maximum 
allowable is not exceeded. For example, the allowable value of 
F5 , = 16 ksi will seldom govern for a Category B detail; the 
actual calculated value will be smaller. It is, of course, the actual 
value that is relevant for fatigue; and, hence, the value designated 
by F5, in this report.) This is consistent with the spectrum used 
in the experimental phase of this program, but not necessarily 
valid for a particular steel bridge. 

WELD ACCEPTANCE CRITERIA 

Table 1, introduced in the chapter on findings, showed calcu­
lated values of !:J.K and of cyclic life for different combinations 
of stress range, !:!.er, and crack length, 2a. At this point it is a 
matter of going from precise mathematical definitions of !:!.er and 
2a to simplified practical definitions usable in weld acceptance 
criteria. The translations have already been suggested: 2a will be 
taken as the projection perpendicular to the normal stress direc­
tion of an NDE indication, specifically a VT, MT, PT, or RT 
indication. The !:J.er,gwill be taken as one-half the design stress 
range, Fsr. It seems reasonable to follow Table I and use incre-

CHAPTER FOUR 

ments of discontinuity size that change by a factor of two. For 
roughly constant t!..K this corresponds to stepping F

5
, by a factor 

of about \, and five categories are needed to span a complete 
range of F,, and cover an appropriate range of imperfection size. 
It is proposed that the diagonal elements of Table I, that is, the 
condition that t!..K = 2.5 ksi~, approximately, be taken as the 
acceptance standard. Thus, the proposed weld acceptance crite­
ria are as follows: 

Maximum F
5

, : 

Discontinuity size: 

16 

1/16 

12 

1/8 

9 

1/4 

6 

1/2 

4 ksi 

I inch 

It is acknowledged that there may be practical difficulties in 
applying, in effect, five different standards. In particular, who 
tells an inspector which standard is to be applied to a particular 
weld? One possibility is to include the statement, "Unless other­
wise specified, a value for F

5
, of 9 ksi shall be assumed." The 

rationale behind this statement is that, in general, Fsr will be 
below 9 ksi; and it seems reasonable, from a workmanship point 
of view, to repair discontinuities greater than 1/.i in. 

The above table considers the size of individual imperfections, 
but does not address the questions of imperfection clusters. This 
can be handled with the statement, "When the clearance between 
adjacent imperfections is less than the length of either one, the 
pair shall be considered to be a single discontinuity." This is 
somewhat more stringent than a fracture mechanics analysis 
might require, but is much more lenient than the current weld 
quality requirements. 

Specific recommendations for incorporating the proposed ac­
ceptance criteria into the Bridge Welding Code, ANSI/ 
AASHTO/AWS Dl.5-88 are given in Appendix A. 

CONCLUSIONS AND SUGGESTED RESEARCH 

CONCLUSIONS 

Determining whether or not a particular weld discontinuity 
will become the origin of a fatigue failure requires information 
of three types: a characterization of the discontinuity, a predic­
tion of the stress spectrum to which the discontinuity will be 
subjected, and, finally, the experience to say how such a disconti­
nuity under such stresses will behave in fatigue. There are signifi­
cant uncertainties in each of these areas. 

The area most seriously neglected by the current weld accept­
ance criteria is effective stress spectrum; and the weld acceptance 
criteria proposed here attempt to improve this by specifying 
different standards for different levels of design stress range, F,,. 
Making this change does not imply that the stress spectrum is 
closely predictable, but simply that some consideration has to 
be given to this factor to have any hope of predicting fatigue 
performance. 

The proposed acceptance criteria are based on judgments 
which take the different uncertainties into account; but they are 
not uniquely correct. They should certainly be subject to revision 
whenever pertinent information becomes available. It should be 
borne in mind, however, that even the best imaginable informa­
tion will not allow unequivocal prediction of whether or not a 
particular discontinuity will develop into a growing fatigue 
crack. The best that can ever be done is to establish a reliable 
estimate of the probability that an imperfection will lead to a 
failure. 

More quantitative assessment of the probability that a discon­
tinuity will be harmful requires (I) a prediction of the fluctuating 
stresses in the region encompassing the discontinuity, (2) the 
capability to characterize the discontinuity by nondestructive 



inspection, and (3) experimental data on the potency of weld 
imperfections as fatigue origins. 

Prediction of Stresses 

The probability that an imperfection is harmful is strongly 
dependent on the stress range; and a procedure for predicting 
the effective stress range should be incorporated into weld ac­
ceptance criteria. The proposed criteria assume that the effective 
stress range is about one-half the design stress range, F,,; but it 
would be highly desirable to have a better established correlation. 

Obviously, it will not be possible to predict precisely the fluctu­
ating stresses that a weld in a future bridge will experience; and 
a tight correlation between F,, and effective stress may not exist. 
Stress spectrum information obtained from instrumentation of 
existing bridges, and examination of calculated stress ranges in 
relation to this information, could enhance the capability of 
predicting effective stress ranges under anticipated traffic condi­
tions. 

Characterization of Imperfections 

Neither surface inspection procedures nor radiography define 
the thickness direction dimension of an imperfection, and the 
weld acceptance criteria proposed here are based on using the 
incomplete information provided by these methods. Ultrasonic 
inspection offers the possibility of more complete flaw size de­
scription. When more advanced UT techniques reach the stage 
of practical inspection tools, they can be readily incorporated 
into the proposed weld acceptance criteria offered here. Better 
flaw characterization will enhance the ability to predict the prob­
ability that an imperfection is harmful, and, hence, will provide 
more discriminating weld acceptance criteria. 

Weld Imperfections as Fatigue Origins 

More information on the fatigue behavior of weld imperfec­
tions would be desirable. Because it is not clear how discontinuity 
size and stress range interact for imperfections other than sharp 
cracks, data should be collected on realistic weld imperfections 
at the low effective stress ranges expected in bridges. This entails 
testing to large numbers of load cycles. Moreover, tests of this 
type show large variabilities in cyclic life; and, therefore, a statis­
tical approach is required both in assessing the data and in 
applying it to bridges. Obtaining enough test data to be statisti­
cally significant could be a very costly undertaking. 

RECOMMENDED RESEARCH 

Each of the three topics considered above is concerned with 
controlling fatigue failures in bridges; and the issue of controlling 
fatigue goes well beyond the topic of weld acceptance criteria. It 
is important, for example, not just to repair weld discontinuities 
that are deemed to be harmful, but to keep the total population 
of weld imperfections as low as practically possible. Moreover, 
protection against fatigue relies more on controlling effective 
stress ranges than on eliminating weld flaws. 

Research in each of the three areas would be desirable, and is 
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justifiable on the basis of contributing more to the larger issue 
of fatigue control, rather than to the limited one of developing 
better weld acceptance criteria. The weld acceptance criteria 
proposed here provide the framework into which new informa­
tion or new capabilities in any of the three areas can readily be 
incorporated. The authors would not recommend, therefore, any 
new program directed toward weld acceptance criteria per se. 
The authors would hope, however, that work in all three areas 
would continue in the expectation that findings would influence 
design and welding practice. 
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APPENDIX A 

PROPOSED WELD ACCEPTANCE CRITERIA 

Incorporating the weld a cceptance criteria proposed here 

would involve rather modes t editorial changes t o the Bridge Welding 

Code 111 . Quality of We l ds is addressed -in section 9 . 25, and the major 
subdivisions are: 9.25.l Visual Ins pection , 9_25.2 Radiographic and 
Magnetic Particle Inspect i on, 9 . 25 . 3 Ul t rasoni c Inspection , and 9.2 5 . 4 
Liquid Penetrant Inspect ion. 

9. 25 .l Visual Ins pection 

No changes recommended. 

9 . 25.2 Radiographic and Magnetic Part icle Inspection 

9 .2 5 . 2.l For welds in redundant members subject to tens ile 
stress under any c ondition of loading, t he projected l ength of any 

porosit y or fusion type discontinuity tha t is 1/16 in ( 1 . 6 mm) or longer 
shal l not exceed the size, B, indicated in Table 9.25.2.l. 

TABLE 9.25.2.1 
Weld quality requirements for discontinuities occurring 

in tension welds in redundant members ( limitation of porosity 
and fusion type discontinuities ) : 

Design stress range, Fsr (ksi) 

Projected discontinuity length, B (in) 

16 12 9 6 

1/16 1/8 1/4 1/2 

4 

l 

Note 1: Projected dis continuity length is the length of the 
radi ographic or magnetic particle indication projected 
onto a line perpendicular to the primary stress 
direction . 

Note 2: When Fsr is not specified, Fsr - 9 ksi shall be assumed. 

9.25.2.2 For welds in fracture critical non-redundant members 

subject to tensile stress under any conditi on of loading the projected 
length o f any porosity or fusion type discontinuity that is 1/16 in 

(1.6 mm) or longer shall not exceed the size, B, indicated in Table 

9 . 25 . 2 . 2 . 

TABLE 9 . 25.2. 2 

Weld quality requirements for discontinuities occurring 
in tension welds in non - redundant members (limitation of 

porosity and fusion type discontinuities) : 

Design stress range, F,, (ksi) 

Projected discontinuity length, B (in) 

12 9 6 L, 

1/16 1/8 1/4 1/2 

Note 1 : 

Note 2: 

Note 3 : 

Projected discontinuity length is the l ength of the 
radiographic or magnetic particle indication projected 
onto a line perpendicular to the primary stress 
direction. 

When F,r is not specif i ed, F,r - 9 ks i shall be asswned. 

When F5 , exceeds 12 ksi, the projected discontinuity 
l eng t h shall no t exceed 1/16 inch; however, it is 
desirable to keep F,r below 12 ksi . 

9. 25 . 2 .3 For welds subject to compressive stress only and 

specifically indicated as such on t he design drawings, neither 
radiographic nor magnetic particle inspect i on are require d . 

9.25 . 2 . 4 When the distance from any porosity or fusion type dis ­

continuity described above t o another such discontinuity is less than 
the projected l ength of the larger, the two shall be treated as a single 

discontinuity. The projected length of the combined single discontinuity 
is taken as the projected lengt h of t he t wo together. 

0 



9.25.2.5 l,.lhen the separation distance from any porosity or 

fusion type discontinuity to an edge or to t he toe or root of any 

intersecting flange -to -web weld is less than the projected length of the 

discontinuity, the effective projected length of the discontinui ty shall 

be deemed t o be twice the sum of the length of the discontinuity plus 

the separation dis tance. 

9.25.3 Ultrasonic Inspect ion 

No changes recommended . 

9.25.4 Liquid Penetrant Inspection 

No changes recommended. 

APPENDIX B 

COMMENTARY ON PROPOSED CRITERIA 

Weld acceptance cr i teria serve two purposes, to preserve workman­

ship standards and to provide p rotection agains t f ailure. Pro t ecting 

against failure involves eliminating harmful weld imperfections, 
specifically those that may prove to be fatigue origins . Ideally, all 

harmful imperfections would be repaired and all harmless ones would be 
accepted. Even under these ideal conditions , workmanship standards 

would still be important. Rather t han requiring repair of harmful 
imperfections, it would be better that they not exist in the first 
place. l,.lhen it is acknowl edged that distinguis h ing harmful from 
harmless imperfections entails substantial uncertainty, it is even more 

important to minimi ze the imperfection population by requiring high 
standar ds of workmanship. Under the current weld acceptance c r iteria, 

the r equire- ments specified under Visua l Inspection are primarily 

workmanshi p standards, and no changes in them are p roposed. Liquid 
penetrant inspection, which may be regarded as an extension of visua l 

inspection, is likewise left unaltered. 

Ultrasonic examination has, perhaps, the potential to become a 

preci se tool for imperfection characterization; but it is not so at 
present. The viewpoin t taken here, therefore, is that ultrasoni c 

inspection in t he current criteri a is, in effect, a workmanship 
standard; and changes to the current criteria are not r ecommended. 

Radiographic and magnetic particle examination provide incomplete 

but readily interpretable information about imperfection size; and in 
this area substant i a l changes are recommended. The most radical change 

i s the scaling of all owable i mperfection size with the design stress 

range, F,r· This recognizes the fact that stress range is an influen tial 
factor in determining whether or not a discontinuity will develop into 
a fatigue crack . In contrast to the current criteria, i mperfection size 

is not scaled to thickness ( e ffective weld throat). First, it is the 
absolute s ize of an imperfection, not its s ize relative to the cross sec­

tion, that determines its potency as a fatigue origin. Second, the inspec­
tion tools (RT and MT) do not evaluate the through-the-thickness dimension 

of the discontinuity, anyway. Anothe r proposed change i nvolves the 
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evaluation of groups of discontinuities; the proposed changes recognize 

the fact that the stress fields of neighboring imperfections do no t 

interact unless the imperfections are quite c lose. 

The proposed Table 9.25 .2 .1 is meant to require repair of 

discontinuities which have more than a small probability of developing 

into a fatigue crack , or of extending very rapidly if they do. There is 

not enough information to assess what this probability is ; and, even 

with the use of different acceptance standards for different levels of 

F.,, the probability of fatigue faaure will remain greater in the h igh 

F•r region of operation. Higher stress ranges inherently mean a greater 

probability of fatigue failure; and this fact cannot be wholly 

compensated for by a sliding scale of weld acceptance standard. 

Since the consequences of a fatigue fai lure are more serious in a 

non-redundant member than in a redundant one, it is appropriate to use 

the weld acceptance criteri a to obt ain l ower probability of fatigue 

failure, that is, to repair still more harmless imperfections in or der 

to get rid of some harmful ones. Thus Table 9.25.2.2 is shifted by one 

category rela tive to Table 9.25.2.1. This, however, presents a 

difficulty. It is not practical to eliminate discontinuities with 

dimensions less than 1/16 inch; yet imperfections of this size have some 

probability of developing into fatigue failures, especially with F•r in 

the 12 to 16 ksi range. In other words, in order to have a high degree 

of protection against fatigue failure, the appropr iate action is to 

control F•r• not to rely on eliminating minuscule weld imperfections. 

In practice, values of F., in excess of 9 ksi are probably rarely 

encountered; maximum stress rathe r than stress range governs design for 

Category Band even Category C weld details. It is probably reasonable 

to assume , in the absence of informat i on to the contrary, that F•r is 

less than 9 ksi, and a note to this effect is appended to the proposed 

Tables 9.25.2 . 1 and 9.25.2 . 2. 
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APPENDIX C 

EXPERIMENTAL PROGRAM 

The experimental program consisted of two parts . The first was 

measurement of fatigue crack growth rates in MSHTO M222 and M244 (ASTM 

A588 and A514 steels) at low LIi< . The second involved fatigue tests on 

welds containing deliberately introduced i mperfec tions . The same 

variable amplitude load spectrum was used in both parts of the program. 

STRESS SPECTRUM 

The vari able amplitude l oading patter n invol ved indefinitely 

repeating the same 1000-cycle b l ock. The block used sixteen equally 

spaced load ampl i tude levels. The number of cycles at each load level 

was based on the truncated Rayleigh distribution devised by Klippstein 

and Schilling121 and subsequently employed by Fisher et al. 131 . The 

distribution of load ranges is shown in Fig. C-1. A random number 

generat i on scheme was used to select the order of occurrence of the 

cyc l es within the block . All of the cycles had the same minimum load; 

the amplitude variation was made up in the l oad maximum, as shown in 

Fig. C- 2. To characterize the amplitude of an entire 1000-cycle block 

the root-mean- square (rms) value was selected. Therms load translates 

to a range i n stress intensity factor, &rm•• and the minimum load to 

K,,,in• The stress r atio , R, is given by 

R - K,,,1n/ (K,,,ln + 6.Krm,) (C-1) 

and a crack tip loading condition for a 1000-cycle block is completely 

characterized by a value of &rm, and R. (In the da/dN ranges of 

interest in this program the crack growth occurring in a single 

1000-cycle block is too small to have a measurable effect on &rm, under 

a fixed rms load . ) 

It was assumed originally that the max i mum testi ng frequency 

would be realized if the period of a cycle was in dir ect proportion to 

its amplitude. Yith this relationshi p it turned out that the low 

amplitude cycles were attenuated before t he h igher amplitude ones were 

affected. The software was modified accord i ngly to l engthen prefer­

entially the lower amplitude cycles. It was hoped that an effective 

frequency of 20 Hertz could be maintained. This proved to be too fast 

at shorter crack lengths where higher loads are required, but a rate 

near 20 Hertz was attainable at longer crack lengths. Two test machines 

were run under the same computer program. The mean load and load 

amplitude were separately adjustable for each ma~hine, but both had to 

be run at the same frequency. Thus the machine/specimen combinat i on 

requiring the lower frequency determined the testing rate. 
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CRACK GROWTH RATE TESTS 

Test Specimens 

The crack growth rate specimens, as shown in Fig. C-3 , were 

standard compact specimens of ASTM Standard E647 with W - 8 inches and 

B - 1 inch. The computer calculation of crack length was based on the 

compliance versus crack length evaluations given by Newman 151 . An 

expression fitted to the Newman data is as follows: 

1-a;w - 61.0238 x' -42.2022 X3 +6.8043 X2 +3.19505 x +0 .0278197 (C-2) 

where~ is the crack length, Wis the specimen width, and Xis a non­

dimensional compliance given by 

X - EB(2V)/P (C-3) 

where Eis Young's modulus, Bis specimen thickness, 2V is the crack 

opening at the specimen edge, and Pis the load . The computer would 

read 2V and Pat the peak and trough of a load cycle, and used these in 

the above equation to calculate 1-aj'J and hence~-

Test Procedure 

The testing of each da/dN specimen involved two phases . The 

first consisted of a stepwise decrease in ll.K,..... from the value at which 

the crack could be initiated from a machined notch down to threshold 

level magnitudes . At the same time the stress ratio, R, was increased 

from near-zero to the high value of interest. (The reason for concern 

with fatigue crack growth at high R was based on the reasoning that a 

high R would simulate the possible deleterious effect of tensile 

residual stresses. In addition, testing at high R should minimize crack 

closure effects which could produce a lower cracking rate in the da/dN 

test t han might be present under actual bridge conditions.) The second 

phase of the testing of a da/dN specimen was the growth of the crack at 

a constant rms load and stress ratio from the threshold condition 

through the usable crack length range of the speci men. It was 

possible, of course, to collect da/dN data during the first phase of 

stepwise decreasing ll.Krm, as well as in the second phase. 

Test Results 

Crack growth data obtained on two specimens of AASHTO M244 

(ASTM A514) steel are reproduced here, in the form of a log- log plot, 

in Fig. C-4 . For both specimens the constant rms load port ion of the 

testing was begun when ll.Krm, had been reduced to 2 ksi)in, and the 

stress ratio was R - 0 . 9. This level of t.Krms does not in any sense 

represent a threshold, but merely the level below which measurements 

were not attempted. In both specimens da/dN dependence on ll.K,,,, was the 

same in t he increasing tJ< phase of the testing as it had been during the 

stepwise reduction phase. 
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Straight lines on the log-log plot correspond to a relationship 

between the crack growth rate per cycle, da/dN, and the stress i ntensity 

range, Lu<, described by a power law equation 

da/dN - C [(tJ<)/(tJ<) 0 ]n (C-4) 

where (&)0 is a reference stress intensi ty factor range , and C and n 

are constants. 1 In this report, (&) 0 will be taken as 1.0 ksiJin. 

Two reference lines are plotted on Fig . C-4. The lower, labeled F-P, 

corresponds ton - 3 and C - 3.6(10) - 10 in/cycle. This relationship, 

based on da/dN measurements on ferr ite-pearlite steels at 6K generally 

above 10 ksiJin, predicts a crack growth rate somewhat lower than was 

observed. The second reference line (M), with n - 2.25 and 

C - 6.6(10) -9 in/cycle , is based on data from martensi tic steels. It 

predicts crack growth rates significantly greater then those measured on 

the M244 steel specimens. 

The test results from two specimens of AASHTO M222 (ASTM A588) 

steel are presented in Fig. C-5. The same reference lines, F-P and M, 

are also reproduced here. In these test more attention was given to 

exploring the threshold region, &rm, in the range 1.5 to 2 ksiJin. 

Some crack growth was observed at 6Krm, as low as 1 . 5 ksiJin in one 

1By e xplici tly including (6K)0 in the equation, t he constant, C, takes on 
a physical meaning : i t 's the crack growt h rate at tJ< - (&)0 , and it has the 
same units as da/dN . This makes mathematical sense, too , because the quantity 
raised to the power TI is really a dimensionless ratio. 

specimen and 1.7 ksiJin in the other; but when it was attempted to start 

the constant rms load cycling from these levels crack extension remained 

a t or below 10-9 in/cycle, and at times appeared to have stopped. 

Increasing the stress ratio f rom 0.91-0 .92 to about 0.94-0 . 95 seemed to 

have no effect in increasing da/dN, and finally therms l oad on each 

specimen was increased by about ten percent in order to get crack growth 

started again. When the testing was resumed it was noted, in both 

specimens, that the da/dN values were somewhat larger than the values 

obtained in the stepwise decreasing phase of the tests. Although the 

increase, of the order of a factor of two, is within the scatter 

commonly observed in da/dN measurements; it seemed rather suspect that 

the same deviation should occur at the same time in two different 

specimens . A satisfactory physical explanation was never found. 

The crack growth rate measurements made on the M222 and M244 

steels are plotted together in Fig. C-6. Also plotted is a curve used 

to represent the data; this curve corresponds to eq. (C-4) wi th the 

constants n - 2.6 and C - 1.5(10)-9 in/cycle, and thus lies about midway 

between the curves F-P and Min the preceding figures . This curve was 

originally selected as an upper bound to the data collected on M2 22 and 

M244 steels; all of the data points lying above the curve are from the 

increasing tJ< portion M244 tests. Although no longer strictly an upper 

bound , the r e lationship is a reasonable, somewhat conservative, 

represen tat ion of the crack growth measurements made in this study . 
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Comparison with Existing Data 

Very few da/dN data at 6K less than 10 ksiJin are avail able; 
however, Fisher et al 131 made measurements on AASHTO Ml83 (ASTM A36) 

steel. Their results are shown in Fig. C-7 . An obvious difference is 
that the da/dN measurements of Fisher on Ml83 steel are consistently 

below the ferrite-pearlite reference line whereas the MRL data on M222 
and M244 are consistently above i t. The difference is not great and is 

consisten t with the variability in crack growth rates obtained at higher 
6K. At the same time it is surprising that the data on M244 and M222, 

one a quenched and tempered s teel and the other not, should agree so 

closely while the results on Ml83 are distinctly different. It might be 

no ted that Fisher used a root-mean-cube value to characterize the load 
(or K) spectrum while we have used the root-mean-square, but the 
difference is less than ten percent. 2 The two investigators have, of 

course, used d ifferent discrete approximations to the continuous 
Rayleigh distr ibution function, and some subtle spectrum effect may have 
been operative . 

The data of Fisher on Ml83 steel show downward deviations from 

the power law representation at 6K levels which depend on the stress 

ratio, R. At the highest stress ratio, R - 0.8, there is the suggestion 
of a threshold at 6K of about 2.3 ksiJin, and no data were obtained with 
ll.l( below this level . In this program, on the other hand, fatigue crack 

growth rates were measured down to 2 ksiJin in M244 steel and 1.5 ksiJ in 

on M222 steel with R - 0.9. There is some downward devia t ion from the 
power law representation at nK of 1. 5 to 2 ksiJin as can be seen in 
Fig . C-6 where the da/dN data from both steels are plotted. Taken 

together, the Fisher data and t h e MRL data are consistent in indicating 
that threshold type behavior is displ aced toward lower 6K as t he stress 

ratio, R, is increased . Perhaps , with a still higher stress ratio , t he 
power law relations migh t extend to still lower 6K. 

2The rms value is about O. 46 of the maximum value of the continuous 
truncated Rayleigh distribution; the rmc value is about 0.50 times the maximum. 

Si gnificance 

Crack growth rate data of the type shown in Figs . C-4 to C-6 
can be used in a quantitative way to predict fatigue life. The basic 
integration is 

J
ar 

N - da/(da/dN) 
a, 

(C-5) 

where N is the number of stress cycles required for a crack to grow 
from a size a1 to a size af . Equation (C-4) provides an expression 
for da/dN, and the data on M222 and M244 steels provide the constants 

C - 1 . 5 (10) -9 in/cycle and n - 2.6. This fit !!!JU be unrealistically 
conservative at nK below 2 ksiJin, and it !!!JU be unrealistically 
conservative at higher ll.l( for lower stress ratios. In the case of 

highway bridges it is prudent, however, to assume a high stress ratio 
even if t he applied stresses correspond to a low R. First, local 
tensile residual stresses could produce an effe ctive high Rina 

region encompassing the c rack. Second, a sharp tipped non-pl anar 

discontinuity might not benefit from crack closure effects which may 
account for some or all of the apparent thresho l d behavior at low R. 
Consequently, in carrying out t he integration of eq. (C-5) it i s 
appropriate to use the power law relationship and not anticipate 
threshold behavior. 

The l ast information needed to carry out the integrat i on of 

eq. (C-5) is the relationship between the stress intensity range (6K), 

the stress range (6a) , and crack size. For this we use the wide plate 
formula 

6K - (M) (,ra) 112 (C- 6) 

This is a reasonable expression for an interior crack oriented 

perpendicular to t he stress f i eld as long as the leading edges of the 
crack do not approach a free sur face . Under these assumptions~ is the 
crack half - leng t h (or half the minor axis of an ell i pt i cal crack). 

Carrying out the indicated integration leads to the following 

expression: 
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N - [ai/(kC)) ((tu<) 0/(lu() 1 )n (1-(ai/a,)k] (C-7a) 

where 

(lu(), - (Liu) (,ra,)112 (C-7b) 

and 

k - (n/2) - 1 (C-7c) 

These equations were used to construct Table 1. First 

eq. (C-7b) was used to determine values of (lu() 1 for various combina­

tions of effective stress range Liu - llu
0
,, and ini t ial crack length, a 1 . 

This constitutes Table la. Then, for the same combinations of Liu and 

a1 , eq . (C-7a) was used to calculate N for crack growth from a1 to 

a, - 2 . a1 . This constitutes Table lb. 

FATIG\/E_fil'_ WELD IMPERFECTIOijS 

Specimen Preparation 

T.,o complete penetration groove welds joining one-inch thick 

plate sections of AASHTO M244 (ASTM A514) steel were prepared. One weld 

had deliberately i ntroduced slag inclusions, and the other porosity. 

Each of the welds, which were about ten inches long, was x-rayed; and, 

based on the radiographs, locations from which to machine tension­

tension axial fatigue specimens were selected. T.,o specimens were 

obtained from the weldment with entrapped slag (A514/Sl and A514/S2), 

and two from the weldment containing porosity (A514/Pl and A514/P2). 

The specimens, as shown in Fig . C-8, had square cross -sections, one-inch 

by one-inch. This size was chosen as a compromise between having a 

specimen as large as possible and staying within the loading capacity of 

the available test machines. 

Similar specimens were prepared from one-inch plate sections of 

AASHTO M222(ASTM A588) steel. The only difference was that, based on 

the experience with the other material, more attention was given to 

producing single, isolated imperfections. These weldments yielded four 

specimens, A588/A, A588/B, A588/C, and A588/D . 

Test Procedure 

Having specimens with a one inch square cross section made it 

possible to x-ray the welds in two perpendicular directions, a luxury 

not available in RT inspection of a ful l l ength of weld in a bridge. 

Having two views of the imperfections made it possible to gage their 

size, and the stress ranges for the axial fatigue tests were chosen so 

as to produce failures in five to ten million cycles based on the da/dN 

test results. The imperfection size estimated for specimen A514/S2 was 

::::; 



2a - 0.25 inch, and che stress range selected was no=• - 5 . 5 ksi. 

Specimens A514/Sl, A514/P1, and A514/P2 were estimated to have effective 

crack sizes of the order of 2a - 0.125 inch and were tested at 

norm• - 6.5 ksi. For A588/A, A588/C and A588/D the estimated 2a was 

0.05 inch, and no=• was 8 ksi, as it was fo r specimen A588/B where the 

initial estimated 2a was only about 0.03 inch. It may be noted that 

with respect to Table 1, the conditions chosen for the tests represent 

positions close to the diagonal and toward the high stress range end of 

the table. 

Because of the high load ranges associated with the peak cycles 

in the stress spectrum, it was not possible to run these tests at the 

very high stress ratios (0.9 and greater) used in the da/dN tes ts ; and a 

stress ratio of R - 0.5 was selected. 

Initially the tests were interrupted every five million or so 

cycles, and specimens were x-rayed in the hope of detecting some 

evidence of crack extension from the imperfections. The radiographs did 

not reveal anything, and this practice was discon t inued. 

It was originally planned to section r un-out specimens , and look 

for metallographic evidence of cracking in the vicinity of the 

discontinuities located in the radiographs. In the end it was decided, 

inscead, to continue the cesting ac an elevated stress range in the hope 

that examination of the fracture surfaces would reveal how fa r fatigue 

cracking had progressed at che cime of the load change. This worked 

very well. 

Results 

The test results are summarized in Table 2; and Figs. C-9 through 

C-16 show the fracture surfaces and radiographs of each of the 

specimens . 

Out of the eight specimens tested, only three fai l ed under the 

originally imposed stress spectrum. Specimen A588/C failed after 

7.00 million stress cycles, the expected life based on t he da/dN data . 

Specimens A514/S2 and A514/S1 failed after 25 and 29 . 59 million cycles , 

respect ively. As Table 2 shows, t he remaining five specimens had not 

failed after 30 to 50 million cycles under the original spectrum 

loading, and failed only under constant amplitude load cycling at very 

much higher stress ranges. Examination of the fracture surfaces, 

however, indicated that four of the five had developed cracks in the 

origi nal cycl i ng. 

Imperfections which were t he origin of fatigue cracking can be 

measured directly on the fracture surfaces . In general, their shapes 

are somewhat irregular; and selecting a size to be associated with the 

crack length, 2a, used in a fracture mechanics calculation involves some 

uncertainty. Nevertheless, estimates were made a nd values for initial 
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LIK,.,, were made. The values are indicated in Table 2. Curiously, a 

specimen with an initial LIK=• - 2.25 ksijin, lowest in the group of 

eight specimens, failed in the shortest time. 

Given the values of initial LIK,.,,, the cyclic lives generally 

exceeded what might be expected based on the da/dN measurements . 

Specimen A588/C was an exception; all the others had l ong fatigue lives 

presumably because some amount of stress cycling was absorbed in 

sharpening the discontinuities. In seven out of eight cases, howeve r, 

some cracking did occur; and the specimens would ultimately have fail ed 

in fatigue . 

Significance 

A sampl e of eight specimens does not constitute a sta t istically 

significant number of tests, in view of the variability in the t e s t s and 

the even greate r variability of fatigue conditions in actual bridges . 

The resul t s of the tests are in no way alarming; they suggest that 

ac t ual imperfections a re in general less severe fatigue origins t han 

sharp cracks . At the same time the tests are not suf ficient to quant i f y 

any additional margin of safety . In general, if the imperfection 

popul ation in a br i dge is controlled such chat those wi t h an initial 

LIK.rr of more than about 2.5 ksiJin are eliminated, long fatigue lives 

should in general r e sult . But immunity from fatigue cannot be guaranteed . 

:::<:: 
u 
D 
_J 
(I) 

z ...... 
en 
w 
_J 
u 
>-
u 
u. 
D 

a: w 
(I) 
~ :::, 
z 

140 

120 

100 

80 

60 

40 

20 

0 
0 1 2 3 

LOAD RANGE 
Fi g . C-1. Histogram fi t ted t o t rnnc;1Le<l Ray l eigh d i s t rib11t i on 
'>howing number o ( {·y,: l e s at each l o,1d level in 1000- cyt.:le block . 

'° 



10-5 

~ Jj} \JJVV W \!WV 'wJ'Mv~ 2 

10-6 

ru 
0 

I I I 
~ 5 

<1'. u 
0 >-
__ J u 

-----C 

~1 I w 
;,i STRESS RATIO : t-

10 -7 « 
0: 

BASE I I 
R . t-

BASE + RMS :,:: 5 
0 
0: 
CD 

Y'. 
u 2 <1'. 
0: 
u 

10-8 

TIME 
Fig. C- 2 . Se gment o f 1000-cycle 5 
v iH iablc a,:ipl itude l oad block. 

10 -9 

~ 

0 

+ 

w • 8 

10 ~ 
F ig. C-). Cornpa c t s pec irocn u s ed to i:1eas u r e (Rt igue 
crack g rowth rntes . (Dime nsions in i nches . ) 

- --

i 
- -- .l~O 

I 
/ 

.Q 

; M 0 

~!-
F-P 

I 
/ k7 

/ 
/ 

/ 0; 

/ I □ 

/ - ~ 
0 .' 

I ! 

--

----

2 3 5 7 10 
DELTA K RMS [kSl*in' .5) 

Fig . C- 4 . Fat i gue c n1c k growth n t te rne;tsliremenl. s 

u n t...,u specime11 s o f M211 /1 S lt!e! I . 

1 o-5 

10-6 

a, 
~ 

u 
5 

>-
u ....__ 
C 

2 

w 
1--
<1'. 10-7 
0: 

I 
t-
3: 
D 
0: 
CD 

Y'. 
LJ 
~-i: 
:::r: 
LJ 

10-8 

5 

2 

10-9 

□ 0 2 3 5 7 10 
DELTA K RMS (ks 1 *in' . 5) 

Fig . C-S. Fatigue cra c k growth race measurements 
on t wo s pec i meug of H222 s t eel . 

tv 
0 



10 -5 6KA .. c MPo✓m 

2 3 4 5 6 7 B 9 10 II 
10·8 

5 
Rondom Block LoodinQ 

2 

10 -6 

Stee l A36 /2. • Stress Rati o 0 . B ~ ... 
10·11- ... Stress Ratio 0 .55 : 

0 Stress Rotio 0 .3 
0 

(ll 

u 5 
>-
u 

---... 
C 

2 

,· •• c/'f) - .jio-9 ... 
~•36xt0·'0 t,I(! ~ i,. dN . • 

• ... 
· .. ... "' w 

t-
<( 10-7 
0: 

I 
t-
3: 5 
0 
0:: 
(!J 

~ 
u 
<( 

do f /.• • • • I do dn 10·0 ... dn 

1n./cycle • ... m/cycle 
• ... 0 : . ... - -l1o·IO • ... ... • e 

• ...... 
0: 
u 

10-B 
• • • 
• ••• ... 

10·91- ... 0 

• 
5 

• 
• --l10· 11 

• 
• 

10-9 

◊ ◊ 2 3 5 7 10 
iJi:LTA K RMS [ksilfin' .5) 

I 

io·•oL ~o 2 3 4 5 6 7 

Fig. C- 6 . f a tigue crac k grm.,th rate mt!•Hrnrements 
on M222 and :-12',4 steel . 

6KAMC ksi,;;;;: 

Fig. C- 7 . Fatigue c rack growth tes t 
data from Fisher, et al [J ) . 

Iv 



lJ 

0 
y y 

L , L , 

LJ 
0 

l 4 J 
Fig. C-8. Axial fatigue specimen us ed to tes t 
welds with deliberately introduced i mpe r fe c t ions . 
(Di mensions in inches .) 

L X 

L X 

L y 

X 
y 

2 

we l d ax is 

tensile .axis 

thickness direction 

Fig. C-9. Docwncncacion of faLigue 
tes ting of specimen A514/Sl. 

Specimen failed afLer 29.59 mi l lion load cycl es at ~a=, of 6.5 ksi. 
Fatigue cracking started from cluster of thr ee imperfect ions at left. 
The clusLer has an effective diame ter of abouL 0.15 inch, which gives 
an i nit ia l AK=, of 3.2 ks i)in. Oche r imperfect ions visible on t he 
fracLure surface were not fatigue origins. 
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Fig . C-10 . Documentat ion of fatigue 
testing of specimen A514/S2 . 

Specimen f ailed after 25 million l oad cycles at 6.armz of 5 . 5 ksi. The 
dominant i mperfection, visible on the left side of the fracture surface, 
was the fat i gue origin. It had an effective width of O. 28 inch giving 
an i ni tial ~Krms of about 3.7 ks i)in. 
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Fig . C-11 . Docwnentation of fatigue 
testing of spec i men A514/P l . 

Specimen had not failed after 29.59 million load cycles a t 6am, of 6 . 5 ksi 
and an additional 9 . 57 million cycles at t,a=, of 9.5 ksi . Specimen was 
broke n open by fatigue cycling for 1 . 4 7 million cycl es at a constant stress 
ampli tude of 27 ksi. A large planar imperfection is vis i ble i n the radio ­
graphs, and it can be seen on the fractur e surface e x tending i n from the 
l eft-hand edge about one•quart cr of the way from t he bottom. Beach marks 
on the frac ture surface indicate, however, that the fatigue cracking did 
not start from this large imperfect ion, but from a s ma l ler one ne ar the 
mld-point of the left -hand edge . This imperfection was about 0.030 inch 
across corresponding to an initial ~Krms - 2 . 8 ksijin . 
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Fig . C-12. Documentation of fat i gue 
testing of specimen A51.4/P2. 

The fracture su rface reveals an imperfection near the cencer of t he 
specimen approximate l y 0.2 by 0 . 3 inch in size. Absence of beach ma.rks 
suggests that fatigue h ad not i niLiated after 33.78 mill ion cycles at 
ila~0 ~ - 6.5 ks i , but t hat all the cracking occurred only i n the final 
constant amplitude cycl i ng at 27 ksi. 
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Fig. C-13 . Documentation of fatigue 
testing of specimen A588/ A. 

The fracture surface r eveals a central imperfec tio n about 0.06 inch 
across. Beach marks indi cate that this was the origin o f the fatigue 
failure and that cracking had occurred during 51 .3 million variable 
ampl itude cycles at 6<7rrr.s - 8 ks i. This corresponds co an initial 
t.Krm, - 2.5 ksi)in. 
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Hg. C-14 . Documentation of fatigue 
testing of specimen A588/B . 

Frac ture origin is an imperfection near one corne r ( l ower left) of the 
fracture surface . Beach marks indicate cracking during the variable 
amplitude l oading, 52 . 25 mil lion cycles at .O.orma - 8 ksi. Estimated 
eff ective size of i.mperfecti.on is 0.1 inch which provided an initial 
l>K=, - 3. 2 ksi)in . 
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Fig. C- 15 . Documentation of f a tigue 
testing of specimen A588/ G. 

The specimen failed after 7 mil l ion cycles of variable ampl itude loading 
a t 6orms - 8 ks i . The f rac ture surface contains two elonga t ed i mperfec ­
t i ons, both of which appear to have been fatigue origins. They each 
have a wid t h of about 0. 05 inch which corresponds to an initial l>K=, o f 
about 2.25 ksi)in. 
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Fig . C-16 . Docwnentation of fatigue 
~ .t esting o f specimen A588/D . 

• 

The fracture plane conta ins three distinct, i solated imperfect i ons all 
of abou t the same size, a pproximately 0.05 inch across. Two appear to 
be fatigue origins and show clear evidence of c rack growth in the 
initial variab l e amplitude l oadin g, 50.5 million cycles at -6.ortns of 
8 ksi. The third does not appear to have been a fatigue origin. 
Imper fee tion size corresponds to an i ni t ial C.Km, of about 2. 25 ksi)i n. 
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