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Systematic, well-designed research provides the most ef-
fective 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 departments individually or in cooperation with
their state universities and others. However, the accelerat-
ing 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 research.

In recognition of these needs, the highway administrators
of the American Association of State Highway and Trans-
portation 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 admin-
ister the research program because of the Board’s recog-
nized 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 possesses avenues of communications and
cooperation with federal, state, and local governmental
agencies, universities, and industry; its relationship to its
parent organization, the National Academy of Sciences, a
private, nonprofit institution, is an insurance of objectivity;
it maintains a full-time research correlation staff of special-
ists in highway transportation matters 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 Academy and the Board
by the American Association of State Highway and Trans-
portation Officials. Research projects to fulfill these needs
are defined by the Board, and qualified research agencies
are selected from those that have submitted proposals. Ad-
ministration and surveillance of research contracts are

responsibilities of the Academy and its 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 from an éxtensive laboratory investigation
of fatigue effects in welded steel beams subjected to variable-amplitude loadings
similar to those that occur in actual bridges. The report is recommended to
engineers, researchers, and members of specification-writing bodies concerned with
structural behavior under repeated loads.

Fatigue fractures observed in cover-plated steel-beam bridges during the
AASHO Road Test, and more recently in similar structures in the field, emphasize
the importance of understanding the factors that influence the life expectancy of
highway bridges. Variables crucial to fatigue life include materials, structural
details, quality of fabrication, and the loading history of the structure. NCHRP
Project 12-12 was primarily concerned with the last of these factors—loading.

Fatigue design provisions adopted by the American Association of State High-
way and Transportation Officials (AASHTO) are based on constant-amplitude
fatigue data obtained in NCHRP Project 12-7, “Effect of Weldments on Fatigue
Strength of Steel Beams,” conducted at Lehigh University. Findings from this
earlier study were published in NCHRP Reports 102 and 147. According to these
AASHTO fatigue provisions, bridges are designed so that they can withstand a
certain number of constant-amplitude cycles of stress induced by the design live
load plus impact. The required constant-stress cycles were developed using Miner’s
law for cumulative damage to reflect the estimated volume of truck traffic causing
variable-amplitude stress cycles that are usually well below the design live load
plus impact stresses. These provisions are expected to result in conservative
designs.

There are still gaps in the available information, Specifically, information is
needed on (1) the magnitude and frequency of traffic loadings on bridges, (2) the
actual stress caused by these traffic loadings, and (3) the fatigue life of various
types of bridge members under variable-amplitude loadings. NCHRP Project 12-12
dealt with the third part of the problem. Its objectives were to acquire fatigue data
on welded bridge members under variable-amplitude random-sequence stress spec-
trums, - such as occur in actual bridges, and to develop an analytical method of
predicting variable-amplitude fatigue behavior from constant-amplitude fatigue
data. ,

This report is based on the results of an experimental program that included
constant- and variable-amplitude fatigue tests of both small specimens and relatively
large beams of various steels, with structural details similar to those tested in
NCHRP Project 12-7. New fatigue provisions are suggested for incorporation into
the AASHTO Standard Specifications for Highway Bridges.
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FATIGUE OF WELDED STEEL BRIDGE MEMBERS
UNDER VARIABLE;AMPLITUDE LOADINGS

SUMMARY

Extensive test results showed that variable-amplitude random-sequence stress
spectrums, such as occur in actual bridges, can be conveniently represented by a
single constant-amplitude effective stress range that would result in the same fatigue
life as the variable-amplitude stress range spectrum. Thus, the fatigue behavior of
fabricated bridges under traffic loadings can be related to the extensive constant-
amplitude fatigue data that are available for various types of structural details.
Furthermore, the effective stress range concept can be used directly in the design of
critical bridge members or in estimating the remaining fatigue life of existing
bridges, and could eventually be incorporated in brldge-de51gn specifications.

The effective stress range is defined by

Sre = [Zai)sBri] /B

in which §,; is the midwidth of the ith bar, or interval, in a frequency-of-occurrence
bar graph (histogram) defining the variable-amplitude spectrum and a; is the frac-
tion of stress ranges within that interval. If B is taken as 2, S,, from this equation
is equal to the root mean square (RMS) of the stress ranges in the spectrum. If
B is taken as the reciprocal of the slope of the constant-amplitude SN curve (plotted
in the conventional way) for the particular detail under consideration, the equation
is equivalent to Miner’s Law. For most structural details, B is about 3. The values
of S, calculated for the two different values of B are only slightly different (usually
less than 10 percent), the value of 3 being more conservative. The test results
showed that both the RMS and Miner effective stress ranges satisfactorily represent
the variable-amplitude spectrum but the RMS method prov1des a slightly better
representation.

A review of available field data on stresses in actual bridges showed that the
passage of a truck across a bridge usually produces a single major stress cycle with
small superimposed vibration stresses. For most types of bridges, these vibration
stresses are so small that they do nof significantly affect the fatigue life of the bridge.
In cantilever (suspended- span) girder brldges however, the single passage of a
truck can cause many major stress cycles as a result of the vibration characteristics
of the bridge. Since most of the available field data are on the main longitudinal
member of girder bridges, it is possible that othef types of members or bridges
exist for which a single truck passage causes several major stress cycles. Such
bridges or members would be considerably more susceptible to fatigue failures than
other types. Consequently, it is suggested that future field studies be aimed at
identifying such critical types of bridges and members and, if appropnate, including
specification provxslons for such cases.

' The review of field data also showed that a family of Rayleigh probability-
density curves, defined by a single mathematical expression, can be used to approxi-
mate the frequency of occurrence of major stress cycles in’ most highway-bridge



stress spectrums. A particular curve from the family is defined by two parameters:
(1) the modal stress range, S,,, which corresponds to the peak of he curvc; and
(2) a parameter S,4, which is a measure of the width of the curve, or the dispersion
of data.

As implied earlier, stress range and type of detail are the major parameters
affecting the fatigue life of fabricated bridge members under variable-amplitude
loadings as well as under constant-amplitude loadings. The effects of secondary
parameters, such as minimum stress and type of steel, are similar to the effects
reported in the NCHRP Project 12-7 study for constant-amplitude loadings.

Small-specimen crack-growth tests showed that the effect of a variable-
amplitude spectrum on crack growth can be conveniently represented by an RMS
method analogous to that discussed previously for the total fatigue life. The present
study showed that small-specimen crack initiation and growth data can be useful in
explaining the fatigue behavior of fabricated bridge members, but considerable
uncertainty exists in predicting the total fatigue life of a fabricated member from
such data. An extensive amount of fatigue crack data has been accumulated and
should be very helpful in further theoretical studies to determine the initiation and
propagation life of fatigue cracks near a weld. The data show that a significant part
of the total fatigue life for certain details is expended in initiating the crack.

A possible new approach, based on the effective stress range concept, for
bridge-design fatigue specifications is outlined in Chapter Three. This approach is
simple, and realistically accounts for the loading conditions that actually affect the
fatigue life of a bridge. It gives a realistic estimate of the minimum life of a bridge,
and this estimate can be modified in the future if appropriate to account for changes
in traffic volume. Furthermore, the method permits considerable flexibility in
utilizing specific information on the volume and weight distribution for the bridge
under consideration. For most cases, the new approach would be more liberal than
the present AASHTO specifications.

Since full-lane loadings generally do not occur frequently enough to affect the
fatigue life of a bridge, the new approach is based on a fatigue-design truck placed
in realistic positions to calculate a design stress range. A standard weight is given
for the fatigue-design truck, but a different weight corresponding to an expected
spectrum of truck loads can be used as an alternative. Larger lateral distribution
factors than are presently specified by AASHTO for static designs are used to
account for the large difference between calculated and measured stresses in bridges.
If the design stress range is below a limiting value that is different for each detail
category, no further fatigue check is required. Otherwise, the estimated minimum
life of the detail in years must be calculated from information on the expected
average daily truck traffic and average number of stress cycles per truck passage,
which is greater than one for transverse members and certain types of bridges.

To provide realistic fatigue specifications, the fatigue limit or the fatigue
behavior at low stress ranges must be accurately known for various details. There-
fore, it is suggested that comprehensive research be conducted to determine this
information. The present study showed that the fatigue limit is very low for severe
details, such as cover-plate ends. For less severe details, however, the fatigue limit
is probably higher. o

Effective methods of performing variable-amplitude random-sequence fatigue
tests on large specimens were developed as a part of the program and are described
herein.



CHAPTER ONE

INTRODUCTION AND RESEARCH APPROACH

INTRODUCTION

Highway bridges are subjected to a large number of re-
petitive loads of different magnitudes that are caused pri-
marily by the passage of vehicles. In most types of short-
and medium-span bridges, each vehicle, especially a truck,
produces a major stress cycle with superimposed vibration
stresses that are much smaller than the major cycle. In
long-span bridges, individual vehicles produce only very
small stress cycles in the main members, but larger cycles
may be produced when the entire bridge is subjected to lane
loading during peak traffic. Thus, bridges are subjected to
variable-amplitude stress cycles that generally occur in a
random sequence.

Such stress cycles can cause fatigue. failures. Conse-
quently, to insure that the bridge will not fail prematurely
by fatigue, present (1) and past highway bridge specifica-
tions give allowable fatigue stresses based on extensive
constant-amplitude fatigue tests of different types of simu-
lated bridge members similar to those tested in NCHRP
Project 12-7 (2, 3) and on earlier constant-amplitude
tests (4).

Little information, however, exists on the fatigue be-
havior of bridge members under variable-amplitude
random-sequence loadings that simulate traffic on a bridge.
Many references are available on variable-amplitude fa-
tigue, but very few are directly applicable to bridges. Most
of the earlier variable-amplitude tests (5) utilized block
loadings in which the sequence of loads was fixed in a
pattern much different from the random pattern caused by
traffic. Many of the more recent variable-amplitude tests
(6) have been conducted by controlling the variation of
stress by a tape obtained by recording the stresses during
the operation of some particular aircraft or piece of equip-
ment. Neither of these types of results is directly applicable
to bridges. Furthermore, almost all of the available ref-
erences are for tests conducted on (1) small specimens that
do not realistically simulate bridge members, (2) specimens
of materials not widely used in bridges, and/or (3) proto-
types of particular pieces of equipment.

NCHRP Project 12-12, therefore, was initiated to study
the behavior of bridge members under simulated traffic
loadings. The ultimate goal of this work is to assist in
improving, and possibly liberalizing, present design meth-
ods and specifications for fatigue in highway and other
bridges. However, to reach this goal, additional informa-
tion beyond that obtained in Project 12-12 is needed. Spe-
cifically, information is needed on (1) the number and
variation of truck loads and resulting stresses that occur in
actual bridges and (2) the fatigue limit for various types
of bridge members. Toward this end, extensive studies are
being conducted by the Federal Highway and Transporta-
tion Administration (FHWA) (7) and others (8 through
18).

OBJECTIVES

The main objectives of Project 12-12 were to develop
fatigue data on welded bridge members under variable-
amplitude random-sequence stress spectrums, such as occur
in actual bridges, and to develop an analytical method of
predicting the fatigue behavior under variable-amplitude
stress spectrums from constant-amplitude fatigue data.
Other objectives were to (1) determine the effect of type
of detail, type of steel, and dead-load (minimum) stress on
the variable-amplitude fatigue behavior; (2) determine the
fatigue behavior for bridge members subjected to a very
large number (above 30 million) of small variable-amplitude
stress cycles; (3) study crack-growth behavior under
variable-amplitude loadings and relate this behavior with
the over-all fatigue life of bridge members; (4) make a
preliminary evaluation of the effect of vibration stresses
superimposed on the major stress cycles; (5) establish the
effect of the number of different load levels and the se-
quence length used in controlling variable-amplitude tests;
and (6) develop effective methods of performing variable-
amplitude random-sequence fatigue tests on large specimens.

RESEARCH PLAN
Stress Spectrums

At the beginning of the program, all available results of
field measurements of the stresses in highway bridges under
traffic loadings were assembled. including 51 sets of data
covering 37,000 truck passages from 6 sources. As will be
discussed in detail in Chapter Two, these results showed
that the passage of a truck over a bridge produces a single
major stress cycle with superimposed vibration stresses that
are usually small enough to be neglected. The major stress
cycles are added to a constant minimum stress correspond-
ing to the dead load. Thus each major stress cycle varies
from the dead-load stress to a maximum that depends on
the size of the truck. The difference between the maximum
and minimum stress for a cycle is defined as the stress
range, S,. Therefore, the stress spectrums used in the fa-
tigue tests were defined in terms of a constant minimum
stress, Sp;,, and the frequency of occurrence of stress
ranges, S,, of various magnitudes.

The . frequency of occurrence was defined by two pa-
rameters: (1) the modal stress range, S,,, which is the
stress range that occurs most frequently and is slightly
above the mean stress range for the spectrum, and (2) the
dispersion ratio, S,4/S,,, Which defines the dispersion. or
variation, of the stress range in the spectrum. The disper-
sion ratio is a measure of the width of a frequency-of-
occurrence graph.



Specimens

Stress spectrums defined by the three parameters—S,,,,
Sim» and S,,/S,,,—were applied to several different types of
specimens. First, 84 plate specimens with a simulated cover
plate were tested to aid in planning subsequent beam tests
and to study several secondary test parameters. To.obtain
the approximate lower bound for the variable-amplitude fa-
tigue strength of fabricated bridge members, 156 -beams
with partial-length cover plates were tested. Sixty-three
welded beams without cover plates were tested to obtain the
approximate upper bound. Wedge-opening-loading (WOL)
specimens were tested to study fatigue crack growth under
variable-amplitude loading. Two different structural steels
(A514 and A36) encompassing the range of yield strengths
of available bridge steels were used for the beam specimens.
Only A514 steel was used for the plate and WOL specimens.

Originally, only one type of cover-plate beam detail was
planned; however, the results of 27 sets of beams showed
that the fabrication technique used (welding the cover plate
to the flange plate before the assembly was welded to the
web) for this detail produced unconservative results that
differed from those of past studies (2). Consequently, after
pilot tests were conducted on a few beams with two dif-
ferent cover-plate details, the remaining cover-plate beams
were modified to obtain conservative results comparable
with past experience (2). In addition, cover plates were
added to some welded beams that had originally been in-
tended to be tested without cover plates, and thus three
different cover-plate beam details were tesed.

The following terminology will be used throughout the
report to identify the different specimen and beam details.
A complete description of these details is given later.
“Cover-plate beams” refer to welded beams with partial-
length cover plates. In cover-plate-beam detail A, the cover

TABLE 1
SUMMARY OF ORIGINAL FACTORIAL TEST PLAN

. Plates were welded to the flange plates by longitudinal fillet
welds along both edges, but not across the cover-plate ends,
and the assembly was then fillet welded to the web. This is
the fabrication procedure that resulted in longer fatigue
lives. (The longer lives apparently resulted from compres-
sive residual stresses produced at the ends of the longitudi-
nal fillet welds joining the cover plate to the flange plate,
by shrinkage of the fillet welds that were made subsequently
to join the assembly to the web.) In detail B, the flanges
first were fillet welded to the web, and then the cover plates
were welded to the flange plate by longitudinal fillet welds
along both edges but not across the ends. Detail C beams
were obtained either by cross-welding the cover-plate ends
in detail A (that is, by placing a fillet weld across the cover-
plate end) or by adding cover plates with welds across the
ends to some welded beams. “Welded beams” refer to
fabricated beams without cover plates, “Cover-plate speci-
mens” (cover-plate S) refer to plate specimens with a
simulated partial-length cover plate welded to one side only.

Experiment Design

The original plan for the main fatigue testing program
is given in Table 1. Factorials of the three parameters—
Smins Spms and 8,4/ S,,,—were planned for the different types
of details and steels. In addition to these main factorial
experiments, a few other tests, not shown in Table 1, were
devised.

The original plan (see Table 1) was followed for the
cover-plate specimens; however, because of the changes in
cover-plate beams mentioned earlier, the plan for the beams
was modified, as summarized in Table 2. Each set listed in
the table represents three tests under the same stress spec-
trum. As in the original plan, the main part of the program
consisted of factorials of S,,,, S,4/S,,, and S,,;, for different
types of details and steels; but, in the modified plan, full

Cover-Plate Specimens

AS514 Steel
Smin Syrm S$rd/Srm
0 10 0
10 20 0.5
30 1.0
Cover-Plate Beams
A514 Steel A36 Steel
Smin Szm Srd/Srm Smin Srm Sra/Sem
0 10 0 0 10 0
10 20 0.5 10 20 0.25
30 1.0 0.50
Welded Beams
A514 Steel A36 Steel .
Smin Sym Srd/Sym Smin Srm Srd/Srm
~10 20 4] ~10 20 [}
0 30 0.5 0 30 0.25
40 1.0 0,50

All stresses §

. and S are in ksi.
min m

Conversion Factor

1 ksi = 6.89 MPa

TABLE 2
SUMMARY OF FINAL TEST PLAN
Factorials*

Detail Steel Spip Srm Srd/Sem Sets** Experiment
Cover Plate C AS14 10 10,20,30* 0,0,5,1.0% 8 Main Factorial
Cover Plate C AS514 10 2,3 1.0 2 Long Life
Cover Plate C A514 (4] 10 0,1.0 2 Different Spjn
Cover Plate B AS14 0 10 0,1.0 2 Different Fabrication
Cover Plate C A36 o 10,20 0,0.25,0.50 6 Main Factorial
Cover Plate C A36 0 {5,40) (0.50,0) 2 SN Curve Extensions
Cover Plate C A36 10 10 0,0,50 2 Different Smin
Welded Beam AS14 0 20,30,40* 0,0,5,1,0* 8 Main Factorial
Welded Beam A514 ) (10,80) (1.0,0) 2 SN Curve Extensions
Welded Beam RA36 -10 20,30* 0,0,25,0,50* S Main Factorial
Welded Beam A36 -10  (12,50) (0.50,0) 2 SN Curve Extensions
Welded Beam A36 [} 20,30* 0,0,25,0,50* 5 Main Factorial
Cover Plate A AS14 10 10,20,30* 0,0,5,1.0* 8 Main Factorial
Cover Plate A AS14 10 (4,60) (1.0,0) 2 SN Extensions
Cover Plate A AS514 40 10,30 0,0.5 4 High Syip
Cover Plate B AS14 0 10,20,30% 0,0,5,1.,0* ] Main Factorial
Cover Plate A  A36 10 10, 20* 0,0.25,0,50* 5 Main Factorial

* All combinations of the listed factorials were tested except factorials
identified by the asterisk., For example, in the first row of data, a
test was not performed at Sym = 30 and Syq/Sym = 1.0. Factorials of the
parameters enclosed by parentheses were not tested; instead, one set was
tested at first listed values of Syy and Srd/Sym and a second set was
tested at the second listed values of these parameters.

** Each set included three individual tests under the same stress spectrum.
Stresses in ksi.

Conversion Factor

1 ksi = 6.89 MPa



factorials were not tested for each of two different values
of 8,4, Instead, partial factorials (identified as “Different
S in Table 2) were performed at some values of Sy
that were originally intended to have full factorials. The
factorial variations were selected to provide the widest pos-
sible range of the parameters within the limitations that
(1) the highest nominal stress in the spectrum must be less
than the yield strength, and (2) the minimum stress must
be greater than —S,,,/2 to reduce the chances of premature
fatigue failures in the wrong flange of the beam.

The two limitations greatly restrict the possible choices
of stress spectrums, especially for the A36-steel beams.
Nevertheless, an adequate variation of the main parameters
was possible. The values of Sy, selected for the program
provide both positive and negative values, as well as a com-
mon value of zero for both cover-plate and welded beams.
The use of a positive (tensile) S,,;, for the welded beams
would have resulted in maximum stress values above the
yield strength of A36 steel for most of the factorials.

Idealized SN curves for a typical factorial (for A514
cover-plate beams) are shown in Figure 1. The solid circles
correspond to the stress spectrums for the main factorial
experiment. The results for the different values of S,q/Srm
at a single value of S,,, permit the direct calculation of the
ratio of the fatigue life for constant-amplitude loading to
the life for two different variable-amplitude spectrums, each
defined by a particular value of S,,/S,,. Three values of
S, were used for the A514 beams, but only the lower two
were used for the A36 beams because of their lower yield
strength.

In addition to the tests in the main factorial experiment,
individual tests were made to extend the SN curve for
S,4/ Sym =0 to a higher S,,, and to extend the curve for
S,4/ Sym = 1.0 or 0.5 (the highest value for the particular
steel) to a lower S,,,. These tests were made at one of the
two S Vvalues for most types of beams and steels. Open
circles in Figure 1 represent these tests for the A514 beams.

One set of tests was made on the A514-steel cover-plate
C beams at a stress spectrum approximating the highest
spectrum observed in field measurements. Sy, = 10 ksi
(69 MPa), S,,, = 2 ksi (14 MPa), and S,4/S,,, = 1.0. This
set was tested in such a way that a second set of data was
obtained from the other end of the cover plate at S,,;, and
S,,, values 50 percent greater and at the same value of
S,4/S,m- The results provide six data points at very long
lives on the lowest SN curve in Figure 1, and thus show
whether the curve for the main factorial experiment can be
extrapolated to long lives. The tests were performed only
on the cover-plate C beams because they have the most
critical detail for fatigue loadings. Additional tests on the
other details could not be included in the program because
of the very long time required.

Because of previously mentioned limitations, the main
factorial experiments were conducted at relatively low val-
ues of S, the highest value being 10 ksi. To further
investigate the effect of S,,;,, a partial factorial experiment
was duplicated at Sp;, =40 ksi (275 MPa). These tests
are identified as “High S,,;,” in Table 2.

In addition to the main factorial test for the cover-plate
specimens, four sets of six specimens were used to study
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the effects of a finite random-sequence length and the num-
ber of individual load levels that were used to simulate a
continuous probability-density curve and a random se-
quence of infinite length. Also, two sets of three specimens
were used to investigate the effect of small vibration stresses
superimposed on major stress cycles.

Crack-growth tests were performed on WOL specimens
of A514 steel under loadings outlined in Table 3, which are
comparable to the loadings in the fatigue tests. The main
objective of the crack-growth tests was to obtain curves of
crack-growth rate, da/dN, versus the stress-intensity range,
K,. The stress-intensity range for this specimen increases

TABLE 3
CRACK-GROWTH TEST PLAN

Range of Range of

Pmins Kmins K,
ksi Vin. ksi /in.

Specimens  1b 1B

2.8 - 11.8
2.8~ 6.4
52.7 - 115.4
52,7 - B80.6

11.1 - 47,
52,7 - 122.
11.1 - 24,
52.7 - 80.

200
200
3800
3800

800
3800

NN N
[
o owwn

11,1 - 33,
11.3 - 37.
11.9 - 25,
11.1 - 27.
11.1 -

Random
Random
Ascending
Descending
asc/disc

100
500
200
200
200

800
800
800
800
800

[ el S
o ®OoN

. Symbols are explained in text.

Conversion Factors

1 1b = 4,448 N

1 xsi /in, = 1.0098 wpa /' m



as the crack length increases if the cyclic load amplitude is
held constant. Thus, a single test provides data for a range
of K, values. In the present program, constant-amplitude
data were obtained for K, values from about 10 to
100 ksiVin. (11 to 110 MPaVm) by testing two specimens
at different load amplitudes. Such tests were performed at
a high and low minimum load to show whether minimum
load has a significant effect. P, was held constant during
a test, but K varied because it is a function of crack
length. Variable-amplitude tests were performed under
loading spectrums corresponding to the values of S,,/S,,,
used in the cover-plate specimen tests. Several different
load sequences, including a random sequence, were used to
determine the effect of sequence on the crack growth.

SPECIMENS AND BEAMS

The material properties and fabrication methods for the
specimens and beams are summarized in this section. A
detailed description is given in Appendix A and in a pre-
vious report (19). All specimens and beams were fabri-
cated from material that satisfied the chemical- and
mechanical-property requirements for either ASTM A36 or
A514 steel. The fabrication methods generally followed
normal bridge practice. The quality of workmanship was
comparable to that required by state highway department
specifications and was similar to that reported for Project
12-7.

Welding procedures conformed to the AWS bridge speci-
fications (20), and the welders and welding operators were
qualified in accordance with these specifications. All tack
and manual welds were made with E7018 electrodes. AWS
F71-EL12 wire-flux combination was used for all sub-
merged-arc fillet welds on A36 steel, and F72-EM12K
wire-flux combination was used on A514 steel.

SECTION A-A

Nominal Section Modulus Top: 0.337 in.? Bottom: 0.441 in.3
Nominal Moment of Inertia 0.179 in.4
Mean Section Modulus Top: 0.352 in.3 Bottom: 0.461 in.?
Mean Moment of Inertia 0.191 in.4

Conversion Factor:
1l in,= 25.4 mm

Figure 2. Cover-plate specimens.

Cover-Plate Specimens

A sketch and photograph of the cover-plate specimens
are shown in Figure 2 The cover plate was submerged arc
welded to the main plate (or simulated flange plate) along
both longitudinal edges, but no welds were placed across
the ends of the cover plate. The weld shrinkage caused a
slight bowing of most of the specimens that was removed
by straightening within the center 3% in. (8.9 cm). This
straightening had no significant effect on the fatigue be-
havior of the specimens. Visual and magnaflux inspections
and sectioning did not reveal any cracking at the weld ends,

Wedge-Opening-Loading Specimens

A sketch of the WOL specimens is shown in Figure 3.
The specimens were machined from 3-in.-thick (9.5-mm)
plates of A514 steel, such that the crack propagation was
transverse to the direction of plate rolling.

Welded Beams

A sketch and photograph of a welded beam are shown in
Figure 4. The flange and web plates were oxygen cut from
larger plates, assembled, tack welded, and then joined by
submerged-arc fillet welds. Polished sections of these welds
indicated that they are comparable in quality to welds
normally found in bridges.

Cover-Plate Beams

A sketch and photograph of a cover-plate beam without
welds across the cover-plate ends are shown in Figure 5.
All original cover-plate beams were fabricated according to
this sketch. Submerged-arc welding was used for all fillet
welds. Since the fabrication specifications did not specify
the assembly sequence (this is not specified in most bridge-
fabrication specifications; in practice, cover plates are nor-
mally used only on rolled beams, which are not available
in A514 steel, and thus there is no normal practice for
attaching cover plates to welded beams), the fabricater
chose to weld the cover plate to the flange plate first and
then to weld this assembly to the web. Beams fabricated
in this way are the cover-plate A beams referred to earlier.
Visual and magnaflux mspections of weld ends did not
reveal any cracking at the weld ends.

NOMINAL DIMENSIONS
a= | Oinch (25.4 mm)
B=0.37 inch (9.4mm)
W=2.55 inches (64.77mm)
H= 2.48 inches (62 .99 mm)

a -CRACK DEPTH

B -SPECIMEN THICKNESS
W-SPECIMEN WIDTH
H-SPECIMEN HEIGHT

Figure 3. Wedge-opening-loading (WOL) specimens.
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Figure 4. Welded beams.

Because the fatigue results for these cover-plate A beams
were not consistent with past results, as mentioned earlier,
it was decided to modify some of these beams by placing
manual fillet welds across the cover-plate ends. Also, some
welded beams were modified by adding cover plates with
welds across the ends. The cover plates were attached by
submerged-arc.fillet welds along both edges, but not across
the cover-plate ends. Thus, these beams differ from the
cover-plate A beams only in the assembly sequence. Both
types of modified beams are the cover-plate C beams men-
tioned carlicr, Two sets of welded beams were also modi-
fied by adding cover plates without welds across the ends.
These are the cover-plate B beams mentioned earlier.

TEST PROCEDURES AND SETUP

The test procedures and setup summarized in this section
are described in more detail in Appendix B and in a pre-
vious report (2/). In all tests, a closed-loop electrohy-
draulic system was used to apply the desired load spectrum.
A punched tape that defined 500 individual loads satisfy-
ing the desired probability-density curve and arranged in a
random sequence controlled each test; the 500-load block
was cycled continuously throughout a test. A load cell was
used to measure the actual applied load so that the system
could correct any difference between this load and the load
specified by the control tape.

In all tests except the crack-growth tests, the nominal
dynamic stress at some location was the main test parame-
ter. This stress was directly proportional to the load, which
was used to control the test, and the relationship between
the two was established by a static calibration of each speci-
men or beam that was tested. (The stress caused by a given
cyclic load is theoretically larger than the stress caused by

a static load of the same magnitude, but for the test condi-
tions in the present program the difference was very small
and was neglected (27, 22).) Thus, the effects of any de-
viations of the actual beam dimensions and span from the
nominal values were accounted for by the calibration.
Electric-resistance strain gages were used to measure the
strain during the calibration. The effect of residual stresses
in the beams on the calibration was properly accounted for
by using the unloading portion of the calibration curve to
establish the relationship between stress and load. All speci-
mens and beams were properly aligned before calibration.

In the crack-growth tests, the stress intensity at the crack
tip was the main parameter and increased as the crack
length increased, even though the load amplitude was held
constant. The relationship between the load and stress in-
tensity has been established theoretically (23) for given
specimen geometries, and the specimens were accurately
machined to the desired geometry. Therefore, no static
calibration was required.

During each fatigue test the readout from the load cell
was monitored periodically to check that the system was
functioning properly. Near the beginning of the test, the
readout from the strain gages was recorded for a 500-cycle
loading block to provide a permanent record of the applied
stress spectrum. Crack growth was recorded at convenient
time intervals; visual observations, usually magnified, were
made to determine the crack length. Flat white paint was
sprayed on the specimen or beam at critical locations to
highlight the cracks. The region containing the major crack
was cut from the beam and retained after failure.
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Figure 5. Cover-plate beams.
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Figure 7. Loading diagrams for welded beams.




Beam Tests

The beams were tested with a 10-ft (3-m) span as shown
in Figures 6 and 7. For the cover-plate beams, the nominal
bending stress at the end of the cover plate was the main
test parameter. The stress at the test end, H, of the cover
plate was 50 percent higher than the stress at the other end,
L. For the welded beams, the nominal bending stress on the
outer fibers of the beam in the central constant-moment
portion of the span was the main test parameter. The bend-
ing stress in the flange-web fillet welds was about 5 percent
less.

The beams were loaded upward in a test frame to facili-
tate observation of cracks on the tension flange and installa-
tion of the beams by an overhead crane. Three beams were
tested simultaneously under the same stress spectrum. A
separate jack and load cell was used for each beam. Auto-
matic controls in the system assured that all three beams
would reach their programmed peak loads. Usually, ail
three beams in a set were tested to failure before tests were
started on any beam from the next set.

The average testing speed for a 500-cycle loading block
depended on the stress spectrum being used for that test and
ranged from about 1 to 8 Hz. The speed was slower for the
higher values of S,,. Within a variable-amplitude 500-
cycle loading block the time for each cycle was roughly
proportional to the maximum amplitude for that cycle, al-
though cycles with very high amplitudes required even
more time. The programmed stress cycles were sinusoidal
in shape. The shape of the actual stress cycles was some-
what distorted from the programmed shape.

The test was stopped by a limit switch set about ¥ in.
(6 mm) beyond the maximum deflection of the uncracked
beams. When the limit switch was activated, a crack had
propagated throughout the flange and into the web, usually
to a depth of between % and %2 of the web depth. After
the crack extended over the entire flange, the beam could
sustain only a relatively few cycles before the web cracked
and the test stopped.

After the beams in the long-life tests had failed at the
high-stress ends, H, of the cover plates, the remaining por-
tion was placed in a new position in the test frame such that
the low-stress ends, L, of the cover-plates were exposed to
the same stress conditions as during the original test. The
test was then continued and the total number of cycles to
failure for the low-stress end of the cover plate was re-
corded. Thus, test results for two different values of S,,
were obtained from one set of beams.

Cover-Plate Specimen Tests

The cover-plate specimens were axially loaded in a
300-kip (1.33-MN) closed-loop testing machine (that is,
the main plate of the specimen was concentrically gripped
and loaded). However, the transfer of stress from the main
plate into the cover plate and the eccentricity caused by a
cover plate on only one side of the main plate resulted in
a nonuniform stress over the cross section, as discussed in
Appendix B and in Ref. (24). The tensile stress at the
longitudinal centerline on the front face of the main plate,
Y% in. (3 mm) from the end of the cover plate, was chosen
to represent the nominal stress on the specimen. This stress
corresponds roughly to the nominal stress at the end of the
cover plate in the beams and is the main parameter in the
test. This sress is about 40 percent greater than the stress
at the same location on the opposite face.

The time for each cycle in a variable-amplitude test was
approximately the same. The testing speed ranged from
about 5 to 11 Hz for different spectrums, but was equal to
7.5 Hz for most spectrums. The stress cycles were sinus-
oidal in shape.

WOL-Specimen Tests

The WOL specimens were tested in a 50-kip (0.22-MN)
closed-loop testing machine. Magnified visual observations,
aided by calibrated indentations on the specimen, were used
to measure crack length.

CHAPTER TWO

FINDINGS

STRESS SPECTRUMS

The review of field data, discussed in detail in Appendix
C, showed that the passage of a vehicle over a bridge pro-
duces a single major stress cycle with superimposed vibra-
tion stresses as idealized in Figure 8a. The vibration stresses
may continue after the vehicle has left the bridge. For most
types of bridges, the vibration stresses are much smaller
than illustrated in Figure 8a and can be neglected in fa-
tigue design. Thus, the passage of a vehicle causes one
major stress cycle that can be represented as shown in
Figure 8b. However, for some types of bridges, especially
cantilever (suspended-span) girder bridges, the passage of
a vehicle may produce many large stress cycles as a result

of the vibration characteristics of the bridge. This type of
behavior, shown in Figure 8c, was not included in the
testing program.

Each major stress cycle can be defined by two parame-
ters: (1) the stress range, S,, and (2) the minimum stress,
Suim corresponding to dead load. The stress range, of
course, varies with the size of the vehicle, but the mini-
mum stress corresponding to dead load remains essentially
constant throughout the life of the bridge. Therefore, the
stress spectrum, or stress history, for a particular point in
a bridge can be defined in terms of the frequency of occur-
rence of stress ranges of different magnitudes and the mag-
nitude of the constant minimum stress. As illustrated in
Figure 9, the frequency of occurrence of the idealized stress
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Figure 8. Idealized load traces for passage of a single vehicle.
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ranges can be defined by a histogram, or bar graph, in
which the height of the bar represents the percentage of
stress ranges within an interval represented by the width of
the bar. If the interval used to plot a given set of data were
doubled, the height of the bar would also be approximately
doubled. Hence, the shape of the histogram depends on the
interval selected.

Frequency-of-occurrence data can be normalized by di-
viding the height of each bar by the width of the bar to
obtain a probability-density curve, as shown at the bottom
of Figure 9 and discussed in Appendix ‘D. Thus, data
plotted with different intervals can be related. The area
under the probability-density curve between any two values
of S, represents the fraction of stress ranges within that
interval. Since the probability-density curve represents the
complete spectrum, the total area under the curve equals
1.0.

As discussed in Appendix C, available field data were
used in selecting a single nondimensional mathematical ex-
pression that can be used to represent almost any highway-
bridge stress histogram. Fifty-one sets of frequency-of-oc-
currence data from six sources were used for this purpose,
Data covering 37,000 truck passages over 15 short-span
bridges of 6 different types were included. All bridges
are on Interstate or U.S. routes in semirural or metropolitan
locations.

Two different mathematical expressions were considered:
(1) a two-parameter Rayleigh probability-density function
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Figure 9. Frequency-of-occurrence data.



and (2) a three-parameter Erlang probability-density func-
tion. Curves of both types were fit to all 51 sets of data,
and the sum of the squares of the residuals (algebraic dif-
ference between the actual and calculated frequency of oc-
currence) was calculated to indicate the closeness of fit.
Although the three-parameter Erlang curve provided a
slightly closer fit, the Rayleigh curve was selected for use
in the test program because it is simpler and provides an
adequate fit.
The single mathematical expression

p' = 1.011x" e~ B @>* (1)

defines the family of Rayleigh curves used in the testing
program,; in this equation

= S Smin ang pr = ps,, (2)

Srd

where p is the probability density (units of 1/ ksi), e is the
Napierian (2.7183) base, S,nin is the lowest stress range in
the spectrum, and S,; equals Sy, — Symin. In Figure 10,
Eq. 1 is plotted both in terms of the nondimensional pa-
rameters p' and x' (see top portion) and in terms of the
dimensional parameters p and S, (see middle portion). As
illustrated by this second plot, a particular curve from the
family can be defined by two parameters: (1) the modal
stress range, S,,, which corresponds to the peak of the
curve; and (2) the parameter S,,, which is a measure of the
width of the curve, or the dispersion of the data. By chang-
ing the value S,,,, the curve can be shifted sideways; and by
changing S,,, its width can be changed. Thus, a curve can
be fit very closely to a great variety of actual frequency-of-
occurrence data, although it may not closely fit a distribu-
tion with more than one peak. Since the Rayleigh curves
have a positive skew, the values of the median, mean, and
root mean square (RMS) of the spectrum are to the right
of the modal value by the amounts shown in Figure 10.
The RMS is the square root of the mean of the squares of
the individual values of x' or S,. The probability-density
curves used in the testing program are defined by S,,, and
- 8,4/ S,m. A set of curves for a single value of §,, and the
four values of S,4/S,, from the testing program is shown
at the bottom of Figure 10; S,4/Sm, = O corresponds to
constant-amplitude loading in which all cycles are at S,
The control tapes used in the fatigue testing program define
500 individual stress ranges that satisfy one of these Ray-
leigh probability-density curves and are arranged in a ran-
dom sequence such as would occur on most actual bridges.
Details of the development of these tapes are given in
Appendix C.

FATIGUE-TEST RESULTS

The fatigue-test results are tabulated in Appendix E for
the cover-plate specimens and the beams; the cycles to the
first observed crack and to failure, as well as the size and
location of observed cracks at various lives, are included.
The distribution of failure locations for the welded beams
of A36 and AS14 steel is shown in Figures E-4 and E-5,
respectively. The types of cracks in the beams are classi-
fied into five categories: (1) edge cracks in the flanges of
welded or cover-plate beams, (2) intersection cracks
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spreading outward from the flange-web junction in the
welded beams, (3) crescent-shaped cracks initiating at the
ends of the welds in the cover-plate A and B beams and the
cover-plate specimens, (4) long cracks occurring along
the cross weld in the cover-plate C beams, and (5) peeling
cracks propagating longitudinally along the throat of the
fillet weld connecting the cover plate to the flange in the
cover-plate beams. A photograph of each type of crack is
included in Appendix E.

Except for the peeling cracks, the initiation and growth
of all beam cracks were similar to those in the Project 12-7
study (2) and will not be described. The peeling cracks
shown in Figure E-2 occurred only in a few cover-plate
A beams tested at very high maximum stresses; apparently,
the cracks resulted from the high shear in the fillet welds
near the end of the cover plates as a result of the rapid
buildup of force in the cover plate in that region. This type
of crack initiated in the weld metal at the end of the longi-
tudinal weld and propagated along this weld without enter-
ing either the flange or cover-plate material. Cover plates
in bridges are normally extended a sufficient distance be-
yond the theoretical cutoff point to develop the full force
in the cover plate without overstressing the fillet welds in
shear. Therefore, this type of cracking is not likely to occur
in bridges.

As discussed in Appendix E, fretting failures occurred at
the load points in the first set of welded beams that were
tested. Therefore, the test setup was modified by adding
paper shims, and a duplicate set of beams (A36 steel, set
121) was tested under the same stress conditions. This
duplicate set did not show any signs of fretting at the load
points but had approximately the same life as the set with
fretting failures. Only the results for the duplicate set are
included in the tabulated test results. There was no evi-
dence of fretting during any of the subsequent tests.

DISCUSSION OF RESULTS

The results of the fatigue and crack-growth tests are dis-
cussed as follows; details are given in Appendixes F and G.
The statistical concepts used are explained in Appendix D.

SN Curves

Past studies (2) showed that fatigue data for simulated
bridge members can be satisfactorily represented by a log
SN curve in which the log of the number of cycles to fail-
ure, N, is plotted against the log of the stress range. Con-
sequently, log SN curves were fit to the data for each of the
different details in the testing program, except that the few
available data for the cover-plate B beams were combined
with the data for the cover-plate C beams because there
was not a statistically significant difference between the two
sets of data. Specifically, the modal stress range, S,,, was
used as the stress parameter, and a different curve was de-
veloped for each different value of S,4/S,,, Or spectrum
width.

The SN curves are defined in log form by

log N =logA — Blog S, 3) .

and in the normal form by



12

NONDIMENSIONAL PROBABILITY DENSITY, p'.

’-

1.378 Xpms'
1.230 (X' meqn )
1.168 X megign’
1.000 (Xmodal !
0.6L
0.4
- (s,~ S
0.2F
0.00

NONDIMENSIONAL STRESS RANGE,x'

PROBABILITY DENSITY ,p, 1/ ksi

S, (modal)

2S
e (M g " Ttd

Srmy S,q 0.168S, 4 (median)

0.230S, 4 (mean)
0.378S,4( RMS"

~A

—ny

0607/5,,

rmin

4
Lol we ' /21x)

) /5,4

P:P /Seg

rmax

STRESS RANGE, S, , ksi

PROBABILITY DENSITY, p, 1/ ksi

it

0.50

.00

STRESS RANGE , ksi

Figure 10. Characteristics of Rayleigh probability curves.

CONVERSION FACTOR:

Iksi 26.895 MPo



A
N= SE 4)
As shown in Figure F-1, log 4 is the log-N-axis intercept
of the log SN curve and B is the reciprocal of the slope of
this curve (plotted conventionally).

Past studies (2) showed that the types of steel and mini-
mum stress have a secondary effect on constant-amplitude
fatigue results. Consequently, the results for both steels and
for ‘different minimum stress levels from —10 to +10 ksi
(69 MPa) were grouped together in developing best- fit
curves from Eq. 3. As discussed in Appendlx F, a study
showed that closeness of fit of the data represented by Eq. 3
could not be significantly improved by adding terms to
Eq. 3 to account for the effects of secondary variables,
and thus confirmed that it is reasonable to omit them. The
few available data for cover-plate A beams with Sy, =
40 ksi (276 MPa), however, were not included with the
other data for this detail because such a large Sy, value
was expected to have a significant effect. This expectation
was confirmed for the cover-plate A beams, as detailed in
Appendix F.

Best-fit log SN curves are shown in Figures 11 and 12 for
the cover-plate C beams and welded beams, respectlvely,
and represent the approximate lower and upper bounds,
respectively, for the fatigue strength of fabricated bridge
members. The SN curves for the other details and calcu-
lated values of the constants 4 and B are given in Appen-
dix F. Generally, the scatter bands for the different values
of S,4/S,, overlap. Therefore, to avoid clutter, individual
data points and confidence limits for various curves were
omitted. Furthermore, curves are shown within the range
of test data only. The SN curves are roughly parallel and
show that the life corresponding to a given S,,, decreases
as S,4/S,,, increases.

Semilog SN curves (log N vs. S,,,,) were also fit to each
set of data and showed that the log SN curves provide a
slightly closer fit of the data than the semilog SN curves
(see Appendix F).

Relationship Between Constant- and
Variable-Amplitude Results

There are many ways of relating variable- amplitude fa-
tigue data to constant-amplitude data; probably, the most
convenient way for bridge applications is the effective stress
range concept, which will permit the four separate lines in
Figures 11 and 12 to be approximated by a single line re-
lating the effective stress range, S, to the life, N. The
effective stress range for a variable-amplitude spectrum is
defined as the constant-amplitude stress range that would
result in the same fatigue life as the variable-amplitude
spectrum. Different methods of calculating S,, are dis-
cussed as follows and in more detail in Appendix F.

Effective Stress Range From Rayleigh Distribution

In the first method, which is based directly on the Ray-
leigh distribution described earlier, the effective stress range
is given by

Sre = Srm + C S'rd = Srm (1 + C Srd/srm) (5)

13

in which the best-fit value of the correlation factor, C, is
determined from available data. Thus, C defines a single
stress range that has the same effect on fatigue behavior as
the complete spectrum. If C = 0.378, §,, is the root mean
square of the stress ranges in the spectrum; if C=0.230,
S, is the mean of the stress ranges.
The variation of S,,/S,., with the dispersion ratio, S,4/
S,m, for these two values of C is shown in Figure 13. At
a dispersion ratio of 0, which corresponds to constant-
amplitude loading, S,, = S, for both definitions of S,,. As
the dispersion ratio increases—or, in other words, as the
width of the spectrum becomes greater—S,, becomes in-
creasingly larger than S,,. At S,/S,,= 1.0, the §,, cor-
responding to the RMS value is about 11 percent greater
than the value corresponding to the mean.

Values of C were determined for various groups of test
data by calculating the value of C that resulted in the best-
fit SN curve for each group. Although C varies significantly
for various cases (see Appendix F), the value of 0.378
(RMS) provides a reasonable approximation of C for prac-
tical purposes. The difference between this approximate
value of C and the true value for a particular case has only
a small effect on S,, and on the fatigue life.

Effective Stress Range by RMS

The root mean square (RMS) can be calculated for a
spectrum defined by a stress-range histogram by fitting a
Rayleigh probability-density curve to the histogram to get
S, and S,;, and then calculating S,, from Eq. 5 with
C = 0.378. Alternatively, S,.rys can be calculated directly
from the stress-range histogram by using the formula

Srerus = (304:5%)* (6)

in which S,; is the ith stress range in the spectrum and «;
is the fraction of stress ranges of that magnitude.

Figures 14 and 15 show the best-fit SN curves and ap-
proximate 95-percent confidence limits for a single future
test for the constant-amplitude tests of the cover-plate C
beams and welded beams. (As indicated in Appendix D,
these limits also approximate the 95-percent tolerance lim-
its for the data.) Data points for both the constant- and
variable-amplitude tests are also plotted; all variable-
amplitude data points are transformed according to Eq. 5
with € = 0.378. The best-fit line and confidence limits are
shown as solid and dashed lines, respectively, within the
range of constant-amplitude data and are extended as dash-
dot lines beyond this range. Similar curves for the other
details are shown in Appendix F. The variable-amplitude
data points generally fall within a scatter band bounded by
the 95-percent confidence limits for the constant-amplitude
data, which shows that the S,.pys satisfactorily relates
constant- and variable-amplitude data. Furthermore, a sta-
tistical analysis generally did not show a statistically signifi-
cant difference between the constant-amplitude data and
the transformed variable-amplitude data.

Effective Stress Range by Miner's Law

Miner’s Law has been widely used for many years to
show the cumulative effect on fatigue life of stress cycles
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of different magnitudes. Miner’s Law can be used, as dis-
cussed in Appendix F, to derive the following equation for
an effective stress range:

(7

where B is the reciprocal of the slope of the constant-
amplitude log-SN curve of the detail under consideration
and is about 3 for most structural details. Thus, Eq. 7 is
similar to Eq. 6, which defines S, .y, but the S,; term is
cubed rather than squared.

The variation of §,,/S,,, with S,4/8,,, for a spectrum de-
fined by a Rayleigh curve and for B = 3 is shown in
Figure 13. This curve is always slightly higher than the
curves for the other methods of calculating the effective
stress range discussed herein. Thus, S, ,yygg is somewhat
more conservative than S, g, but the maximum difference
between the two is only about 11 percent.

The S,uner for the variable-amplitude data was com-
pared with S, for the constant-amplitude data in the same
way as S,,rms Was compared with S, for the constant-
amplitude data. The corresponding curves are given in
Figures 16 and 17 for the cover-plate C beams and the
welded beams, respectively, and in Appendix F for the
other details. These figures show that the variable-amplitude
data points in general fall within a scatter band bounded by
the 95-percent confidence limits of the constant-amplitude

sre = (EaiSBri) /B

Figure 12. Modal stress range vs. fatigue life for welded beams.
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data. Furthermore, the differences between the constant-
and transformed variable-amplitude data in general were
not statistically significant. Therefore, it is concluded that
S,eviner  Satisfactorily relates variable- and constant-
amplitude data.

A comparison of the standard errors of the estimate of
the variable-amplitude data transformed by the two meth-
ods shows that the RMS method makes the transformed
variable-amplitude data fit the constant-amplitude SN curve
slightly better than the Miner method. Thus, the RMS
method is a slightly more accurate way of relating variable-
and constant-amplitude data than the Miner method.

Comparisons with AASHTO Specifications
and Project 12-7 Results

The results for all cover-plate beams from the present
study are compared with AASHTO allowable fatigue pro-
visions (I) in Figure 18. Specifically, the cover-plate beam
results—including details A, B, and C—are compared with
the allowable fatigue stress line for AASHTO Category E
(cover-plate ends) on the basis of S,.pus. The allowable
fatigue stress line was obtained by fitting a straight line
defined by Eq. 3 to the allowable stress ranges for three
categories of design life: 10,000, 500,000, and 2,000,000
cycles. This line closely approximates the lower limits
(95-percent tolerance limit) of previous constant-amplitude
test results on cover-plate end details (2).
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The scatter in Figure 18 is reasonable, considering the
fact that data for several different steels, minimum stresses,
and details are included in a single plot. Almost all of the
data points lie above the line; thus, the AASHTO allowable
stress line provides an approximate lower limit for the
variable- and constant-amplitude test results plotted on the
basis of the RMS effective stress range.

Figure 19 gives a similar comparison of the welded-beam
results with the AASHTO allowable fatigue-stress line for
Category B, longitudinal flange-web fillet welds. Again the
scatter is reasonable for this type of specimen, and almost
all of the data points lie above the allowable stress line.
Thus, the AASHTO allowable stress line provides an ap-
proximate lower limit for the variable- and constant-
amplitude test results plotted on the basis of the RMS
effective stress range.

Two details—cover-plate C beams and welded beams—
used in the present study are comparable to the details used
in NCHRP Project 12-7. Consequently, the present
constant-amplitude data for these two details were com-
pared with the corresponding Project 12-7 data (2). The
comparison showed that the differences are not practically
significant and, furthermore, would generally not be sta-
tistically significant.

The cover-plate B beams were also comparable to de-
tails in Project 12-7, but were not included in the analyti-
cal comparison because only six such beams were tested in

Figure 15. RMS effective stress range vs. fatigue life for welded beams.
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the present study. The results for these six beams, however,
appear to agree with the results from Project 12-7.

Long-Life Tests

The purpose of the long-life beam tests was to show
whether SN curves for bridge members extend to very low
stress range levels, such as occur in actual bridges, or, con-
versely, whether there is a fatigue limit or break in the SN
curves. Consequently, the results of tests on A514-steel
cover-plate C beams (set 21), conducted at S,,, =2 and
3 ksi (14 and 21 MPa) with S,,/S,,, = 1.0, are compared
with the SN curves from previous tests on such beams at
higher stress range levels, as shown in Figure 20. For the
tests conducted at S,,=2 and 3 ksi, S,gys=2.8 and
4.1 ksi (19 and 28 MPa) and S,;,= 10 and 15 ksi (69
and 103 MPa), respectively. The best-fit line for the tests
at §,,, = 10 ksi, or above, is shown as a solid line within
the range of test data; similarly, approximate 95-percent
confidence limits for a single future test (or approximate
95-percent tolerance limits) are shown as dashed lines
within the range of the test data., Extensions of the best-fit
line and confidence limits are shown as dash-dot lines.

The long-life data points for S,m = 3 ksi are slightly to
the right of the extension of the best-fit line, but are within
the extensions of the confidence limits. Thus, it appears
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that these data do not indicate a fatigue limit, or significant
break in the SN curve, but instead point out that the origi-
nal SN curve should be adjusted slightly to better fit the
wider range of data. Therefore, a new best-fit line was
developed for the combined data including the long-life re-
sults at S,,,— 3 ksi and the previous results. This line is
shown as a dash-dot-dot solid line in Figure 20.

One of the three long-life beams sustained about 104 mil-
lion cycles without visible cracks at the low-stress end of
the cover plate where S,,, = 2 ksi and S,nms = 2.8 ksi. The
other two beams failed at the low-stress end at lives of
about 60 million and 104 million cycles. Thus, it appears
that a fatigue limit, or break in the SN curve, occurs at an
S,rus Of about 3 ksi for this type of detail.

Crack-Growth Tests

As discussed in detail in Appendix G, the results of the
crack-growth tests of the A514-steel WOL specimens are
interpreted in terms of the stress intensity, K, at the crack
tip and the crack growth rate, da/dN, in which a is the
crack depth and N is the number of cycles (25). In
Figure 21, the log da/dN is plotted as a function of the
modal stress-intensity range, K,.,, for three values of K,/
K., (0, 0.5, and 1.0) corresponding to three spectrum
widths. These results are for a random sequence of loads.
The lines representing the three values of K,,/K,,, are ap-

Figure 17. Miner effective stress range vs. fatigue life for welded beams.
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proximately parallel and show that the crack-growth rate
for a given K,,, increases as the spectrum width measured
by K,4/ K, increases. This is consistent with the results
for the fatigue tests.

The curves of the three spectrum widths can be shifted
together by plotting K,y instead of K, as the stress-
intensity parameter, as shown in Figure 22. The line
through the data is defined by equations similar to those
for the SN curves. Specifically,

log (da/dN) =log A + Blog K,pus (8)
and
da/dN = AKB, s 9)

The values of log 4, A, and B depend on the material
properties and are equal to —9.11, 7.68 X 107, and 2.60,
respectively, for the data in Figure 22. Thus, the RMS
method for relating variable- and constant-amplitude data
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applies to crack-growth rate as well as to the total fatigue
life.

As explained in Appendix G, K, which is analogous
t0 S, in the fatigue tests, could not be held constant dur-
ing the crack-growth tests. However, test results showed
that large variations in K, have little effect on the crack-
growth rate. Test results for several different variable-

amplitude loading sequences showed that the loading se-

quence has little effect on the crack-growth rate. Although
crack-growth tests were performed only on AS514-steel
specimens, past work (25) suggests that the crack-growth
rates for A36-steel would not be greatly different.

Crack-Growth Data from Cover-Plate Beam Tests

As discussed in greater detail in Appendix G, the crack-
growth data from the beam tests could not be correlated
with the basic crack-growth data from the WOL specimens.
The crack-growth data from the beam tests, however, pro-
vide valuable information on the initiation and propagation
phase of fatigue life for such beams. Specifically, these
data were used to obtain the curves in Figure 23, which
show the crack initiation and propagation phases of the
fatigue life for AS514-steel cover-plate C beams. These
curves indicate that the crack initiation phase is an im-
portant part of the total fatigue life of this type of detail.

The ratio of crack length to crack depth, I/a, for semi-
elliptical cracks in beams is an important parameter in
crack propagation studies. Therefore, I/a was determined
for the cover-plate A and B beams. The results showed
that I/a was equal to approximately 4 for these beams.

Prediction of Beam Fatigue Lives From Basic Data

The fatigue life of a structural detail can be divided into
two phases: (1) initiation and (2) propagation, or growth
(26). Basic small specimen data are available for both the
initiation and propagation phases (25, 26). These data
were used in predicting the total fatigue lives of four sets
of cover-plate C beams. Several different approaches of
varying complexity were used in making these predictions
to illustratc thc unccrtainties involved. These approaches
are explained and compared with test data in Appendix G.
The results showed that more information on several as-
pects of crack initiation and propagation is needed to con-
sistently make accurate predictions of the fatigue life of
fabricated members from basic crack initiation and propa-
gation data.

Compression-Flange Cracking

A significant number of cracks occurred in the com-
pression flange of the welded beams and the cover-plate
C beams, which caused failure in a few beams, especially
in those in which a reversal of stress occurred, so that some
tensile stress was applied to the compression flange during
a part of the stress cycle. As discussed in Appendix G, this
compression-flange cracking was generally consistent with
the results of the Project 12-7 study, and did not signifi-
cantly affect the over-all results of the present program;
however, the reason for a few of the compression-flange
failures has not been convincingly explained.
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Superimposed Vibration Stresses

Field measurements of stresses in bridges show that vi-
bration stresses are superimposed on the major stress cycle
produced by the passage of a vehicle. For most types of
bridges, these vibration stress cycles have a much smaller
amplitude but a higher frequency, f, than the major stress
cycles. If the ratio of the frequency of the vibration cycles
to that of the major cycles is an odd integer and the two
types of cycles are in phase, the vibration cycles reinforce
the positive and negative peaks of the major stress cycles.
Thus, the over-all stress range, S,, is the sum of the stress
ranges for the two types of cycles. Both the amplitude
ratio, S,,/S,, and frequency ratio, f,/f, vary considerably
with the type of bridge and vehicle, but the value of 7
appears to be fairly representative for the frequency ratio
and the amplitude ratio is generally less than 0.2.

The effect of these vibrations on fatigue life can be esti-
mated by Miner's Law. This was done, as detailed in Ap-
pendix F, by assuming that the over-all stress range cycles,
S,, and the vibration cycles, S,,, have the same effect as if
they had been applied at different times rather than si-
multaneously. The results showed that the reductions in
fatigue life for a frequency ratio of 7 and amplitude ratios
of 0.1 and 0.2 were 1.0 and 10.2 percent, respectively..

A few tests of cover-plate specimens were conducted at
amplitude ratios of 0.1 and 0.2. These specimens had
slightly longer lives than similar specimens tested without
superimposed vibrations, but the differences were not sta-
tistically significant. Thus, the experimental and theoretical
studies both suggest that the effect of superimposed vibra-
tions of the magnitude usually encountered in bridges is
small.

Number and Sequence of Loads in the Spectrum

The main fatigue tests were controlled by a 500-cycle
tape in which the loads satisfy the desired continuous
Rayleigh distribution and are arranged in a random se-
quence. The 500-cycle tape was continuously cycled
throughout a test so that the same 500-cycle random
sequence was repeated many times; thus, the loading was
not truly random throughout the test. Four sets of 6 cover-
plate specimens were tested at various combinations of
number of load levels and sequence lengths to show the
effect of these parameters on fatigue life. There was very
little difference in the fatigue lives for the different sets,
which included sets tested with 100-cycle, 500-cycle, and
5,000-cycle tapes. Therefore, it is concluded that the 500-
load tape used in the main testing program adequately
represents a continuous Rayleigh distribution and a truly
random loading sequence. It appears that even a 100-cycle
tape would have been adequate.

The standard Rayleigh curve used in the main fatigue
testing program was also used to study the effects of the
number of load levels and sequence length on fatigue life.
This standard curve, as explained in Appendix C, was ob-
tained by truncating the asymptotic tail of the theoretical
Rayleigh distribution at a width of 3S,,. The effect of
different widths, or clipping ratios, on fatigue life was not
determined in the present study.
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CHAPTER THREE

APPLICATIONS OF FINDINGS

The findings of the present study provide a link between
the types of variable-amplitude random-sequence fatigue
loadings that actually occur on bridges and the constant-
amplitude fatigue data and allowable-stress values that are
commonly used in designing such bridges. Consequently,
the results should be useful to design engineers. specifica-
tion writers, and researchers, and could eventually lead to
AASHTO fatigue design methods based on more realistic
loadings. Specific ways in which the findings can be used
in design applications and in specifications are discussed as
follows.

DESIGN APPLICATIONS

The findings can be used by bridge designers to calculate
(1) the remaining life of existing bridges, especially old
bridges that were originally designed for lighter loads or
that contain undesirable design details, and (2) the design
life of new bridges that are frequently subjected to unusual
loading conditions.

Four steps are required in estimating the life of a bridge:
(1) develop a histogram (frequency-of-occurrence bar
graph) for the stress spectrum at each critical detail and
an estimate of the number of cycles per day, (2) calculate
the effective (constant-amplitude) stress range for the
spectrum, (3) develop a curve or equation of the allowable
constant-amplitude stress range vs. the numbers of cycles
for each critical detail, and (4) calculate the fatigue life for
each detail. In the following paragraphs, these steps are
discussed in detail and are illustrated by an example prob-
lem. In this example (shown in Figure 24), the remaining
life for an end detail of the hangers on a 10-year-old truss
bridge is calculated. The example was selected to illustrate
severe fatigue conditions not representative of the condi-
tions in most highway bridges.

The cyclic stress range, which corresponds to the passage
of a single truck, is the main parameter in the fatigue
analysis (stress cycles caused by cars can be neglected).
Consequently, the type of histogram (9) shown in Figure
24 is used; the height of each bar represents the percentage
of stress ranges within the interval defined by the width of
the bar. The most reliable method of obtaining such a
histogram for an existing bridge is to make field measure-
ments of the nominal stresses at critical details while the
bridge is under normal traffic. (Because the available fa-
tigue curves for various details are based on nominal
stresses, the measured stresses that are. related to these
curves should also be based on nominal stresses. Conse-
quently, the stresses should be measured far enough from a
critical detail to eliminate local stress concentrations.) Al-
though this method is expensive, it may be justified in a few
critical cases. A second way to obtain the needed stress-
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range histogram is to estimate it from measured or pre-
dicted data on truck traffic at the location of the bridge.
Field measurements have shown that the actual stresses due
to live loads plus impact in bridges are almost always well
below the corresponding design stresses because of various
conservative factors in the design procedures. Conse-
quently, realistic parameters based on past experience or
available field measurements on similar bridges must be
used to estimate the stress ranges corresponding to given
trucks. An empirical method of doing this for certain types
of bridges is given by Heins and Galambos (I4). A third
way to obtain the needed histogram is to estimate it di-
rectly from field data on similar bridges. If the histogram
is expected to change during the life of the bridge, separate
calculations must be made for the portion of the life
covered by each histogram.

To predict the remaining or total life of a bridge in years,
it is necessary to estimate the past and future traffic vol-
umes, including any expected growth in traffic, for the
bridge. Specifically, it is necessary to know the total num-
ber of daily occurrences of the stress ranges defined in the
histogram. Passage of a truck usually causes a single major
stress cycle; but in certain types of bridges, such as canti-
lever (suspended-span) girder bridges, such a passage has
been found to produce a large number of stress cycles as
a result of bridge vibrations. Consequently, the type of
bridge must be considered when estimating the number of
daily stress cycles from the expected traffic volume. In the
example, the number of daily stress cycles is estimated to
be 1,000 and is assumed to be constant throughout the life
of the brldge

The effective (constant-amplitude) stress range for the
stress spectrum defined by a histogram can be taken as the
root mean square of the stress ranges in the histogram and
can be calculated from Eq. 6. The effective stress range for
the example spectrum was calculated to be 4.38 ksi (30.2
MPa), as shown in Figure 24.

A curve or equation for the allowable constant- amplitude
stress range for a particular detail can be obtained from the
recently adopted AASHTO fatigue provisions (1) or from
available test data (2). To obtain the best (most prob-
able) estimate of the remaining life, a curve approximating
the mean values of experimental data should be used; to
obtain a conservative estimate, the lower 95-percent tol-
erance limit for the data should be used. The AASHTO
allowable stress curves and equations approximate the
lower limits (95-percent tolerance limit) of test results and,
therefore, can be used to obtain a conservative estimate of
the remaining life. To obtain a curve from the AASHTO
provisions for Category E, the allowable stress ranges for
three life categories (100,000, 500,000, and 2,000,000
cycles) are plotted and a straight line is drawn through
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Figure 24. Example of the estimation of the minimum remaining life.

these points, as shown in Figure 24. An equation for this
curve could be obtained in similar fashion.

A conservative estimate of the fatigue life for a particu-
lar detail can then be determined from the AASHTO al-
lowable constant-amplitude stress-range (or effective stress-

range) curve or equation for that detail; the value of N
corresponding to the calculated effective stress range for
the spectrum (4.38 ksi) is a conservative estimate of the
total number of cycles to failure (13.0 X 10%). The per-
centage of these cycles falling within any particular interval



of stress ranges is given by the histogram. The correspond-
ing expected minimum life in years can be calculated by
dividing the total number of cycles (13.0 X 10°) by the
estimated number of cycles per year (365 X 1,000). Thus,
in the example, the expected total life for the critical detail
is 35.6 years and the minimum remaining life is 25.6 years.
The term “minimum remaining life” if used to indicate that
the estmated life is based on the lower limits of the scatter
of fatigue data.

BRIDGE SPECIFICATIONS

Relationships between variable- and constant-amplitude
fatigue data, such as were developed in the present pro-
gram. are necessary to relate the large amount of available
constant-amplitude fatigue data on various details (2, 4, 27)
to actual variable-amplitude traffic loadings and, thereby,
develop realistic fatigue specifications for bridges. There
are, of course, many different ways of utilizing such rela-
tionships in improving bridge specfications. For example,
Miner’s Law was used to relate the specified number of
constant-amplitude truck loadings in the new AASHTO
fatigue specifications (1) to the corresponding average
daily truck traffic (28). Although the development of new
fatigue specifications for bridges is beyond the scope of the
present project, the work performed during this study and
work by others (28, 29) suggested a new approach that is
described as follows. The discussion is intended only to
illustrate the approach and not to give final recommenda-
tions for changes in any present specifications.

Lane Loading

The magnitude and position of the loads used in the
static (nonfatigue) design of a bridge, according to the
AASHTO specifications, are intended to represent the worst
possible conditions (with an appropriate factor of safety)
‘and do not occur frequently enough to affect the fatigue life
of a bridge. For example, in designing a continuous-span
bridge governed by lane loading, the loading is applied first
over only certain portions of the bridge to obtain the maxi-
mum possible positive moment and then over different por-
tions of the bridge to obtain the maximum negative mo-
ment. This type of loading, which results in large stress
ranges, would occur very rarely, if ever, and consequently
is overconservative for use in determining the fatigue life
of the bridge. Therefore, the magnitude and position of
loads used in estimating the fatigue life of a bridge member
should be different from that used for the static (non-
fatigue) design of that member.

Fatigue-Design Truck and Elimination of Lane Loading

The fatigue life of most bridge members is affected pri-
marily, if not exclusively, by passages of single trucks of
different weights (29). Although the weights of a few of
these trucks are above the 72-kip (320-kN) weight of the
AASHTO HS20 design truck, most are well below 72 Kips.
Consequently, the suggested new fatigue-design method
uses a fatigue-design truck of weight W, instead of the
usual HS20 (or similar) truck or lane loading. Wy is an
“average” weight chosen to represent actual traffic and,
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therefore, is well below 72 kips. Specifically, Wy is chosen
so that a given number of passages of this truck will cause
the same amount of fatigue damage as the same total num-
ber of passages of trucks of different weights in actual
traffic. This same truck is used for bridges designed for
static loadings less than H20, but the effect of the smaller
amount of traffic that would normally cross such bridges is
included later in the design method.

The fatigue-design truck is analogous to the effective
stress range for variable-amplitude stress-range spectrums -
and can be calculated from the distribution of traffic by
either the RMS or Miner method. The Miner method with
B = 3 is used in the suggested design method because it is
slightly more conservative than the RMS method. For con-
venience, the fatigue-design truck is related to the AASHTO
HS20-44 truck. Thus,

Wi = [Bo;W32) = Wpl3a; 2]} (10)

in which «; is the fraction of trucks with a weight W;, W
is the weight of the HS20-44 truck load, and ¢; equals
W,/ Wp. It has been reported (29) that the value of
Sa;é;2 from various loadometer surveys varies from 0.3 to
0.5. If the Federal Highway Administration 1970 nation-
wide loadometer survey is used to define the distribution of
truck traffic, Sa;¢;* equals 0.35 (28) and Wy equals
0.705 Wp. In the new fatigue-design method, it is sug-
gested that the first part of Eq. 10 be used to calculate Wy
if the expected distribution of traffic is known; otherwise,
W can be taken as about 0.7 Wy or 50 kips (222 kN).
Eq. 10 is theoretically applicable only when all of the stress
ranges caused by the distribution of traffic are above the
fatigue-limit stress range; the effects of stress ranges below
the fatigue limit will be incorporated later in the suggested
design procedure.

Elimination of lane loadings from the fatigue-design pro-
cedures would practically eliminate fatigue from considera-
tion for main members of relatively long-span bridges. The
steady flow of traffic on such bridges during peak hours
could be represented by an approximately constant lane
loading, because individual trucks cause only minor fluc-
tuations in stress. In urban areas, there are usually two
periods of peak traffic daily and, consequently, only two
cycles of lane loading daily. In 70 years, this would result
in only about 50,000 cycles of lane loading. Therefore, it
seems reasonable to eliminate lane loadings from considera-
tion in fatigue design. However, experimental data should
be obtained to support this conclusion. Lane-loading cri-
teria could easily be added to the new design method if such
data indicated that this is necessary.

Design Stress Range

The next step in the suggested fatigue-design method is
to calculate the design stress range caused at a detail by
the passage of a single fatigue-design truck across the bridge
in the lane under consideration. The effects of trucks in
other lanes and of additional trucks in the same lane are
minor and are discussed later. The truck is first placed in
the position that produces maximum tensile stress at the
detail and then in the position that produces the maximum
compressive stress as is done with present design pro-
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cedures. The stress range is the sum of these maximum
stresses—both being considered positive—times an impact
factor. In a simple-span bridge, of course, there is no
reversal of stress; consequently, the maximum compressive
stress is zero and the design stress range equals the maxi-
mum tensile stress caused by the truck.

The present AASHTO impact factor is used in the sug-
gested design method. The present AASHTO spacing and
weight distribution of truck wheels and axles (Article
1.2.12) are also used. It has been proposed (29) that a
single representative spacing of axles be used in fatigue
design rather than the present variable spacing. Although
this proposal is reasonable, it was not adopted in the sug-
gested fatigue-design method (1) because it would mean
that the maximum and minimum moment envelopes de-
veloped in the static design for truck loadings could not be
utilized in the fatlgue design, and (2) because the effect on
the fatigue desxgn would be relatively small.

Numerous field measurements (9, 10, 15) have shown
that the actual stresses that occur in the longitudinal beams
and stringets in bridges under traffic are much smaller than
the live-load (plus impact) stresses calculated by present
AASHTO methods. A large part, but probably not all, of
the difference results from the lateral-distribution factor
(8/5.5) specified by AASHTO for such beams and string-
ers. This factor is based on the worst possible loading con-
ditions (that is, trucks are placed simultaneously in the
worst positions in all lanes). Therefore, the factor is
appropriate for static design, but not for fatigue design.

Lower factors based on a truck on only one lane are used
in the suggested method to account for all of the différences
between the actual and calculated stresses, even though part
of these differences may be attributable to factors other
than lateral distribution. According to theorétical calcula-

tions based on Ref. (30) the proportion of a wheel load -

carried by an exterior beam when one truck is in the out-
side lane is usually greater than the proportion of a wheel
load carried by an interior beam when the truck is over
that beam. Therefore, it appears that a larger distribution
factor should be used for exterior beams than for interior
beams. Although an extensive study of distribution factors
was beyond the scope of the present investigation, a pre-
liminary investigation based on available experimental and
theoretical information (14, 29, 30) suggested that factors
of S/7 and S/10 would be appropriate for exterior and in-
terior beams, respectively. These factors apply when S < 14
ft (4.2 m); otherwise, the lateral distribution factor should
be calculated by simple span’ distribution of a single truck.
The factors of S/7 and S/10 are quite consérvativé com-
pared with the average factor of S/14.7 deterrhined from
field measurements on 10 bridges (29). This factor, which
gives the fraction of a wheel load (¥ of a truck load)
carried by a single beam, was determined in the following
way. The stress range, §;, produced in each beam by the
passage of a truck was measured. It was assumed that all
beams were similar, so that M, is proportional to S;. The
fraction of the total truck moment carried by each beam is
M;/SM, or S;/3S;. The fraction of the wheel-load moment
is twice this amount and is equal to the distribution factor,
§/o, mentioned earlier. The a for the critical beam (in-

terior or exterior) in each br1dge was used in calculating
the average value of 14.7 for the 10 bndges

The preliminary study suggested that other parameters—
such as the total number of longitudinal beams, or string-
ers, and the position of the beam under consideration—
might be more appropriate than S for defining the lateral
distribution when only one lane is loaded. These parame-
ters should be considered in future studies aimed at de-
veloping lateral-distribution factors specifically for fatigue
design.

Design SN Curve and Effect of Fatigue Limit

The next step in the suggested fatigile-design method re-
quires a comparison of the design stress range with
constant-amplitude SN curves corresponding to the pres-
ent AASHTO design categories. Such curves, mcludlng ap-
proximate fatigue limits, are given by Fisher (28). The
approximate fatigue limits correspond to the present
AASHTO (1) allowable stress ranges for over 2,000,000
cycles. The curves represent the approximate lower limits
(lower 95-percent tolerance limit) for available data and,
therefore, give the minimum number of cycles to failure.
The finite-life portion of the curves for all details, except
AASHTO Category F, is defined by

A

N= F5 (11)
in which N is the fatigue life, F,, is the stress range, and
4 is a constant that is different for each detail. Although
the curve for Category F has a different slope from the
other curves, the portion of this curve used in the sug-
gested design method can also be adequately approximated
by Eq. 11, so that a single equation can be used for all de-
tail categories. . Values of A for the various detail categories
are given in Table 4.

As mentioned earlier, the method used to calculate the
weight of the fatigue-design truck, and the corresponding
design stress range, theoretically is applicable only when all
stress ranges caused by the traffic are above the fatigue-limit
stress range. Those stress ranges in the variable-amplitude
spectrum that are below the fatigue limit do not cause
fatigue damage; consequently, in Eq. 10, the a;W,3 terms
corresponding to such stress ranges must be taken as zero.
The weight of the fatigue-design truck calculated in this
way is defined as W', and the corresponding stress range
is defined as F',,. The correct fatigue life, N’, for this
Variable-amplitude traffic is given by an equation similar
to Eq. 11, even when F',, is below the fatigue limit, since
the stress ranges below the fatigue limit were assumed to
cause no fatigue damage in the calculation of W'p and
F’',,. Thus, '

4
TFDE
All variable-amplitude cycles, even those below the fatigue
limit, are included in N, .

When any of the stress ranges in a spectrum is below the
fatigue limit, W'y is less than Wy, The ratio W5/ Wy de-
pends on the percentage of the stress-range distribution
curve (probability-density curve) that is below the constant-
amplitude fatigue limit and on the shape of the stress-range

(12)



TABLE 4
FATIGUE EQUATIONS AND CONSTANTS

N® = —=——
FJ
st
For F__/F__ 2 3: K=1
sr’ " srL
P F__/F < 3: K ’ 1 + 2
or B I c——— -
* - 4
sr’ srlL ) 2(F r/FsrL 1)
N” = estimated minimum number of loading cycles to failure.
Fsr = design stress range based on WF.

srl = maximum allowable stress range for infinite fatigue life.

A = constant listed below.

Category Ferr’ ksi Constant A
A 12 240x108
B 8 lOleO8
C (stiffeners) 6 37x108
C (other attach- 5 37x108
ments)
8
D 3.5 20x10
8
E 1.5 10x10

F 4 10x108
Conversion Factor .

1 ksi = 6.89 MPa

distribution curve. For example, when half of the stress-
range distribution curve corresponding to the 1970 load-
ometer survey is below the fatigue limit, as shown in
Figure 25, W's/ Wy —0.88. If all of the stress-range dis-
tribution curve is below the fatigue limit, W p/Wp=0.

Since fatigue life is inversely proportional to the stress
range (or weight of the design truck) cubed,

N’ We\?

v () o
in which N' is the life calculated by assuming that the stress
ranges below the fatigue limit cause no fatigue damage, and
N is the fatigue life calculated by assuming that all stress
ranges in the spectrum cause fatigue damage. Thus, in the
example -illustrated in Figure 25, the correct life, N’, in-
¢luding "all variable-amplitude cycles, is 1.46 times the life
that would be calculated by ignoring the fatigue limit.

The effect of the fatigue limit could be incorporated into
the design procedure in- either of two ways: (1) by using
W', in conjunction with constant-amplitude SN curves de-
fined by Eq. 12 and (2) by using Wy in conjunction with
constant-amplitude curves modified in line with Eq. 13. In
the former method, a different value of W'y would have to
be used for each differerit detail because the fatigue- limit,

.Fy,'is different for each. ‘Since this would be inconvenient,
the second method was chosen for use in the suggested
fatigue-design method.

“To implement this second method, N'/N is plotted as a
function of F,/Fy, in which F, is the design stress range
corresponding to Wy, and Fy is the constant-amplitude
fatigue limit. A ‘typical calculation for one point on such
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a curve is shown in Figure 25 (N'/N = 1.46 for F,/F, =
0.87). The curves shown in Figure 26 are for several dif-
ferent assumed distributions of traffic including Rayleigh
distributions with S,4/S,,, = 1.0 and 0.5 and-a distribution
corresponding to the 1970 loadometer survey. An empiri-
cal curve providing a conservative approximation of these
curves is also shown.

Modified SN curves for use in conjunction with Wy were
calculated by multiplying N from Eq. 11 by the correction
factor N’/N from the empirical equation in Figure 26.
These modified SN curves are plotted in Figure 27 for each
AASHTO detail category and are used in the suggested
fatigue-design method. The curves give the estimated mini-
mum number of cycles to failure for the design stress range,
F,, corresponding to Wy. A scale is given to show the
average daily truck traffic that would cause this number of
cycles in 50 years, if each passage caused one cycle. Equa-
tions for the SN curves are also given to facilitate computer
calculations. To be consistent with the results of the long-
life tests, F;, for cover-plate end details was taken as 3 ksi
(21 MPa) rather than the 5 ksi (34 MPa) proposed by
Fisher (28).

For the various distributions considered in Figure 27, all
stress ranges are below the fatigue limit when F,,/F .<0.5;
consequently, the fatigue life, N', is infinite when F/
F;<0.5. Therefore, no further check is required in the
suggested design method when the design stress range is
below this limiting value of F,,;, =0.5 F;. Also, in line
with'the present AASHTO fatigue specifications, no further
fatigue check is required if the stress at a detail due to
combined dead, live, and impact loading is always
compressive. ;

Design Life

In the suggested design method. if the design stress range
exceeds the limiting value, F,,, the estimated minimum life
of the detall in years must be calculated from the followmg
equation: :

N’
365TP
in which T is the average daily truck traffic and P is the
average number of loadmg cycles per truck passage

L=

Traffic Volume

For multiple-lane bridges, excluding two-lane bridges
with traffic in both’ directions, T is taken as the total daily
truck traffic in one direction. Actually; only a fraction of
the traffic in one direction passes in the lane under con-
sideration, and the rest pass in adjacent lanes. Because of
lateral distribution of load, the passages in adjacent lanes
cause stresses in the longitudinal members in the lane under
consideration, but these stresses are considerably less than
the stresses that would occur if the trucks had passed in the
lane under consideration. Opposing traffic in adjacent lanes
produces additional stress cycles, but usually of a relatively
small magnitude. For multiple-lane bridges, therefore, it is
conservative to take T as the total traffic in one direction.
Some trucks pass across the bridge close enough to interact;
the minor effects of such interactions are discussed later.

1In two-lane bridges with traffic in both directions, all of
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the traffic in one direction actually passes in the lane under
consideration. Traffic in the opposite direction causes ad-
ditional stress cycles of a smaller magnitude. Therefore, in
the suggested design method, it is conservatively assumed
that in such two-lane bridges, the total traffic in both direc-
tions passes in the lane under consideration.

In the preceding directions, it was assumed that all trucks
passing over the bridge are far enough apart, either in the
same lane or adjacent lanes, so that the peak stress caused

by one is not significantly increased by the effect of another.
For most truck passages this is true; but, for a few passages,
the trucks are close enough to cause peak stresses somewhat
larger than those that would occur if they were far apart
(29). However, the conservative nature of the assumption
that all traffic in one direction passes in the lane under
consideration, and of various assumptions made in the sug-
gested design method, is considered sufficient to account for
the minor effects of these interactions.

Load Spectrum (1970 Loadometer Survey) A

Conversion Factor

1 kip = 4.448 kN

aiWi
i Wi, kips i Tor wWr for W F
1 22.5 11.35 1,293 0
2 27.5 15.70 3,265 0
3 32.5 12.73 4,370 0
a 37.5 9.67 5,099 0
5 42.5 6.42 4,928 0
6 47.5 5.82 6,237 0
7 52.5 5.53 8,002 0
8 57.5 5.73 10,893 0
’ Wy, = 60
9 62.5 6.12 14,941 14,941
10 67.5 7.80 . 23,989 23,989
11 72.5 8.29 31,591 31,591
12 77.5 3.06 14,244 14,244
13 82.5 0.99 5,559 5,559
14 87.5 0.49 3,283 3,283
15 92.5 0.20 1,583 1,583
16 97.5 0.10 927 927
1.000 140,204 96,117 J
Wy = [ aiwi]l/3 = (140200)Y3 = 52.0 Kips W= 9611113 < 45 kips
“r_as.e 0.88 (T 3 YL
W T 5.0 O N T\RT 15.8 .
S - R
FL \ 60.0 *

Figure 25. Typical calculation of the éffect of fatigue limit on Wr and N.
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Stress Cycles per Truck Passage

The appropriate value of P to be used in Eq. 14 varies
with the type of bridge, location on the bridge, and type of
member under consideration. The passage of a truck across
a simple-span bridge causes a single loading cycle in- the
longitudinal members. The passage of a truck across a
continuous-span bridge theoretically causes several loading
cycles that alternate between positive and negative ampli-
tudes as the truck passes from one span to the next; also,
the amplitudes increase in magnitude as the truck ap-
proaches the location under consideration. When the truck
is more than one span away from the location under con-
sideration, the stresses are small. Therefore, at most loca-
tions in a continuous-span bridge, it is assumed that the
passage of a truck can be represented by a single cycle with
the stress range calculated from the maximum and mini-
mum live-load moments as discussed earlier. Therefore, P
is taken as 1 for all portions of simple-span bridges and
most portions of continuous-span bridges. At interior sup-
ports in continuous-span bridges, two approximately equal
stress cycles occur as the truck passes across the two spans
adjacent to the support. Therefore, P is assumed to equal
2 at locations within 10 percent of the span on either side
of an interior support.

The vibration characteristics of some types of bridges,
such as cantilever (suspended-span) girder bridges, cause
several major stress cycles in the main longitudinal mem-
bers for each passage of a truck. Experimental load trace
number 5 in Figure C-1 shows these stress cycles for a
cantilever suspended-span bridge composed of wide-flange
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beams. Consequently, P should be taken as some number
above 1, say 5, for longitudinal members in such bridges.

For transverse members and details subject to wheel or
axle loads, P must be taken as some effective value repre-
senting the average number of wheel or axle loads per truck.
passage. Since the heavier trucks contributing most of the
fatigue damage have several axles, a value of about 3 ap-
pears reasonable for P, With this value of P, the allowable
stress range for infinite life governs most practical designs
of transverse members. Probability-density curves of wheel
loads for normal traffic would be required to obtain a more
refined value of P for transverse members.

It is suggested that the life, L, calculated from Eq. 14,
be at least 50 years. It is also suggested that T be taken
as at least 2,500 for all Interstate highways and for other
major highways in urban areas; at least 1,000 for major
highways in rural areas; and at least 200 for secondary
roads, unless available traffic information indicates other-
wise. This classification of highways corresponds roughly to
the present AASHTO classification (Table 1.7.3A of the
1974 AASHTO Interim Specifications (/) ). The suggested
values of P, T, and L, of course, could be modified to pro-
vide any degree of safety desired by specification writers.

Incorporation into AASHTO Specifications

The foregoing approach could be incorporated into the
AASHTO specifications as follows:

Fatigue Design of Steel Bridges

Fatigue-Design Truck. In the fatigue design of a bridge,
the expected distribution of truck traffic shall be repre-
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sented by a fatigue-design truck that is the same as the
HS20-44 truck (Article 1.2.5), except that its gross weight,
Wr, shall be selected so that the number of cycles to
failure for the fatigue-design truck is the same as the total
number of cycles to failure for the different trucks in the
distribution. If specific information is available on the
expected distribution of truck traffic, Wy shall be de-
termined from the following equation:

W= [ZouWﬁ]%

in which a, is the fraction of trucks with a weight W..
If specific information is not available on the expected
distribution of truck traffic, W shall be equal to 50 kips
(220 kN).

Design Stress Range. To determine the design stress range
for a particular structural detail, a single fatigue-design
truck shall first be placed in the position that produces the
maximum tensile stress at the detail and then in the posi-
tion that produces the maximum compressive stress. The
design stress range is the sum of these maximum stresses,
both being considered positive, times the impact factor
from Article 1.2.12. The lateral-distribution factors and
procedures in Article 1.3.1(B) shall be used without
modification except that for interior and exterior longi-
tudinal stringers and beams supporting a concrete deck;
factors of S/10 and S/7, respectively, shall be used when
S does not exceed 14 feet. When S exceeds 14 feet, the
lateral distribution factor shall be calculated assuming
that the deck acts as a simple span between adjacent
beams and is loaded by a single truck.

Maximum Allowable Stress Range for Infinite Life. If the
design stress range does not exceed the value of F,,; listed
in Table 4 for the details described in Table 1.7.3C (this
table is given in the 1974 AASHTO Interim Specifica-
tions (1) and is not repeated herein), the fatigue life is
infinite and no further fatigue check is required. Also, if
a compressive dead-load stress greater than the maximum
tensile stress due to the fatigue-design truck plus impact
occurs at a detail, no further fatigne check is required.

Minimum Estimated Life. If a further check is required,
the minimum estimated life shall be calculated from:
NI
L= 365TP
in which L = estimated minimum life in years;
N’ = estimated minimum number of loading cy-
cles to failure from Figure 27 or Table 4;
T = average daily truck traffic (over 20 kips
(89 kN) gross weight) on the bridge in one
direction, except that for two-lane bridges
with traffic in two directions T shall be the
total traffic in both directions; and
P = average number of loading cycles per truck
passage for that member.

Unless different values can be shown to apply, P shall be
taken as 5 for main longitudinal members of cantilever
(suspended-span) bridges, 2 for the portion of main
longitudinal members within 0.1 of the span on both sides
of an interior support of continuous-span bridges, 1 for
all other portions of main longitudinal members of
continuous-span bridges and for all portions of main
longitudinal members of other bridges, and 3 for trans-
verse members and details subject to wheel or axle loads.
Unless traffic surveys, predictions of future traffic, or
other considerations indicate otherwise, the average daily
truck traffic on the bridge in one direction shall be taken
as not less than 2,500 for all Interstate highways and for
other major highways and streets in urban areas; 1,000
for major highways and streets in rural areas; and 200 for
secondary roads and streets. The estimated minimum life
for each structural detail in the bridge shall be not less
than 50 years.

Advantages of New Method

The main advantages of thc suggested new method can
be summarized as follows. First, the new method recog-
nizes that the magnitude and position of the loadings that
affect the fatigue life of a bridge are usually different from
those used in the static design of the bridge. Thus, the new
method fits well with the load-factor design method in
which the fatigue design is based on service loads that are
different from the overloads used in the static design of the
bridge. Second, the calculated design stress ranges approxi-
mate the actual stress ranges that affect the fatigue life of
a bridge and are usually less than 40 percent of the stress
ranges calculated by present AASHTO procedures. Third,
any specific information on the volume and weight distribu-
tion of truck traffic can be accurately reflected in the de-
sign. Fourth, for designs based on the maximum allowable
stress range for infinite life, only one allowable value is
given for each detail category. This stress range applies to
different types of members (transverse and longitudinal)
and bridges, including those seriously affected by vibration
stresses, and to all present and future volumes of traffic.
Fifth, for designs based on the estimated life, the degree of
safety for a detail is indicated directly by the estimated life;
if allowable fatigue stresses are given for different life cate-
gories, the degree of safety is obscured. Furthermore, the
effects of any future changes in traffic volumes on the
fatigue life in years can be immediately calculated. A
check of the safety of the bridge under service loads in this
manner follows the philosophy of load-factor design and
would fit neatly into the present format of the load-factor
specifications.

The new method might appear, at first glance, to involve
more work than the present method, because a separate
stress calculation must be made for the fatigue design.
However, this is the only way to realistically reflect the
true conditions affecting the fatigue life of the bridge.

- Furthermore, for simple-span members designed for truck

or wheel loadings, the design stress range can be obtained
from the static-design stresses by simply multiplying by the
factor W/ Wp,. For continuous members, the design stress
range can be calculated from the maximum and minimum
moment envelopes for truck loading by using this factor.
These calculations are similar to the check of truck-loading
stresses that is presently required by the footnote in
AASHTO Table 1.7.3A (1) for longitudinal members for
which lane loading is used in the static design.

For main interior members in bridges governed by
AASHTO truck-loading requirements, the design stress
range (stress range produced in the bridge by the design
truck) determined by the new design method is generally
38 percent (50/72 X 5.5/10) of the stress range based on
present AASHTO procedures. The allowable stress range
of the new method is also less than the allowable stress
range of the present method, but, as a rule, by a smaller
amount, so that the new method is in the long run more
liberal than the present method. This is illustrated in
Table 5 for various details and magnitudes of traffic.
Except for a daily truck traffic of 200, which applies only
to secondary roads, the relative design stress range is always
less than the relative allowable stress range. For bridge



designs governed by AASHTO lane-loading requirements,
the new method is even more liberal compared with the
present method.

A general comparison between the new method and pres-

ent procedures cannot be made for extcrior members be-

TABLE 5
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cause the lateral distribution to such members depends on
the specific geometry of the bridge according to present
procedures. Trial designs should be made to further assess
the effect of the new method on the design of different
delails in various types and spans of bridges.

COMPARISON OF PROPOSED NEW DESIGN METHOD WITH AASHTO METHOD

FOR LONGITUDINAL INTERIOR BEAMS

Present Method Proposed Method Comparison
) Allowable Allowable (2} Relative(3) Relative (4)
Detail Life Category(l), Stress Range, Life Category, Stress Range, Design Allowable
Category cycles ksi daily traffic ksi Stress Range Stress Range
Over
A 2,000,000 24 2500 14,0 0.38 (0.49) 0.58
500,000 36 1000 17.5 0.38 0.49
100,000 60 200 21.0 0.38 0.35
Qver
B 2,000,000 16 2500 9.5 0.38 (0.49) 0.59
500,000 27.5 1000 13.0 0.38 0.47
106,000 45 200 16.0 0.38 0.36
Over
c 2,000,000 12 2500 7.0 0.38 (0.49) 0.58
(Sstiffeners) 500,000 19 1000 8.0 0.38 0.42
100,000 32 200 11.5 0.38 0.36
Over
D 2,000,000 7 2500 4,6 0.38 (0.49) 0.66
500,000 16 1000 6.7 0.38 0.42
100,000 27 200 8.6 0.38 0.32
Over
E 2,000,000 5 2500 3.0 0.38 (0.49) 0.60
500,000 12.5 1000 4.8 0.38 0.38
100,000 21 200 6.6 0.38 0.31
Over
F 2,000,000 8 2500 4.6 0.38 (0.49) 0.58
500,000 12 1000 5.9 0.38 0.49
100,000 15 200 7.2 0.38 0.48

(1) Life categories given in Table 1.7.3A of the 1974 AASHTO Interim Specifications for main members

under truck loading.

(2) Rllowable stress range for a 50-year life from Figure 29. .

(3) Design stress range calculated by the new method divided by design stress range calculated by present
AASHTO methods. This factor equals the ratio of desién—truck weights divided by the ratio of lateral
distribution factors. (50/72) (5.5/10). The factor 0.49 shown in parenthesis is the factor that would
apply if the proposed lateral distribution of S/7 is adopted by AASHTO for the over 2,000,000 cycle

category (50/72)+(7/10).

(4

~

Allowable stress range by the new method divided by the allowable stress range by present AASHTO methods.

If this factor is larger than the relative design stress range, the new method is more liberal than

present AASHTO methods.

Conversion Factor

1 ksi = 6.89 MPa
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CHAPTER FOUR

CONCLUSIONS AND SUGGESTED RESEARCH

CONCLUSIONS

Variable-amplitude random-sequence stress spectrums,
such as occur in actual bridges, can be conveniently rep-
resented by a single constant-amplitude effective stress
range, S,., that would result in the same fatigue life as the
variable-amplitude spectrum. The effective stress range is
defined by

Sre = [Ea"iSBri]I/B

in which S,,; is the midwith of the ith interval in a histogram
defining the variable-amplitude spectrum and «,; is the frac-
tion of stress ranges within that interval. If B is taken as
2, §,, from this equation is equal to the root-mean-square
(RMS) stress range. If B is taken as the reciprocal of the
slope of the constant-amplitude SN curve for the particular
detail under consideration, which is 3 for most structural
details, the equation is equivalent to Miner’s Law. The
RMS and Miner values of S,, are only slightly different,
and both satisfactorily represent the variable-amplitude
spectrum. The RMS method provides a slightly better
agreement with the test data, but is less conservative than
the Miner method.

' The passage of a truck across a bridge usually produces
a single major stress cycle with superimposed vibration
stresses that are small enough to be neglected. In canti-
lever (suspended-span) girder bridges, however, the single
passage of a truck can cause many major stress cycles,
apparently as a result of the vibration characteristics of the
bridge. A family of Rayleigh probability-density curves, de-
fined by a single mathematical expression (see Fig. 10),
can be used to approximate the frequency of occurrence of
major stress cycles in most stress spectrums observed in
highway bridges. A particular curve from the family is
defined by two parameters: (1) the modal stress range,
S,m» Which corresponds to the peak of the curve; and (2) a
parameter S,;, which is a measure of the width of the curve,
or dispersion of data.

Stress range and type of detail are the major parameters
affecting the fatigue life of fabricated bridge members un-
der variable-amplitude loadings as well as under constant-
amplitude loadings. The effects of secondary parameters,
such as minimum stress and type of steel, on the fatigue
life under variable-amplitude loadings are similar to those
reported in NCHRP Project 12-7 for constant-amplitude
loading. A log-SN curve provides a slightly better fit of the
variable-amplitude test data than a semilog-SN curve. A
loading spectrum defined by a continuous Rayleigh prob-
ability-density curve and a random sequence of infinite
length can be satisfactorily represented by a 500-cycle block
of individual loads arranged in a random sequence that is
repeated throughout a test.

Small-specimen (WOL) variable-amplitude crack-growth
data can be conveniently related to constant-amplitude

crack-growth data by an RMS effective stress range analo-
gous to that used for the total fatigue life. Small-specimen
crack initiation and growth data can be useful in explaining
the fatigue behavior of fabricated bridge members; how-
ever, considerable uncertainty presently exists in predicting
the total fatigue life of a fabricated member from such data.

SUGGESTED RESEARCH

Further research suggested by the present study is dis-
cussed in the following paragraphs under two categories.
The first category covers research needed to improve pres-
ent fatigue specifications, and the second category covers
research aimed at obtaining a better understanding of the
fatigue behavior of structural members and the correlation
of this behavior with basic crack initiation and propagation
data.

Improvement of Fatigue Specifications

The discussion of fatigue specifications presented earlier

- suggests several areas where research is needed to improve

fatigue specifications for bridges. The fatigue limits need
to be determined with greater confidence for various struc-
tural details, especially the more sévere details. The fatigue
limits for some of these details, such as cover-plate ends,
probably depend significantly on the fabrication procedures.
For example, the fatigue behavior, especially at low-stress
ranges, of the cover-plate A beams in the present program
was significantly affected by the sequence in which the
cover plate, the flange plate, and the web were joined.
Apparently, this effect was caused by differences in the
residual stresses. Therefore, in determining the conserva-
tive fatigue limits for use in specifications, it is important
to use fabrication procedures that result in the lowest
fatigue limits,

As mentioned in the discussion of fatigue specifications,
research is needed to determine whether lane-loading cri-
teria are required for any type of bridge or span length.
This research would involve field measurements of the
stresses in members of such proportions that individual
trucks would cause insignificant or, at least, small stresses.
The objective would be to determine whether the variations
in stresses that occur during continuous normal traffic, and
the variations between peak and slack traffic during the day,
would be of sufficient magnitude and frequency to be of
concern.

Research would be desirable to better establish the rela-
tionship between gross truck weights and the correspond-
ing magnitudes and spacing of wheel loads with the objec-
tive of developing a more representative idealized truck for
use as the fatigue-design truck. The distribution of weight
to the wheels and the spacing of the wheels for this ideal-
ized truck may differ from those for the present AASHTO



static-design trucks. The simplest representation would be
a single concentrated load for designs based on truck load-
ing, a smaller concentrated load for designs based on axle
loads, and a still smaller concentrated load for designs based
on wheel loads. Ratios representing the average number of
wheel or axle loads per truck would be used in conjunction
with these concentrated loads in estimating the fatigue life
of the members in years.

Research on the effect of closely spaced trucks on the
distribution of stress ranges in bridges would be desirable
to determine whether this effect, referred to as headway
(29), should be included when calculating the fatigue-
design truck from a given distribution of traffic.

Some work has been done to establish realistic trans-
verse distribution factors for girder bridges and longitudinal
distribution factors for transverse members. Additional
work is needed to obtain final values for these factors and
for impact factors so that the stress range produced in the
bridge by the passage of a given truck can be accurately
calculated.

A considerable number of field measurements have been
made on girder bridges to obtain stress and load spectrums
caused by traffic. Additional field measurements are needed
on different types of bridges and members to identify the
types that are particularly susceptible to fatigue problems.
For example, field measurements have shown that the
passage of a truck over a cantilever (suspended-span)
girder bridge produces many major stress cycles instead of
only one major stress cycle as in most types of bridges.
Obviously, such bridges are much more susceptible to fa-
tigue problems than other types and may require special
treatment in specifications. It is possible that other types
of bridges or members that have not yet been identified are
also particularly susceptible to fatigue problems. There-
fore, field measurements on different types of bridges and
members are more important than the further accumulation
of data on one type, the girder bridge.

As discussed earlier, residual stresses caused by different
fabrication procedures appear to have a significant effect on
the fatigue behavior of fabricated members tested at low
stress levels. Information on the effect of residual stresses
would permit better correlations of crack initiation and
propagation data with fatigue results for fabricated mem-
bers. Also, this information would relate to design specifi-
cations because of the effects of residual stresses on the
fatigue limit and fatigue cracking in compression regions.

Pilot studies have indicated that fatigue cracks initiating
in regions of nominal compressive stress, as the result of
local tensile residual stresses, propagate only within this
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local region of tensile stress. However, as discussed earlier,
some beams tested at low stress levels in the present study
developed cracks in the compression flange that propagated
into the web and were the main cause of failure of the
beam. These results are not necessarily inconsistent with
previous results, but suggest that further studies of
compression-flange cracking are needed.

According to the present AASHTO specifications (1),
the full stress range is used in the design of members
subjected to any tensile stress, even if it is very small; but
fatigue need not even be considered if the tensile stress .is
0. For example, if the stress varies from 0.1 ksi (0.7 MPa)
in tension to 30 ksi (206.9 MPa) in compression, the full
stress range of 30.1 ksi (207.6 MPa) must be used in de-
sign; however, if the 0.1-ksi tensile stress is reduced to 0,
the design stress range is, in effect, 0. Furthermore, a
variation from 30 ksi in compression to 0.1 ksi in tension
is considered to have exactly the same effect as a variation
from 30 ksi in tension to 0.1 ksi in compression. Addi-
tional research on compression-flange cracking would show
whether this specification provision could be improved.

Fatigue Behavior of Bridge Members

Although a considerable amount of research has been
conducted on the fatigue behavior of bridge members,
several aspects merit further study.

To improve the correlation of crack initiation and.growth
data with beam results, the following additional informa-
tion is needed: (1) a better understanding of the behavior
for crack sizes below the crack-growth threshold, (2) more
precise stress concentration factors, and (3) a better under-
standing of the effect of residual stresses on crack initiation
and growth, Tests in which a single specimen is used to
obtain basic data on both crack initiation and propagation
would be especially useful in resolving inconsistencies be-
tween initiation and propagation data obtained from differ-
ent specimens. -

A limited amount of work on small specimens would be
desirable to evaluate the RMS and Miner methods for
probability-density curves other than the Rayleigh curves
used in the present study; curves with more than one peak
and curves that continuously increase to a maximum should
be included. Similarly, the application of the RMS and
Miner methods to spectrums that include stress ranges be-
low the presently assumed fatigue limit should be evaluated.
Small specimen tests on the effects of superimposed vibra-
tion stresses would be desirable to confirm the theoretical
conclusions presented herein.
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APPENDIX A
SPECIMENS AND BEAMS

Sketches showing nominal dimensions and photographs
of the specimens and beams are given in Figures 2 through
5.

MATERIALS

. All specimens and beams were fabricated from plates ob-
tained from Homestead Works of U.S. Steel Corporation.
Two different steels were used: ASTM A36 steel and
ASTM A514 Grade B steel. A sketch was made of each
plate to identify the location of each part cut from the plate,
and an identification number was assigned to the parts
(19). A ,

The results of mill tests of the chemical (ladle analysis)
and mechanical properties of the plates, together with the
results of a check analysis made at the Research Labora-
tory on the material used in the WOL specimens, are given
in Table A-1. All results satisfied ASTM specification
requirements.

To determine the mechanical properties more precisely,
a set of six or more specimens for each combination of
plate thickness and steel was tested in tension at the Re-
search Laboratory. Each specimen from a set was cut from
a different plate, except when fewer than six plates were
available for a particular thickness-steel combination. The
location from which the specimen was cut was shown on
the plate sketch. The longitudinal axis of each specimen
was in the direction of final rolling of the plate. All speci-
mens conformed to standard ASTM strap specimens and
were tested in accordance with standard ASTM procedures
(21). The loading rate in the elastic range was approxi-
mately 80 ksi/min (552 MPa/min). The static yield stress
was obtained for all the specimens by stopping the cross-
head movement while the strain was in the plastic region
before strain hardening. The crosshead was held fixed for
several minutes until stress and strain reached equilibtium.
This procedure results in cusps in the stress-strain curve,
with the bottom of the lowest cusp representing the static
yield stress. Three such cusps were obtaired during each
test. The full stress-strain curve was determined for one
specimen from each set. The results are summarized in
Table A-2 and in a previous report (19). Also given are
the results of separate tests made on the material used in
the WOL specimens. The scatter in the results, including
those for plates from different heats, as indicated by the
test data, was small.

The thickness of each plate was measured at two loca-
tions (recorded on the plate sketch) by the fabricator. The

average of all measurements on the plates of one nominal
thickness is given in Table A-3.

The surface condition of all plates was inspected visually
and found to be normal. On some plates, stamped die
marks were observed, and the location of these marks was
recorded on the plate sketch. During fabrication, the parts
were arranged so that these die marks occurred at non-
critical locations, such as in the compression flanges of the
beams.

FABRICATION

~ All beams and cover-plate specimens were fabricated by
Kutz Engineering, Inc.; Pittsburgh. Pa. The quality of
workmanship was comparable to that required by state
highway department specifications for steel bridges and was
similar to that reported for Project 12-7. U.S. Steel Cor-
poration personnel, including a welding engineer, con-
ducted inspections during fabrication.
As mentioned earlier; a sketch was made of each plate
received from the mill to record the location of any surface
defect or die mark, and the position of each component

. part was cut from the plate. The plates and parts were

marked with a crayon. The long direction of all fabricated
parts was oriented in the direction of final rolling. All
plates, specimens, and beams were fabricated and stored
indoors.

Beams

The beams were fabricated to the following specified
tolerances:

Description Tolerance, in. (mm)
Maximum sweep e ( 1.6)
Maximum camber 8 ( 3.2)
Over-all depth +Ye (x1.6)
Over-all width +s (x1.6)
Flanges out of square e max ( 1.6 max)
Web off center *+Ye (*1.6) .

+Yg, —0 (£1.6, —0)

These tolerances, which are more restrictive than required
in normal bridge fabrication, were specified to reduce align-
ment problems during testing. The toleranecs were not ex-
pected to affect the fatigue results. After fabrication, each
beam was checked for conformance.to these tolerances, and
an inspection record was maintained. Some of the beams
exceeded the specified tolerances, especially with respect to
flanges out of square, but were considered acceptable for
testing. No beam was straightened.

Fillet-weld size



TABLE A-1

MILL-TEST AND

CHECK-ANALYSIS RESULTS

Yield Tensile Elongation, )
Plate Heat Stress,* Strength, Reduction .3 Composition, %
Component Steel No, NO, ksi ksi Area, % 2 in, 8 in, C Mn P 'S St Cu Ni Cr Mo v B Ti
Web A36 1-29 74A918 46,2 69,7 28,0 0,22 0,84 0,010 0,024 0,045 0,02 5.02' 0,02
30-41 66A795 46,.8 68.1 25,0 0.23 0,72 0,010 0.025 0,028 0,02 0,02 0,01
Flange A36 1-29 71A954 45,1 73.4 22,0 0.22 1,01 0,011 0,024 0,026 0,04 0,02 0,04 0,01
30 66B035 46,0 68.1 26,0 0.22 o0.88 0,008 0,035 0,025 0,03 0,02 0,02 0,01
31-32 65B066 46,1 72,2 27.0 0.21 0.98 0,010 0,025 0,030
Cover A36 1-5  71A954 41,7 69,5 29,0 0.22 1,01 0,011 0,024 0,026 0,04 0,02 0,04 0,01
Plate 6-16 71B314 43,8 71,9 27,0 0,21 0,90 0,008 0,023 0,028 0,05 0.07 0,05 0.01
Web AS14 1-50 70A909 122 129 49,9 22,1 0,20 0.82 0,009 0,029 0,23 0.46 0.15 0,04 0.003 0.02
Flange AS14 1-46 70A909 120 128 48,6 23.3 0.20 0,82 0,009 0,029 0,23 0.46 0.15 0,04 0,003 0.02
and 47-50 70B059 116 124 48.0 32,0 0.20 0.83 0,010 _0.021 0.26 0,03 0,04 0,58 0,20 0,05 0,002 0.02
Specimen 51-54 70A909 122 130 45,0 28,0 0.20 0.82 0,009 0,029 Q.23 0.46 0,15 0.04 0,003 0.02
Cover AS514 1-10 70A909 117 124 49,0 20.0 0,20 0.82 0.009 0.029 0,23 0.46 0,15 0,04 0.003 0.02
Plate 11-32 73B132 112 121 57.5 32.0 0.20 0,82 0,009 0,029 0.23 0.46 0,15 0,04 0,003 0,02
Research Laboratory Check Analysis
WoL
Specimen 0.21 0.91 0,009 0.023 0.26 - - 0.56 0.19 0,048 0.017

* Denotes yield point for A36 steel and yield

Conversion Factors
1 ksi = 6,89 MPa
l in, = 0.025 m

strength (0.,2% offset) for A514 steel.

14°



TABLE A-2

MECHANICAL PROPERTIES
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the flanges. Tack welds between the cover plate and flange
were usually confined to the center third of the cover plate.
The flanges and web were then assembled in a jig and tack
welded by using properly dried E7018 electrodes, as shown
in Figure A-3. Tack-weld locations were marked on the
web. For the cover-plate C beams, a manual Y4-in. (6.4-
mm) fillet weld was later placed across the cover-plate
ends, around the corners, and feathered into the existing
longitudinal edge welds. Cover-plate B beams were fabri-
cated in the same way as the A beams except that the cover
plate was welded to the flange plate after it had been welded
to the web. The remaining cover-plate C beams were fabri-
cated similarly to the cover-plate B beams except that the
ends of the cover plates were also welded across each end.

Static
Yield. Yield Tensile Reduction Elongation, %
Stress,* Stress, Strength, of In In
ksi ksi ksi Area, % 2 in. 8 in.
std std std Std std Std
Component Steel Mean Dev Mean Dev Mean Dev Mean Dev Mean Dev Mean Dev
Web A36 42,3 0.6 41.5 0.7 69.1 1,2 61.9 1.7 45.5 2.9 25.8 1.8
Flange A36 42,2 0.5 41,1 1.2 70.5 1.8 65.1 1.5 47,0 2.9 26,1 1.3
Cover A36 38.5 2.6 35.6 1.3 71.4 1.8 60.0 7.8 45,6 4.0 24.5 3.4
Plate
Web A514 121.9 3.6 120.,1 1.9 126,3 3.5 49,2 4.5 22,3 0.5 - -
Flange A514 119.6 2.0 115.1 2.4 128.2 1.6 47,8 2.8 24.8 1.2 - -
and
Specimen
Cover A514 112.7 3.9 110.2 6.3 122.4 2.9 55,7 5.1 30,0 2.1 - -
Plate
WOL A514 129 - - - 136 - 64 - l6* - - . -
Specimens e
* Denotes vyield point for A36 steel and yield strength (0.2% offset) for A514 steel.
** Elongation in 1 inch.
Conversion Factors
1 ksi = 6.89 MPa
1 in, = 0,0254 m
Assembly TABLE A-3
The flanges, webs, and cover plates were oxygen cut from PLATE THICKNESS MEASUREMENTS
thg plates to a tolera.mce‘ of =¥%¢ in. (1.6 r.nm) and a surface Thickness. In. -
finish of ‘1,000 microinches (arithmetic average—1,000 Component  Steel Nominal  Mean  Std Dev  Measurements
microinches are equivalent to 0.025 mm) (31) or bc'atter; Web A6 0.281  0.286  0.0005 60
both edges were cut simultaneously, as shown in Figure elaned a6 o375
A-1, to reduce distortions. The edges of the web plates ange : 0.377  0.0006 &4
were then blast cleaned, and the center of the flange plates Cover Plate  A36 0.563  0.567  0.0007 12
was cleaned by grinding in the longitudinal direction of the Web A514 0.281  0.293  0.0008 100
plate, as shown in Figure A-2. The flange plates for cover- Flange As1a 0.375  0.383  0.0007 100
plate beams and the edges of the cover plates were wire )
" brushed along the axis of the cover-plate fillet welds before Specimen AsM 0.375  0.381  0.0025 8
welding. Cover Plate  A514 0.563  0.577  0.0009 20
In fabricating the cover-plate A beams, and some of the Conversion Factor
cover-plate C beams, the cover plates were first welded to 1in, = 0.0254 m

The beams without cover plates were assembled in the same
jig as was used for the cover-plate beams, and in the same
way.

Welding

The welders and welding operators were qualified in ac-
cordance with the AWS bridge specifications (20); the
welding procedures also conformed to this specification.
All welds, with the exception of the cross welds mentioned
earlier, were placed by the automatic submerged-arc proc-
ess. The size tolerance for the %¢- and Y4-in. (4.8- and
6.4-mm) fillet welds was +%¢ and —0 in. (1.6 and —0 mm).
Any visually apparent defects were gouged out and repaired
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by welding. The location of the repairs was marked on the
web.

The two welds connecting one flange with the web plate
were placed simultaneously; however, to avoid interference
of the two opposite arcs, one welding head preceded the
opposite head by up to 6 in. (150 mm) (see Fig. A-4),
The two welds connecting the cover plates with the flange
plates were placed simultaneously in the same direction,
with no gap between opposite heads. The ends of these
welds were not touched up. The cross welds for cover-
plate C beams were made by Research Laboratory welders
using the shielded-metal-arc process with E7018 electrodes,

The A36-steel beams were welded with the AWS F71-
EL12 wire-flux combination (Lincoln L-60 34-in.-diameter
(2-mm) wire and L-780 flux). The A514-steel beams were
welded with the AWS F72-EM 12K wire-flux combination

Figure A-1, Oxygen cutting.

Figure A-3. Tack welding.

(Lincoln L-61 %4-in.-diameter wire and L-780 flux). All
#e-in. (4.8-mm) submerged-arc fillet welds were placed at
23 in. (584 mm)/min, and all ¥4-in, (6.4-mm) submerged-
arc fillet welds at 16 in, (406 mm)/ min. The electric cur-
rent and potential were 350 amp and 30 V, respectively.
No preheat was used, The tack welds were made with
Y8-in, (3.2-mm) ASTM E7018 electrodes. All electrodes
and fluxes were stored in accordance with the AWS specifi-
cation (20), immediately upon removal from hermetically
sealed containers.

The quality of the flange-web welds for the A514-steel
beams was checked by fabricating 10 polished weld sections
from one beam without cover plates. A typical section is
shown in Figure A-5a. A slightly larger heat-affected zone
is apparent for the left fillet weld, because this weld was

Figure A-4. Submerged-arc welding.



produced by the trailing welding head and the material was
slightly preheated by the leading (right) weld. Specimen 9,
shown in Figure A-5b, was the only section in which a
below-snrface crack was observed. The quality of the welds
was rated by welding engineers as comparable to the quality
of welds normally found in bridge structures.

Cover-Plate Specimens

The cover plate was clamped to the flange plate after
both were oxygen cut. Submerged-arc welds were placed
one at a time and in opposite directions. No tack welds
were used. The end of each weld was touched up manually
by shielded-metal-arc welding with E7018 electrodes to fill'
the end craters. The welding procedures for the cover-
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proximately %2 in. (12.7 mm) beyond the straightened
region.

Figure A-7 shows the straightening fixture, The hand-
operated hydraulic jack has a capacity of 50 T (445 kN).
The supports ot the fixture were spaced 3%2 in. A force of
approximately 30 to 40 T (267 to 356 kN) was required
to straighten the specimens, depending on the initial cam-
ber. A record was kept of the initial and final camber of
each specimen.

COVER PLATE END DETAILS

Since the cover-plate end details control the fatigue
strength, these details are described, as follows, for the
cover-plate A beams and for the cover-plate specimens.

Figure A-5. Fillet-weld sections: (a) typical weld section, X3; (b) weld section with crack, X3

plate specimens were the same as for the A514-steel beams.
The reduced width of the specimen was then machined
to a tolerance of =0.002 in. (0.0508 mm), as shown in
Figure A-6, and polished to an edge-surface finish of 16
(31) or better. The tolerances on all other dimensions
were =% in. (1.6 mm).

Even though the spetimens were clamped during weld-
ing, the shrinkage of the welds caused a slight curvature
of the specimen (concave on the cover-plate side) in the
region of the cover plate; the end portions beyond the cover
plate, however, remained straight. The resulting camber
was measured over the specimen length of 24 in. (610 mm)
along both sides of the specimen and was recorded for each
specimen. In general, the camber was about ' in. (3.2
mm), but was % in. (4.8 mm) in some specimens. Since
such a camber would cause undesirable bending stresses in
the axial-load fatigue tests, when the camber exceeded %44 in,
(0.4 mm), the specimen was straightened to within 64 in.
To minimize the effects of straightening on fatigue be-
havior, the specimens were straightened only within the
center 32 in. (88.9 mm) of the cover plate. Thus, the
ends of the welds, where fatigue failures occur, were ap-

Cover-Plate A Beams

For the cover-plate end beams, the start and the end of
the fillet welds connecting the cover plate to the flange plate
are shown in Figure A-8, The start of the welds (Fig.
A-8a) had a more consistent geometry than the end of the
welds (Fig. A-8b); in other words, there was more varia-
tion in the geometry at the weld ends. The fillet-weld ex-
tension beyond the end of the cover plate was approxi-
mately ¥4 in. (6.4 mm) at the start and up to % in.
(13 mm) at the end of the weld.

Visual inspection of the end details and inspection by the
magnaflux method did not reveal any cracks near the end
of the fillet weld.

Cover-Plate Specimens

For cover-plate specimens, Figure A-9 shows close-up
top views of a specimen with the fillet welds connecting the
flange plate to the cover plate, The lower-left and the
upper-right end details of Figure A-9a represent the start
of the fillet welds, and the upper-left and lower-right end
details represent the end of the fillet welds. Figure A-9b
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Figure A-6. Machining of specimens.
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Conversion Factors:
1 kip = 4.45 kN
1 in, = 25,4 mm

Fixture

Figure A-7. Straightening setup for cover-plate specimen.

shows the rear weld of the specimen. The craters at the
end of all fillet welds were filled by using the shielded-
metal-arc process and E7018 electrodes to avoid undercuts
or end defects.

Visual and magnaflux inspections revealed no cracks near
the weld ends. To further check for cracks, one sample
specimen was sectioned, as shown in Figure A-10a. Sec-

a) Start of fillet weld.

b) End of fillet weld.

Figure A-8. Start and end of fillet welds connecting cover
plate to flange plate.

tions 3 and 4 were macroetched (see Figs. A-10b and
A-10c), and when these sections were observed at a mag-
nification of X500 no cracks were visible. It is apparent
that cracks did not occur along the toe of the fillet-weld
ends or starts, since such cracks would be perpendicular to
the cut section and would therefore be visible in the cut
section.
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weld. X3.
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APPENDIX B
TEST PROCEDURES AND SETUP

BEAM-TEST SETUP

All beams, with the exception of the beams tested in the
second phase of the long-life tests, were tested on a 10-ft
(3.05-m) span. The critical cross section for the cover-
plate beams (as shown in Fig. 6) was at the high-stress end
(location H) of the cover plate, and the nominal stress in
this location was used as the main test parameter. Spe-
cifically, this nominal stress was the bending stress, exclud-
ing stress concentrations, on the outer fibers of the flange
of the beam without a cover plate. For the cover-plate
A beams, the weld geometry was more severe and con-
sistent at the end of the cover plate, where the welds were
started, than at the opposite end. Therefore, the end of the
cover-plate with the starting weld was placed at the high-
stress location in the test frame. The load was placed away
from midspan to reduce the chance of failure at the wrong
end of the cover plate and to permit acquisition of addi-
tional data (if desirable) by retesting the low-stress ends of
beams (21).

A spreader beam was used to provide a region of con-
stant bending stress in the welded beams without cover
plates (see Fig. 7). Thus, these beams were tested over the
center region rather than at a single critical cross section,
as in the cover-plate beam tests. The nominal bending
stress on the outer fibers of the beam in this region was the
main test parameter. The nominal bending stress in the
flange-web fillet welds was about 5 percent less.

Three alternative methods of controlling the loading dur-
ing a test were considered: (1) load control, (2) deflection
control, and (3) strain control. Any of these control pa-
rameters can be related to the main test parameter—nomi-
nal stress—Dby static calibration or other means. Load con-
trol, utilizing commercial load cells, was chosen because
(1) load cells have excellent reliability and long-term sta-

bility, (2) the researchers had considerable experience and

familiarity with load-control methods, and (3) load control
more realistically approximates the effects of truck passages
after a beam or girder has cracked. In the deflection-control
method, on the other hand, the deflection amplitude would
remain constant throughout the test, but the corresponding
loads would change as the cracks progressed. Similar
changes in load would occur in a strain-control test. The
possibility of long-term drift for strain gages applied to the
beam was another important disadvantage of the strain-
control method.

Three beams were tested simultaneously, but each was
controlled individually. Usually, all three beams in a set
were tested to failure before tests were started on any of
the beams from the next set. Photographs of the cover-
plate beam-test setup are shown in Figures B-1 and B-2.

Test Frame

Figure B-3 shows a schematic of the beam-test frame. The
figure specifically shows the setup for cover-plate beams;
the setup for welded beams is similar, but spreader beams
are used to distribute the jack loads. The beams are gripped
at load and reaction points to permit reversals of loads.
The loading was upwards except during load reversals. The
upward-loading feature of the setup facilitated crack in-
spections of the tension flange and installation of the beams
by an overhead crane. Rubber pads were inserted between
the bottom of the beam and the top of the frame at reaction
points to facilitate bolt tightening and reduce chatter due to
elastic elongation of the bolts. Rollers were provided at load
and reaction points to eliminate end-fixity moments and
catenary forces; tests showed that these moments and forces
were negligible (22). A bearing plate, 6 in. (152 mm) wide
(in longitudinal direction of beam), was placed between
each roller and the beam. Lateral supports were provided
at load (at jack location when spreader beams are used)
and reaction points to assist in aligning the specimen and
to prevent lateral buckling at high loads.

.

Loading System

Cyclic loads were applied simultaneously to the three test
beams by the closed-loop eletcrohydraulic test system dia-
grammed in Figure B-4. In the system, a tape correspond-
ing to the desired S,,/S,,, was continuously cycled through
a single digital programmer that fed a command signal to
three command modules, one for each beam. This com-
mand signal, which was usually a cyclic signal correspond-
ing to a desired cyclic loading, could be modified in each
module by reducing the magnitude of the cyclic signal
(span control) and/or by adding a constant signal (set-
point control) corresponding to a static load. Thus, a dif-
ferent cyclic-load amplitude and a different superimposed
minimum (static) load could be applied to each of the three
beams being tested simultaneously to account for small dif-
ferences in the section properties of the three beams or to
test at different values of S,,, and S, for each beam.

An electronic summing junction compared the command
signal from each command module with a feedback signal
from its corresponding load cell attached to each hydraulic’
jack. The difference (error signal) between the two sig-
nals was amplified by a gain (sensitivity) control and fed
to a servo valve controlling the double-acting jack for that
beam. The servo valve opened in proportion to the mag-
nitude (voltage) of the error signal. Oil flowed from a
single hydraulic pump through the servo valve into the jack
and thereby caused the jack to apply the programmed load.
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Figure B-1. Beam-test setup.

The feedback signal from the load cell was also displayed
on various readout devices to provide a precise check on
the applied load for each of the three beams.

A cycle counter in each command module recorded the
number of cycles applied to each particular beam. Several
automatic electronic-control devices were included in the
system to assure that the correct loads were applied and to
prevent damage due to malfunctions. Most important of
these was a peak-load control that automatically delayed
the programmer signal, when one beam reached its pro-
grammed peak load slightly before the others, as a result
of differences in stiffness among the three beams. When all
three beams had reached their peak loads, the programmer
signal started again and the test continued. This peak-load
control permited the system to take whatever time was re-
quired to reach the programmed peak loads for each cycle,
regardless of the programmed testing speed, and assured
that all three beams reached their programmed loads.

During cyclic loading the system operated at the maxi-
mum speed permitted by its hydraulic characteristics, which
was usually less than the programmed speed (21). With
three beams being tested simultaneously, the rate of load-
ing was generally controlled by the maximum oil flow pro-
vided by the pump and, consequently, equaled a constant
value that was independent of the stress amplitude unless
this amplitude exceeded about 75 ksi (517 MPa). The
maximum amplitudes for most stress cycles in the testing
program were below this value. Therefore, the total time
for each cycle was approximately proportional to the maxi-
mum amplitude for that cycle. If the amplitude increased
above 75 ksi, the loading rate decreased rapidly and the
total time for the cycle was correspondingly greater.

Because of these hydraulic characteristics, the average
testing speed for a 500-cycle loading block varied with the
stress spectrum and number of beams being tested simul-
taneously, and ranged from about 1 to 8.5 Hz. The time
for each cycle within a variable-amplitude spectrum was
roughly proportional to the maximum amplitude for that
cycle, although cycles with very high amplitudes required
even more time. The testing speed was generally higher
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Figure B-2. Individual beam-test setup.

when only one or two beams were being tested than it was
when all three beams were being tested simultaneously.
The stress cycles were roughly sinusoidal in shape (217).

The various components of the system are described in
more detail in Ref. (217).

BEAM-TEST PROCEDURES
Preparation of Specimens

Each beam was first inspected visually, and the flange to
be loaded in tension was selected. The better of the two
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flanges, with respect to edge roughness and quality of web-
flange welds in the vicinity of the cover-plate ends, was used
in tension. Two Y-in. (12-mm), electrical-resistance,
temperature-compensated strain gages were attached to this
flange to facilitate alignment and calibration. These strain
gages were located 34 in. (19 mm) from each flange edge
and 31 in. (787 mm) from the maximum reaction of the
cover-plate beams (5 in. (127 mm) from the end of the
cover plate). For the welded beams, the gages were located
at midspan.

Reference lines indicating the locations of the loads and
reactions were marked on the edge of each flange to facili-
tate installation of the beam in the frame. The tension
flange was spray painted in the vicinity of anticipated cracks
to highlight these cracks. For beams with cover plates, a
mylar microscale was attached across the tension flange
near the end of the fillet welds to facilitate crack-length
measurements. The scale had 0.005-in. (0.127-mm) incre-
ments and was attached to the beam with double-sided
pressure-sensitive tape. The dimensions of the beams were
measured at the cross section of the beam near the gages.
These measurements were used in a computer program to
calculate the section properties of the beams and the pre-
liminary load-control settings to be used during alignment,
Wood blocks were forced between the flanges at the loca-
tions of reactions if the measurements indicated that the
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tension flange was fnore than %e-in. (1.6-mm) out of
square. This blocking squared the beam cross section and
thereby simplified alignment.

Installation and Alignment

The beams were accurately positioned in the test frame,
and the tie-down rods and lateral braces at the reaction
points (but not at the load points) were installed. Rubber
pads were placed under the beams at the reaction points,
The reaction tie-down nuts were tightened ¥ to Y2 turn
beyond the hand-tight position. Reference lines marked on
the beam assured accurate longitudinal positioning of the
beam with respect to the reactions and loads. Lateral braces
assured accurate lateral positioning. The strain gages were
read before and after the reaction tie-downs and braces
were installed to assure that installation of tie-downs did not
induce significant stresses in the beam. If the average of
the two gages exceeded 30 microstrain or the difference was
greater than 10 microstrain, the tie-down nuts were re-
adjusted to meet these requirements.

After the beams were installed, the precalibration pro-
cedure detailed in Ref. (21) was followed. As part of this
procedure, the beam was loaded to its calculated maximum
load and the alignment of the beam was checked by com-
paring the readings of the two strain gages. If these two
readings and the stress ranges for the two gages were within

ding system schematic.

Loa

Figure B-4.



10 percent of each other, the alignment was considered
satisfactory; otherwise, the beam was unloaded and ad-
justed until this criterion was met. Thus, the stress range
throughout the flange was within 5 percent of the average
stress range.

Static Calibration

After the beam was properly aligned, the static calibra-
tion, also detailed in Ref. (21), was made to determine the
loads and command settings (set point and span) corre-
sponding to the desired maximum and minimum stresses
for the fatigue tests. During the calibration, the set-point
control was varied until the observed strain (average of the
two gages) corresponded to the desired minimum stress.
The corresponding load-cell reading was measured precisely
with the amplitude-measurement module of the testing sys-
tem. A modulus of elasticity of 29 X 10 ksi (200 GPa)
was used to relate strain to stress. The span control was
then used in a similar manner to determine the load cor-
responding to the desired maximum stress. By using this
- static calibration method, inaccuracies in calculating sec-
tional properties and in establishing the effective span were
eliminated, but the accuracy of the experimental stresses
depended on the accuracy of the assumed value of the
modulus of elasticity.

Residual stresses due to welding and flame cutting caused
a nonlinear relation between the load and the measured
strain (or stress) during the first cycle of loading, and a
residual strain in the gages was caused after unloading. If
the gages are rezeroed after unloading, the relation between
load and measured strain is linear on all subsequent cycles
in which the original load is not exceeded. The precalibra-
tion procedure discussed earlier served to preload the beam
and eliminate the nonlinear effect of the residual stresses on
the static calibration; the gages were rezeroed after the
beam was unloaded. Thus, the applied stress was the main
test parameter. Residual stresses present at any point on
the cross section after the precalibration were superimposed
on the applied stresses, but these did not change the stress
range imposed at that point.

The stress caused in the beam by a given cyclic loading
is larger than the stress caused by a static load of the same
magnitude by an amount that depends on the ratio of the
frequency of the cyclic loading to the natural frequency of
the beam. However, for the constant-amplitude tests in the
present program, this ratio was less than Yo, and the cor-
responding difference in stress theoretically was less than
1 percent. For the variable-amplitude tests, in which the
frequency varies, a theoretical analysis of the dynamic ef-
fect is very complex, but the average frequency can prob-
ably be used to approximate the true effect. Thus, the
dynamic effect was theoretically very small for all test con-
ditions in the present program. Furthermore, dynamic
strain-gage readings taken at the beginning of each fatigue
test showed. that the dynamic effect was negligible (22).
Therefore, static calibration was satisfactory for the present
program.

Fatigue Tests

The beams were tested in sets of three. The set-point and
span-control settings determined in the static calibration
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were used in the fatigue tests. The amplitude-measurement
module was used to monitor the load cell throughout the
tests to assure that the correct loading was maintained.
Since the system is equipped with the peak-load control,
only minor adjustments of the gain setting were necessary
to assure that the desired load peaks (and valleys) were
obtained throughout the- test. Adjustments were made only
if measured loads differed from the desired loads by an
amount exceeding 1 percent of the testing-system load
range. The load on each beam was observed periodically,
and any adjustment that was made in the gain settings was
recorded. The digital programmer was set at a speed
slightly faster than the actual speed of the system, which
was limited by its hydraulic characteristics. Near the be-
ginning of the test, the readout from the strain gages was
recorded for a 500-cycle loading block to provide a perma-
nent record of the applied stress spectrum.

Crack-Growth Observations

When the fatigue test loads were checked, the beam was
also inspected for fatigue cracks with a 15X portable
reflector-type microscope or with a 50X microscope with
built-in illumination. If a crack was present, the number of
cycles, the time of the observation, and the location and
length of the crack were recorded. To determine the loca-
tion of the ends of the crack relative to the edge of the
flange or to the web-flange juncture, the operator some-
times stopped the fatigue loading temporarily and applied
a static load equal to or less than the minimum load plus
15 the difference between minimum and maximum loads.

Failure

The test of a beam was stopped by a limit switch set
14 in. (6 mm) beyond the maximum deflection of the un-
cracked beam. The limit switches were located 2.5 ft
(762 mm) from the unloaded end. By this time, the crack
had propagated throughout the tension flange and into the
web, usually to a depth of between ¥4 and ¥ of the web
depth. After the crack extended over the entire flange, the
beam sustained only a relatively few additional cycles be-
fore the web cracked and the test stopped.

After the test was finished, the region near the critical
crack was cut from the surrounding beam and retained.
For cover-plate beams, the long portion of the beam was
also retained for possible retests. Photographs were taken
of typical failure planes.

COVER-PLATE-SPECIMEN TEST SETUP
AND LOADING SYSTEM

In all tests of cover-plate specimens, axial loads were
applied by a 30-kip (1335-kN) MTS closed-loop fatigue
machine (that is, the main plate of the specimen was con-
centrically gripped and loaded). However, because the
specimen had a cover plate on only one side, transverse
bending occurred, especially in the region of the cover
plate. As a result, the tensile stress at the longitudinal
centerline on the front (cover plate) face of the main
plate at the ends of the cover plate was about 20 percent
above the average axial stress (axial force divided by the
area of the main plate), and the stress on the back face was
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about 20 percent less than the average axial stress., In addi-
tion, the tensile stress at the front face of the main plate in
front of the ends of the weld for the cover plate was about
50 percent higher than the stress at the longitudinal center-
line because of the transfer of stress from the main plate
into the cover plate through the welds. The tensile stresses
at the two edges of the specimen were essentially the same
when the specimen was properly aligned. Details of the
stress distribution in the specimen are given in a previous
report (24).

~The tensile stress at the longitudinal centerline on the
front face of the main plate ¥8 in. (3 mm) from the end
of the cover plate was used as the main test parameter.
This stress corresponds roughly to the nominal stress at the
end of the cover plate in the beams and is linearly related
to the applied load after initial loading during calibration.

The loading system is shown in Figure B-5. It consisted
of a 300-kip (1335-kN) loading frame; an integral pump
and jack system; a tape-controlled digital programmer; a
¢ommand module; safeguard and readout equipment, such
as a precise amplitude-measurement module; and a two-
channel memory oscilloscope. Functionally, the system op-
erated similarly to the system used to test the beams, but it
did not include a peak-load control because only one speci-
men was tested at a time. The system used the same con-
trol tapes as the system used for the beam tests.

Sufficient pump capacity was available to permit the
loading system to operate at its programmed speed in all
tests. Usually, this programmed speed was 7.5 Hz, but in
some tests it was as low as 5 Hz and as high as 11 Hz. The
time for each cycle in a variable-amplitude test was ap-
proximately the same.

COVER-PLATE-SPECIMEN TEST PROCEDUkES
Specimen Preparation

To permit measurement of the strain during alignment,
static calibrafion, and the initial stages of fatigue testing,
three Y8-in. (3-mm) strain gages were attached to each
specimen, as shown in Figure B-6. Each gage number (1
for front gage at top, 2 for back gage at top, and 3 for
front gage at botiom) refers to the same location for all
specimens.

Four mylar microscale tapes were mounted near the four
ends of the welds. These tapes, which had 0.005-in. (0.127-
mm) divisions, facilitated measurement of cracks that ini-
tiated at the ends of the welds and propagated transversely
across the specimen. The ends of the welds were numbered
T1 through T4. ‘

. Before testing, each specimen was sprayed with flat white
paint at the ends of welds to highlight subsequent cracks.

Installation and Alignment

To facilitate specimen alignment, the swivel head and
grips of the testing machine were positioned before a series
of specimens was tested. As detailed in a previous report
(21), this was accomplished by gripping a straight align-
ment bar, tensioning it while the swivel head was unlocked,
and locking the swivel head when the bar was at maximum
tension. This procedure assured that the centerlines of the
grips in the upper and lower heads were in line,

The longitudinal centerline was marked on the specimen
and used to assure satisfactory lateral alignment during in-
stallation ot the specimen. 'I'he specimen was first inserted
and gripped at the top, and then the bottom grips were
closed. Readings of the strain gages were observed while
the top and bottom grips were closed. If the gripping
process produced strains exceeding 100 microstrains, the
gripping process was discontinued and the heads were re-
aligned. If the gripping caused strains less than 100 micro-
strains and the difference betwéen the top and bottom
grapping strains (gages 1 and 3) was less than 50 micro-
strains, the alignment was considered satisfactory. Any
strains locked into the specimen by gripping and alignment
were included in the static calibration as discussed later.

Static Calibration

After the specimen was properly aligned; the static cali-
bration detailed in Ref. (21) was made to determine the
loads corresponding to the desired maximum and minimum
stresses for the fatigue tests. During the calibration, the
specimen was loaded by using the bias control until the ob-
served strain (average of gages 1 and 3) corresponded to
the desired maximum stress. The maximum load was held
for 5 min. to permit stabilization of any local yielding. The
specimen was then unloaded until the strain corresponded
to the desired minimum stress. The range setting for the
fatigue tests was the difference between the bias settings
corresponding to maximum and minimum strains. A modu-
lus of elasticity of 29 X 103 ksi (200 GPa) was used to
relate strain to stress.

Local yielding at points of stress concentration, and
straightening of slightly bent specimens, sometimes caused
a slight curvature of the load-stress curve during loading.
During unloading and on subsequent reloading, the load-
stress curve was essentially straight. By using the calibra-
tion loads obtained during unloading, the correct stress
range was obtained for the test. Since the strain gages
were zeroed before installation and alignment and were not
subsequently rezeroed, any stresses locked into the speci-
men as the result of alignment were included in the maxi-
mum and minimum stresses applied during calibration and
throughout the fatigue tests.

Fatigue Tests and Crack-Growth Observations

The initial bias and range settings for fatigue tests were
determined from the static calibration. The testing speed
(usually 7.5 Hz) and the haversine wave forms were set on
the programmer, and the program tape was inserted. The
load-cell readout was monitored on the amplitude-measure-
ment module to determine whether the desired peaks and
valleys were being reached; in addition, the output of strain
gage No. 1 was continuously recorded on the strip chart
recorder for the first 500 cycles (or less for constant-
amplitude tests) to provide a permanent record of the
strains. Figure B-7 shows a portion of a typical strain
record. '

To assure that the peak loads were reached, the system
was dynamically adjusted (overprogrammed) by changing
the range and bias settings slightly (up to 4 percent) from
the static-calibration settings. Specifically, the control set-
tings were changed until the dynamic load-cell readings
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Figure B-7. Portion of a typical strain record.

indicated by the amplitude-measurement module equaled
the static-calibration loads. For variable-amplitude load-
ings, the maximum load in the spectrum was used to make
the dynamic adjustments. The dynamic loads were ob-
served periodically, and dynamic adjustments were made
if the peak (or valley) load was off by more than 1 percent
of the system load range. A record was maintained of all
such adjustments.

The fatigue test was terminated when the fatigue crack
separated the specimen into two parts.

A 25X microscope attached to a supporting fixture was
used to observe cracks. The number of observations varied
for each specimen; however, morning-noon-afternoon ob-
servations were standard procedure unless short-life tests
necessitated observations at shorter time intervals. Each
observation consisted of a record of the distance from the
edge of the specimen to the left and the right end of a crack.

T e i S

| Mylar Microscale

Specimen: CPS5-108
Location: T2

A = 6,000 - 5.545 = 0.455 in.
1.020 in.
Crack Length = B - A = 0.565 in.

B = 6.000 - 4.980 =

d of Weldl

o

Edge of Specimen il

LE

No. of Cycles = 96,195
pias = -0.40

Range = 5.37

Date = 4/17/72

Time = 1:30 p.m.

Conversion Factor:

Figure B-8.

1

in. = 25.4 mm

Crack observed at end of weld in a cover-plate specimen, X10.



The location of the crack and the number of cycles at the
time of the observation were also recorded. Figure B-8
shows a crack at the end of a weld (location T2 of speci-
men CPS-108) observed through the microscope. The
figure also shows the data that were recorded. During the
observation of a crack, the operator sometimes stopped the
fatigue loading and applied a static load not exceeding '2
of the maximum cyclic load. This procedure permitted an
accurate recording of the crack length.

WOL-SPECIMEN SETUP AND PROCEDURES

All WOL tests were performed in a 50-kip (222-kN)
MTS closed-loop fatigue machine at a uniform speed of
5 Hz. The load cycles were sinusoidal in shape. Proper
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alignment was obtained by carefully machining specimens
and other auxiliary parts and by using universal joints to
load the specimens, In each test, the faligue crack was
initiated and propagated under the same loading spectrum.
Crack-length measurements, which were begun when the
total crack length, a, was 1.0 == 0.0U1 in. (25.4 = 0.0254
mm), were always made at the end of a 500-cycle loading
block.

Crack lengths were measured optically with a type M-101
Gaertner microscope mounted in a micrometer slide. To
improve the accuracy of measuring the crack length, series
of hardness indentations were made on the surface (with
a Vickers Pyramid Hardness Testing Machine) along a line
parallel to the plane of the initial crack and in the direction
of expected crack extension, as shown in Figure B-9.

(b)

L 2
L 4 L
® 460000090 00

Figure B-9. Hardness indentations used to measure crack length in WOL specimens: (a) location of hardness indentation, X1;

(b) close-up of hardness indentation, X25.

APPENDIX C
STRESS SPECTRUMS

Available field measurements of stresses in short-span
bridges under traffic were used to develop the stress spec-
trums used in the testing program. These field data and the
stress spectrums developed from them are described in this
appendix.

FIELD MEASUREMENTS
Individual Vehicle Passages

The response of a bridge to the passage of a vehicle
depends on the type of bridge: the weight, the speed, and
the dynamic characteristics of the vehicle; the roughness of
the pavement preceding the bridge: and many other fac-
tors (32). Therefore, the exact shapes of stress-time curves

from available field measurements (8, 9, 10) vary con-
siderably, as shown in Figure C-1 for seven different
bridges. Most of the available curves, however, can be
characterized as illustrated in Figure 8.

Without a vehicle on the bridge, dead weight produces
a static stress that is not recorded during field measure-
ments because it existed when the strain gages were in-
stalled. The passage of a vehicle produces a single major
cycle of additional stress that is controlled primarily by the
weight of the vehicle, Smaller vibration stress cycles, which
depend on the dynamic characteristics of the bridge and
vehicle, are superimposed on the major stress cycle. Vibra-
tion stress cycles also occur after the major stress cycle is
complete and the vehicle has left the bridge (8). These
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Figure C-1. Experimental load traces for passage of a single vehicle.

vibration stress cycles occur at the natural frequency of the
bridge and usually decrease logarithmically because of
viscous damping. (Viscous damping, in which a force pro-
portional to the velocity opposes motion, causes a pro-
gressive decrease in the peak amplitudes, such that the
logarithm of the ratio of any two consecutive peaks (the
smaller divided by the larger) is a constant.)

In most of the available stress-time curves, the vibration
stress cycles are small compared with the major stress cycle,
so that the stress caused by the passage of a vehicle can be
approximated by a single cycle (see Fig. 8b) defined by
any two of the three parameters: (1) the maximum stress,
Smaxs (2)* the minimum stress, S,,;,;" and (3) the stress
range, S,. : '

In a few stress-time curves, particularly curves for a
cantilever (suspended-span) girder bridge, large vibration
stress cycles occur after the major cycle. This type of curve
is illustrated by the fifth load trace in Figure C-1 and can
be approximated as shown in Figure 8c. Two parameters,
in addition to those defining the major cycle, are required
to define this curve: (1) the ratio of the peak amplitude
for the first cycle of vibration stress to the stress range for
the major cycle, k, = S,,/S,; and (2) the natural logarithm
of the ratio of the peak amplitude of any vibration cycle to
the peak amplitude of the preceding cycle, k, = 1n(S,,/
Sy,). The parameter k, is commonly referred to as the
logarithmic decrement and is a function of the damping in
the bridge. Both parameters depend primarily on the dy-



namic characteristics of the bridge; k, depends to a lesser
extent on the dynamic interaction of the vehicle and bridge.

Frequency of Occurrence

The stress spectrum, or stress history, for a particular
location in a bridge can be conveniently defined in terms of
the frequency of occurrence of maximum (peak) stresses
in the major stress cycles mentioned earlier. Usually,
frequency-of-occurrence data are presented as a histogram
showing the percentage of recorded maximum stresses that
fall within a certain stress interval (see Fig. 9). The stress-
time curve (upper portion of Fig. 9) records the passage
of a few individual vehicles of different weights; normally
such a record would be continued until many more pas-
sages were recorded. The frequency of occurrence of the
corresponding maximum stresses is plotted to the left in the
figure. (For example, 20.2 percent of the maximum stresses
are within the interval between 7.5 and 8.5 ksi (52 to
59 MPa).) The frequency of occurrence of stress ranges
can be represented by a similar plot with the vertical scale
changed according to the relationship between Syax, Smins
and S,. Since stress range is the most important stress
parameter controlling the fatigue strength of bridge mem-
bers (2), stress range is used to define the major stress
cycles in the present program.

As explained in Appendix D, the frequency-of-occurrence
data can be presented in a more general form by dividing
the percentage of occurrence for each interval in Figure 9
(upper portion) by the interval width to obtain a prob-
ability-density curve (see lower portion of Fig. 9; note also
that the points representing each interval are connected by
a smooth curve). The probability density is independent of
the interval used in classifying the data. Thus, data from
sources that-use different stress-range intervals can be com-
pared by using the probability-density curve. The area
under the curve between any two values of stress range
represents the percentages of the stress ranges that are
within this interval. For example, 20.2 percent of the stress
ranges are between 2.5 and 3.5 ksi (17 to 24 MPa); the
area is approximately equal to the ordinate, 0.202 ksi~*
(0.029 MPa-!), times the interval, 1 ksi 6.9 MPa).)

Also as explained in Appendix D, probability-density
curves can be plotted in nondimensional form, and a single
nondimensional mathematical expression can be found to
represent a family of different probability-density curves.

In bridges where vibration stresses are significant, such
as cantilever suspended-span) girder bridges, the stress
spectrum can be conveniently defined in terms of the prob-
ability density of major stress cycles and constant values of
k, and k,—the two parameters defining the vibration stress
cycles. This method of defining stress spectrums that in-
clude vibration stress cycles has several advantages. First,
the number of vibration stress cycles following each major
stress cycle, which theoretically is infinite, need not be
defined. Hence, distortions in the shape of the probability-
density curve resulting from different cutoff points for the
vibration stress cycle do not occur. Second, the sequential
relationship of the vibration stress cycles in following the
major stress cycle is correctly defined. Third, the minimum
stresses for both the major and vibration cycles are cor-
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rectly defined. The major cycle is added to the minimum
stress due to dead load, whereas the vibration cycles os-
cillate about the dead-load stress.

Available Field Data

To determine a suitable nondimensional probability-
density expression to represent the frequency of occur-
rence of stress ranges in short-span highway bridges, all
available field measurements on such bridges under traffic
were compiled. Fifty-one sets of frequency-of-occurrence
data were included from six sources (7, 8, 10, 11, 12, 13).
(Many other references dealing with stress measurements
in bridges were reviewed but did not contain suitable data,
usually because the measurements were made under arti-
ficial loadings rather than under normal traffic. Also, mea-
surements that were made after this study of stress spec-
trums was completed in 1972 are not included.)

The available data cover a total observation period of
850 hr; a total of 37,000 truck passages occurred during
this period. All of the stress-range data plus a description
of each data set were recorded on computer cards.

Each data set represents the frequency of occurrence of
stress ranges at a particular location in a bridge—usually
at a critical location, such as the end of a cover plate.
(Stress measurements were made far enough away from
stress-concentration points to avoid high local stresses, and,
therefore, the measurements indicate the nominal stresses.)
Data were collected on 15 different, short-span steel bridges
of the following types:

1. Rolled-beam simple-span bridge with noncomposite
concrete deck.

2. Rolled-beam simple-span bridge with composite con-
crete deck.

3. Welded-girder simple-span bridge with composite
concrete deck.

4. Rolled-beam cantilever (suspended-span) bridge with
composite concrete deck..

5. Welded-girder cantilever (suspended-span) bridge
with composite concrete deck.

6. Rolled-beam continuous-span bridge with noncompos-
ite concrete deck.

For the cantilever girder (suspended-span) bridges, read-
ings were taken in both suspended and end-anchored spans.
All bridges are on Interstate or U.S. routes in semirural or
metropolitan locations.

Since the available data were obtained from different
sources, there were several differences in the methods of
accumulating and presenting these data. In most of the
studies, only the stress range for the major stress cycle was
recorded. In a few studies, however, vibration stress cycles
occurring after the major stress cycle were also recorded.
The smallest stress range that was recorded in a particular
study varied from O to 435 psi (3.00 MPa); all investiga-
tors stated that stress cycles caused by automobiles were too
small to be recorded.

The inclusion or exclusion of vibration stress cycles and
the magnitude of the lowest recorded stress range may have
a major effect on the shape of the probability-density curve,
or histogram, for the field data. Since the vibration stress
cycles following each major stress cycle decrease loga-
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rithmically, and since most of the vibration stress cycles
are small compared with the major stress cycle, inclusion
of these vibration stress cycles results in a high frequency
of occurrence of small stress cycles. For example, in one
study (7), where an average of two to three stress cy-
cles per vehicle passage was recorded, the frequency-of-
occurrence values steadily decrease from a peak as the
stress range increases. In contrast, the data from studies,
in which only one cycle per vehicle passage was recorded,
increase to a peak and then decrease. If additional vibra-
tion stress cycles had been included in the aforementioned
study, the frequency of occurrencé (in percent) of small
stress cycles would have further increased, and the influence
of the major stress cycles on the frequency-of-occurrence
data would have declined. Since the small vibration stress
cycles have a very small effect on fatigue life, their inclu-
sion may distort the meaningful representation of stress
spectrums.

Curve Fitting

Two mathematical expressions were considered for use in
representing the frequency of occurrence of stress ranges:
(1) a two-parameter Rayleigh probability-density function
and (2) a three-parameter Erlang probability-density func-
tion. The Rayleigh function is defined for x'> 0 by

P =xe b @2

(C-1)

In this equation, p’ is the nondimensional probability den-
sity, e is the Napierian base (2.7183), and
’ Sr N Srmin

X :T (C'z)

in which S, is the independent variable (stress range) and
Smin and §,; are parameters (constants) that define any
particular probability-density curve from the family repre-
sented by Eq. C-1. (In both the Rayleigh and Erlang func-
tions, S,;, represents the distance from the origin to the
starting point of the function; S,; represents the distance
from the starting point to the modal value in the Rayleigh
function and from the starting point to the mean value in
the Erlang function.) The Erlang function is defined for
x' >0 by

k%
L 'Y -1 p-ka’
P =T (x')ke

in which x' is defined by Eq. C-2, k is a nondimensional
parameter greater than 0, and I'(k) is the gamma function
defined by

(C-3)

«©

T(k) :/z’“—le‘zdz
(4]

The Rayleigh curve always starts with zero probability den-
sity at the lowest S,. In contrast, the Erlang curve starts
with the highest probability density at S, =0 and steadily
decreases if the parameter  is equal to 1.0, If the parame-
ter k is greater than 1, the Erlang curve has a shape similar
to that of the Rayleigh curve. If k < 1.0, the Erlang curve
is asymptotic to a vertical line at S,;,.

Egs. C-1 and C-3 were fitted to each of the 51 sets of
frequency-of-occurrence data by using a curve-fitting com-

(C-4)

puter program selected from a group of available pro-
grams. Specifically, the program determines optimum val-
ues for the two or three parameters defining an individual
probability-density curve of each type. Using trial values
of these parameters, the computer program calculates the
theoretical frequency of occurrences (in percent) of stress
ranges within each experimental interval. The algebraic dif-
ference between the experimental frequency of occurrence
and the corresponding theoretical value is the residual.
The computer program automatically changes the parame-
ters and recalculates the residuals until a minimum value of
the sum of the squares of the residuals is obtained. When
the difference in the sum of the squares between two suc-
cessive iterations is less than 0.01 percent, it is assumed that
the minimum value has been reached. Thus, the selected
parameters give the best possible fit (according to the least-
squares criterion) over the range of experimental S, values,

Table C-1 summarizes the results of the curve fitting,
For convenience in comparing the Rayleigh and Erlang
curves for a given set of data, the mean, S,,.,,, and the
minimum, §,.,,, instead of S,,;, and S,, are given to de-
fine a particular probability-density curve. The mean is
equal to S, + 1.23 §,, for the Rayleigh curve and §,,,;, +
S,q for the Erlang curve. The parameter k is given to com-
plete the definition of the Erlang curve. The sum of the
squares of the residuals, which is a measure of the closeness
of fit, is also given.

As expected, the sum of the squares for the three-
parameter Erlang curve is less than the corresponding sum
for the two-parameter Rayleigh curve for most of the 51
sets of data. The Erlang curve provides a much closer fit
than the Rayleigh curve for data (classified as “descending”
in Table C-1) that starts with the highest probability den-
sity at S, = 0 and steadily decreases; as discussed earlier,
such a probability-density curve results if the small vibra-
tion stress cycles are included in the data.

The closer fit provided by the Erlang curves, of course,
results primarily from the use of the third parameter, k,
which varied from 1.0 to 8.2 for the 51 sets of data. Two-
parameter Erlang curves—obtained by using a & value of
either 2, 3, or 4—were also fit to each of the 51 sets of data.
These results are given in Table C-2. If the 16 sets of
descending data are not considered, the best fit is provided
by the Erlang curve with £ = 2 in 13 cases, by the Rayleigh
curve with k=2 in 13 cases, by the Erlang curve with
k=3 in 7 cases, and by the Erlang curve with k =4 in
2 cases. Thus, both the Rayleigh curve and the Erlang
curve with k£ =2 appear to provide a good two-parameter
representation of traffic loadings.

The Rayleigh curve was chosen for use in the test pro-
gram because it has been more widely used than a two-
parameter Erlang curve to approximate physical phe-
nomena involving skewed data. A two-parameter curve
rather than a three-parameter curve was chosen (1) be-
cause two parameters were found to be sufficient to repre-
sent a wide variation of skewed data (as may be seen in
Table C-1), and (2) because many more fatigue tests
would have been required to establish the fatigue strength
in terms of three parameters than in terms of two
parameters.
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TABLE C-1
RAYLEIGH AND ERLANG CURVE RESULTS

Rayleigh Curve Erlang Curve
Type Fit Fit
Data of Symin, Srmean, Parameter,  Symjn, Srmean, Parameter,

St Curve _ ksi ksi (ks1)? ksi ksi_  _k__ (ksi)?
1 D 0.52 0.79 12,1 0.56 0.81 1.87 2.8
2 P 0.23 2,24 29.1 0.22 2,35 3.30 18,7
3 D 0,46 0.80 59.6 0.60 0.90 1.10 0.6
4 P 0,20 1.94 18,0 0.00 1.99 4.06 30.2
5 P 0,00 1,36 42,0 0,25 1.50 1.84 2.2
6 P 0,14 1.52 80.9 0.45 1.71 1.61 8.3
7 D . 0,42 0.97 13,7 0.48 1.00 2,91 2.3
8 P 0.47 2,04 157.0 0.00 2,10 5.85 180.8
9 D 0.52 0.81 28,7 0.60 0,84 1,05 1,0
10 P 0,32 1.28 20,0 0,34 1.34 3,08 5.8
11 D 0.43 0.89 34,3 0.55 0.96 2,03 2.8
12 P 0.21 2,37 17.2 0.25 2.49 2.96 12.4
13 P 0,07 1,54 3.5 0.00 1.60 3.55 4.0
14 P 0,11 1.47 29,3 0,03 1.52 3.54 28.8
15 P 0.00 1.01 55.2 0.35 1.15 1.11 0.6
16 P 0,05 1.33 68,2 0.38 1.49 1.48 2.6
17 P 0,52 1.84 208,5 0.00 1.86 6.86 225,9
18 P 0.30 0.95 14.1 0.41 0.82 2.02 2.1
19 P 0,09 1.37 20,2 0.08 2,02 3,22 12.4
20 2 0,17 0.95 80,2 0.07 1,00 4,11 81,6
21 P 0.12 0.35 0.1 0.00 0.34 8.18 0.2
22 P 0,22 0,74 19,2 0,16 0.78 3.99 10.6
23 P 0,15 1,05 59.8 0,30 1.18 1.97 31.6
24 P 0,23 1.00 56,0 0.26 1.03 2,93 49,5
25 P 0.14 0.68 30.8 0.17 0.71 2.86 25,5
26 P 0.20 1.02 35,3 0,22 1,07 2.86 28.7
27 P 0.23 1,91 6.8 0.00 1.97 4.11 9.2
28 P 0.20 1.56 37.2 0.00 1.59 4,28 35.4
29 P 0,01 1.02 48,1 0.16 1.16 2,04 19,0
30 P 0,23 1,61 48,8 0.38 1.71 2,33 36.6
31 2 0.08 0.88 118.4 0.4C 1.00 1.05 43,7
32 P 0,00 1.26 72.8 0.35 1.47 1.42 31.6
33 D 0.50 0.96 9.8 0.48 0.95 4,19 9.0
34 P 0,31 1.15 4,3 '0.21 1.16 4,29 4.6
35 P 0,40 1,14 0.0 0.00 1.15 7.82 2.1
36 D 0.31 0.88 6.1 0.33 0.92 3.61 1.8
37 D 0,37 0,79 2.8 0.36 0.81 3.80 0.6
38 P 0.28 1,08 4.9 0.25 1.12 3.76 6.1
39 D 1,33 1.69 3.0 1.33 1,70 3,51 0.4
40 P 0.82 2,37 5.7 0.44 2,39 5.15 9.6
41 D 0,80 1,79 123.3 0.92 1.86 2,70 79.2
42 P 0,46 1.26 18,2 0.51 1.28 2,95 6.0
43 D 0.00 1,07 151.4 0,43 1.34 0.98 5.9
44 D 0,05 1,01 42,4 0.57 1.28 1.08 8.9
45 D 0,26 0.78 22.9 0.33 0.80 2.19 9.6
46 P 0,21 1.20 4.6 0.40 - 1,29 2,46 0.0
47 D 0.16 0.81 110.6 0.35 0.88 1,08 36.7
48 D 0.00 1.19 70,3 0.40 1.38 1,63 31.6
49 P 0.27 1.17 3.9 0.15 1.21 4.52 7.1
50 P 0,32 1.20 3.6 0.30 1.23 3.78 0.6
51 D 0.31 10,75 15.8 0.43 0.76 1.11 13.8

Notes: (1) 1 ksl = 6,895 Mpa

(2) Curves that start at a peak and steadily decrease are referred
to as descending curves and are identified by a D; curves that
increase to a peak and then decrease are called peak curves
and are identified by a P,

(3) Syrmin is the minimum stress range in the spectrum; Srmean is
the mean stress range for the spectrum; k is the nondimensional
shape parameter; and the fit parameter is the sum of the squares
of the residuals; lower values of the fit parameter indicate a
closer fit,
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TABLE C-2
SEVERAL TWO-PARAMETER ERLANG CURVE RESULTS

k = 2,00 k = 3,00 k = 4,00
Type Fit Fit Fit
Data of Srmin, Srmean, FParameter, €emin, Srmean, Parameter, Srmin, Srmean, Parameter, Optimum
Set  curve _ ksi ksi (ksi)2 ksi ksi (ksi)? ksi ksi (ksi)? x
1 D 0.56 0.80 3,0 0.52 Q.80 5.8 0.49 0.79 7.1 1.87
2 P 0.66 2,44 19.4 0,31 2.35 18,9 0,03 - 2,31 19,1 3.30
3 D 0.54 0,85 15.8 0.48 0.84 27.7 0.43 0.83 34,9 1,10
4 P 0,50 2,13 48.8 0,22 2,04 33.0 0,00 2,00 30,0 4,06
5 P 0,22 1,49 2,4 0.01 1.43 9.2 0,00 1.34 59.7 1.84
6 P 0,36 1.65 13.1 0,15 1.59 34,1 0,00 1.54 52,6 1.61
7 D 0,58 1,05 0.4 0.46 1,01 3.4 0,39 0.99 5.6 2,91
8 P 0.66 2,23 270.8 0.41 2,16 224,9 0.25 2,13 201.6 5.85
9 D 0.56 0.81 7.9 0,51 0.80 13.0 0.48 0.80 16.6 1.05
10 P 0.49 1.38 15.4 0.35 1.34 5.8 0,22 1.32 8,3 3.08
11 D 0,55 0,96 2.7 0.46 0,93 10.4 0.39 0.91 18,0 2,03
12 P 0,66 2,59 15.5 0.24 2,49 12,5 0,00 2,42 15.7 2.96
13 P 0,28 1.69 24,7 0,08 1,64 6.5 0.06 1.44 83.6 3.55
14 P 0,33 1,60 38,9 0.13 1.52 29,0 0.00 1.50 32,7 3.54
15 P 0,14 1,10 6.1 Q.01 1,01 25,0 0.00 0.96 117.9 1.11
16 14 0.27 1.44 7.4 0.08 1,40 22,6 0,05 1.25 86.6 1.48
17 P 0.70 1,96 332.6 0.48 1,92 284,2 0,32 1.88 257.9 6.86
18 P 0,41 0,99 2.2 0,31 0,97 4,0 0,22 0.96 5.8 2,02
19 P 0,30 1.49 19.4 0.11 1.44 12.5 0,00 1.40 18.1 3.22
20 P 0,30 1,05 96,7 0.18 1,01 83.0 0.08 1.00 81.6 4,11
21 P 0.15 0.36 16.9 0,12 0.36 7.3 0.00 1,10 3565.2 8,18
22 P 0,30 0.81 27.6 0.23 1.15 12.8 0.16 0,78 10.6 3,99
23 P 0,29 1.18 31,6 0.16 1.11 37.4 0,03 1.09 43,5 1,97
24 P 0.38 1,06 53.2 0.25 1.03 49,5 0.14 1,00 51.5 2,93
25 P 0,24 0,72 27,6 Q.16 0.71 25,7 0,08 Q.70 27.8 2,86
26 P 0,34 1.10 33,5 0.21 1,06 28,8 0,09 1,05 31.6 2,86
27 P 0.49 2,09 19.2 0.24 2,01 10,8 0.02 1.96 2.2 4,11
28 P 0.43 1,73 53,5 0,21 1,65 38,9 0,04 1,60 35.7 4.28
29 4 0.16 1,15 19,1 0,01 1,08 24,4 0,00 1,06 52.6 2,04
30 P 0.45 1.74 37.2 0.24 1,66 39.0 0,05 1,63 44.0 2.33
31 P 0.26 0.94 63,7 0,12 0,92 79.6 0.00 0,88 91.7 1,05
32 P 0,20 1,40 38,2 0,00 1,32 45,1 0,00 1.20 85.9 1.42
33 D 0.66 0,97 8,4 0,57 0,97 8,8 0,51 0.95 11.3 4,19
34 P 0,52 1,23 7.9 0,37 1,20 4,6 0.24 1.16 4.5 4,29
35 P 0,57 1.21 11.0 0,42 1,18 7.3 0.32 1.16 3.5 7.82
36 D 0.50 0,95 1,7 0.38 0,93 1.8 0,29 0,93 2,1 3.61
37 D 0.51 0,84 0.8 0.39 0.81 1.1 0.34 1,27 1.7 3.80
38 P 0,49 1,15 8.4 0,34 1.12 5.9 0,22 1.10 6.3 3.76
39 D 1.42 1,72 2,7 1.35 1,70 2.8 1.25 1.69 0.8 3,51
40 P 1,19 2,55 14.9 0,91 2,47 10,2 0,67 2,43 9.3 5.15
41 D 1,06 1,91 66,2 0,89 1.86 83,1 0.73 1.83 96.5 2,70
42 P 0.64 1.29 3.5 0,50 1.28 7.8 0,38 1.28 8.2 2,95
43 D 0.18 1.06 28.9 0,01 1,00 44,6 0,00 1,02 78.5 0,98
44 D 0,31 1,19 13.9 0,13 1.12 20,0 0.00 1.08 25.6 1.08
45 D 0,34 0.81 8.6 0,27 0.81 12,9 0,20 0.80 16.4 2,19
46 P 0.49 1,30 0.2 0,30 1,27 0.2 0.15 1.25 1.1 2,46
47 D 0.38 0,89 1.4 0,30 0,87 4,1 0,22 0,86 6.5 1,08
48 D 0.30 1,35 34,7 0,08 1.28 45,5 0.02 1,18 78.4 1.63
49 P 0,53 1.25 10,1 0,36 1.23 7.4 0,22 1.22 6.9 4,52
50 P 0.57 1.26 0.5 Q.40 1,25 0.4 0,27 1,23 0.8 3.78
51 D 0,37 Q.77 8.6 0,31 0.76 11.3 0.25 0.75 13,0 1.11
Notes: (1) 1 ksi = 6,895 MPa
(2) Curves that start at a peak and steadily decrease are referred to as descending curves and are identified
by a D; curves that increase to a peak and then decreage are called peak curves and are identified by a P.
(3) Symin is the minimum stress range in the spectrum; Symean 15 the mean stress range for the spectrum; k is

the nondimensional shape parameter; and the fit parameter is the sum of the squares of the ;esiduals; lower
values of the f£it parameter indicate a closer fit,

(4) The optimum k is the value of k listed in Table Cl.



Extreme-Value Probability

The curve-fitting procedure provides the best fit within
the range of experimental data only. Although the selected
mathematical expression can be used to extend the curve
beyond the limits of the data, especially in the direction of
higher §, values, the extended portion does not necessarily
tepresent the true probability for the variable §,. An ac-
curate definition of the probability of extreme values of the
variable requires a very large number of data—much larger
than the number of field data that were available for this
study.

For the testing program, the asymptotic tail of the theo-
retical probability-density curve was truncated. Specifically,
a standard Rayleigh curve having a width of 3S5,, was used
(“standard Rayleigh curve” is used herein to refer to the
family of truncated Rayleigh curves that were used as the
standard probability-density curves for the testing pro-
gram); 100 percent of the S, values fall within the range
of 3§, This width was chosen to permit a reasonable fac-
torial experiment within the limitation that the peak loads
. must not exceed the yield load. As indicated earlier, there
are insufficient data to establish an accurate representation
of the probability of extreme values of S, (3S,, and above)
in actual bridges. Therefore, it is not possible to determine
whether an extension of the Rayleigh curve beyond 3S,,;
would result in a better or worse fit of field data. The fact
that the probability of S, values above 385,, is only 1.1 per-
cent according to the Rayleigh function, however, suggests
that the cutoff at 3S,; is of little practical significance.
Furthermore, the value of S,z,s, is shifted only 2.6 percent
by truncating a Rayleigh curve at 3S,,;.

Sequence of Loads

To fully define a stress spectrum, the sequence and the
frequency of occurrence of stresses must be given. In gen-
eral, the sequence of vehicles passing over a bridge, and
that of the resulting major stress cycles, is random. The
vibration stress cycles that occur after the major stress cycle
in some types of bridges (8) are arranged in descending
order as defined by the log decrement. Therefore, in the
main testing program, in which the vibration stress cycles
were not considered, the stresses defined by the standard
Rayleigh probability-density curve were arranged in a
random sequence.

CHARACTERISTICS OF THE STANDARD
RAYLEIGH PROBABILITY-DENSITY CURVES

The characteristics of the family of standard Rayleigh
probability-density curves that were used in the testing pro-
gram are shown in Figure 10. The curves are truncated at
x'=3. A full Rayleigh curve extends to infinity, and
1.1 percent of the total area under the curve is beyond
x" = 3. Therefore, the constant 1.011 has been inserted into
the mathematical expression defining the curve to make the
area under the truncated curve equal to 1.000. Thus,

P = 1.011x"e-® @)z (C-5)

Each particular probability-density curve from the family
can be defined by any two of the following three parame-
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ters: S, Syq, and S,;n. In the testing program, the curves
are defined in terms of S,,, and S,,/S,,,. Probability-density
curves for the four values of S,;/S,, used in the testing
program are shown in the bottom sketch in Figure 10.
The modal, median, mean, and root-mean-square values
of x' for the standard truncated curve are also shown in the
figure. These values are slightly different from the cor-
responding x’ values for a full curve, which are equal to
1.000, 1.177, 1.253, and 1.414, respectively. The root-
mean-square (RMS) value is equal to the square root of the
mean of the squares of the individual values. The RMS of
the x’ values (x',ys) is a constant for all curves from the
Rayleigh family, but the RMS of the S, values (S',zus)
varies slightly with the ratio S,,;,/S,;. However, the maxi-
mum difference between the two RMS values, which occurs
when S,/ S, is between 1 and 2, is less than 3 percent.

CONTROL TAPES FOR FATIGUE TESTS

The punched tapes used to control the fatigue tests were
generated by a computer program. This program calculates
500 individual loads that satisfy the standard Rayleigh
probability-density curve, arranges them in a random se-
quence, and punches a control tape defining these loads in
ASC II code. A separate tape is required for each different
value of §,,;/S,,,, but different levels of §,,, and S,,;, are set
manually on the testing-machine controls. The program,
written in FORTRAN 1V, is included in a previous re-
port (33).

The 500 individual loads are calculated by dividing the
area below the nondimensional probability-density curve,
Eq. C-1, into 500 vertical segments (bars) of equal area.
The width of the bars varies to provide equal areas. The
midwidth (or more precisely the value of x’ that bisects the
bar into two equal areas) of each of these bars corresponds
to a load with a frequency of occurrence of 1/500. The
value x', corresponding to the midwidth of the nth bar is
calculated by integrating the nondimensional probability-
density curve from O to x’, and equating the result to the
desired area, (n — %2)/500. The result of the integration
is 1.011 (1 — e~ @), Thus,

x', = V2 In[i— 0.001978(n—03)] (C-6)

The resulting values of x', vary from slightly greater than 0
to slightly less than 3. In generating the tapes for the main
testing program, the values of x’, corresponding to the right
side of the bars rather than to midwidths were used for
convenience, This procedure is equivalent to omitting the
0.5 in Eq. C-6 and is permissible because the x’ interval is
very small. The resulting increase in §',zys does not ex-
ceed 0.3 percent. Eq. C-6 was used without modification
to prepare the tapes for secondary tests involving 100 indi-
vidual loads because larger x’ intervals are involved.

For convenience in operating the fatigue-testing equip-
ment, the corresponding stress ranges, S,,, on the control
tapes were expressed as a percentage of the maximum stress
range, Srmax- Since xln = (Srn - Srmin)/Srd’ Srmux = Srm +
2Srd’ and Srmin = Srm - Srd’

Srn . 1 + (x,n_ I)Srd/Srm

14285,/ (€7
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Thus, the values of S,,/S,mx Vary from a minimum to a
maximum value that approaches 1 . The minimum value
depends on S,4/S,,, but is always greater than 0. When
%', =3, S,/ S;max = 1 regardless of the value of S,4/S,m.

The computer program arranges the calculated S,,/Symax -

values in a random sequence by generating 500 random-
sequence numbers, consecutively assigning these sequence
numbers to the 500 S,,/S,max values, and finally rearranging
the S,,/S,max Vvalues according to the assigned sequence
numbers. The same sequence numbers are used for all
- tapes (corresponding to different values of S,4/S,,) for the
main testing program; hence, the nth value of S,/S,max
always appears at the same location in the sequence for
these tapes. The random numbers are generated by an
available CDC (Control Data Corporation) computer sub-
routine and are based on a seed number of —1.

The control tape defines both the peak and valley of each
load cycle; the valley is equal to 0, and the peak equals the
calculated value of S,,/S,... Because the tape reader ac-
cepts only 3-digit numbers, the peak and valley values are
truncated beyond 0.1 percent and result in 3-digit numbers
ranging from 000 to 999. In a previous report (33), the
500 values of S,,/S,max are listed in proper sequence for
each different variable-amplitude

To assure that the tapes satisfy the desired probability-
density curves, the S,,/S,m.c range between 0 and 1 was
divided into 20 equal-width intervals, the number of oc-
currences in each interval was counted, and the correspond-
ing frequency of occurrence was compared with the value
calculated from the probability-density curve defined by
Eq. C-5. The results (33) confirmed that the tapes satisfy
the desired probability-density curves.

APPENDIX D
STATISTICAL CONCEPTS

This appendix is intended primarily to explain the statisti-
cal concepts used in this study.

EXPLANATION OF PROBABILITY CURVES

The development of histograms and probability-density
curves representing the observed frequency of occurrence
of events is described as follows and in Figure D-1.

Frequency-of-Occurrence Graphs

The top sketch in Figure D-1 shows histograms and
curves that give the percent of occurrences that falls within
each interval of a variable x. Both of the curves are for the
same set of data, The percent of occurrences that falls
within any interval depends on the size of the interval;
specifically, the frequency of occurrence, f, is proportional
to the interval, Ax. (For example, 18 percent of the occur-
rences are between 21 and 23, and 9 percent are between
21.5 and 22.5.)

Probability-Density Curve

By dividing the frequency of occurrence, f, by the inter-
val, Ax, a single curve representing a set of data is obtained.
The ordinate of this curve is the probability density, y =
f/Ax. The area (y - Ax) under the curve between any two
values of x is the percentage of occurrences (frequency of
occurrence) that falls within that interval of x. The total
area under the curve equals 1 since the curve covers
100 percent of the occurrences; the area is dimensionless
since y has the dimensions of 1/x.

The heavy line in the middle sketch in Figure D-1 is the
probability-density curve corresponding to the frequency-
of-occurrence graphs in the top sketch. The light line in
the middle sketch is the probability-density curve for a dif-

ferent set of data. For the shape of the probability-density
curve shown in Figure D-1—a normal distribution curve—
the mean, or average, value is the same as the modal value,
which is the value of x corresponding to the highest value
of y. Thus, the mean (and modal) values, x,,, for the heavy
and the light curves are equal to 20 and 18, respectively;
hence, the light curve peaks to the left of the heavy curve.
In addition, the light curve has a greater width than the
heavy curve, which indicates a greater dispersion, or scatter,
of data. The width of the curve, or dispersion, can be de-
fined as the distance from x,, to x,, with x; defined as the
value of x corresponding to a value y that is a certain per-
cent of the maximum ¥, Y., associated with x,,. For the
shape of the probability-density curve in Figure D-1—a
normal distribution curve—the standard deviation, o, is
used to define the width; then x;=1x,+ o and y,=
0.606y ,4x-

Nondimensional Probability-Density Curve

Probability-density curves for different sets of data can
be plotted as a single nondimensional curve if they have
the same general shape. The bottom sketch iff Figure D-1
shows the nondimensional curve for the two probability-
density curves in the middle sketch. The x,, values for the
curves are shifted horizontally to a single point by plotting
the deviation from the mean, x — x,,, or from some other
constant value of x, rather than the actual values of x.
Curves of different widths are compressed or expanded to
a single width by dividing x — x,, by the standard deviation,
o, or by some other measure of dispersion. Thus, the de-
viation from the mean divided by the standard deviation is
used as the horizontal axis. Since the area under the curve
between any two values of x (frequency of occurrence)
must remain the same in the nondimensional plot, the prob-
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ability density, y, must be multiplied by o to obtain the
nondimensional probability density.

For convenience, a mathematical expression is usually
used to approximate nondimensional probability-density
curves obtained from actual data. For example, a sym-
metric curve, such as is shown in Figure D-1, can be repre-
-sented by a normal distribution curve that has been shown
to apply to a wide range of physical phenomena. The basic
mathematical expression for this curve is

y = L e— (M (22
V2r
The factor 1/V2# makes the total area under the curve
between plus and minus infinity equal to 1.0.

Physical phenomena involving a variable that has a lower
limit but no upper limit, such as flow in a river or traffic on
a bridge, can frequently be represented by a skewed curve
defined for x' > 0 by the expression

(D-1)

Y =xe Bt (D-2)

The characteristics of this expression, which is called a
Rayleigh function, are shown in Figure 10,

Each of these mathematical expressions represents a
nondimensional probability-density curve that can be ex-
panded into a family of probability-density curves, each of
which is defined by the modal value (or a similar fixed
point) and the standard deviation (or a similar measure of
curve width). Histograms with any interval, Ax, can be ob-

tained from each frequency-density curve. Thus, a large
variety of different sets of data can be approx1mated by a
single mathematical expression.

SAMPLING ERROR

The results of a testing program on a finite number of
specimens represent only a sample of the data (population)
that would result if an infinite number of similar tests were
performed. The average results obtained from such a finite
sample usually differ from the average results that would be
obtained from an infinite population. The magnitude and
significance of this difference, which is referred to as sam-
pling errors, is discussed in statistical terms, as follows.

Variation Among Samples

If a large number of samples (groups of individual data)
are taken from a population (a very large or infinite num-
ber of compatible data), the means and standard deviations
of the samples will be scattered about the true population
mean and standard deviation. Nevertheless, the sample
mean, X, represents the best (unbiased) estimate of the
population mean that can be obtained from the single sam-
ple. The best (unbiased) estimate of the variance (square
of the standard deviation) of the population that can be
obtained from the single sample equals the variance of the
sample times a factor n/(n — 1). Hence,
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_ 3(x—Xx)*®

2
§ n—1

(D-3)
in which x is an individual test result or data point, » is the
number of test results or different values of x, and $2 is the
unbiased variance. :

The standard deviation of the sample means is called the
standard error of the mean and can be estimated by

Vn
Similarly, the standard deviation of the standard deviations
of the samples is called the standard error of the standard
deviation, which is expressed as
S
S, =—— (D-5
s= 73 )

(D-4)

Confidence Limits

If the samples are relatively large (say 100), the sample
means are approximately normally distributed. Hence, the
probability that the population mean is within one standard
error from the sample mean is about 68 percent. Similarly,
the probability that the population mean is within any other
number, ¢, of standard errors from the sample mean can be

obtained from normal distribution curves (although statis- .

ticians usually use the symbol Z for this number if the
probability is obtained from a normal distribution and the
symbol t if the probability is obtained from the Student’s
t distribution, the symbol t is used herein for both cases).
As an example, the probability that the population mean is
within #=3 standard errors from the sample mean is
99.7 percent. _

If the samples are relatively small (say less than 30), the
probability corresponding to a given ¢ value is somewhat
smaller than given by the normal distribution because the
distribution of differences between the sample and popula-
tion means for small samples does not follow a normal dis-
tribution. Instead, the samples follow a distribution called
Student’s ¢, which approaches the normal distribution when
the sample size becomes large. Statistical tables (34) give
t values corresponding to various probability levels and
degrees of freedom; the number of degrees of freedom
depends primarily on the number of data. For example, in
determining the probability that the population mean is
within ¢ standard errors from the sample mean, the degrees
of freedom are equal to the number of data in the sample
minus 1.

Use of the ¢ table can be conveniently illustrated by an
example. Suppose that the mean for a sample of 11 items
is 101 and that the standard error of the mean calculated
by Eq. D-4 is 10. Because of sampling errors, the true
population mean probably differs from 101. The range of
values within which the true population mean can be ex-
pected to lie with a certain degree of probabilty, say 90 per-
cent, can be determined by entering the tables (35) with the
degrees of freedom (10) and desired probability (90 per-
cent) to get a ¢ value of 1.81. There is a 90-percent prob-
ability that the true population mean lies within 1.81 X
10 =18.1 (¢ times the standard error) from the sample
mean; or, in other words, between 82.9 and 119.1. These

limits are called the 90-percent confidence limits for the
mean. If a large number of 11-item samples were taken
from the population and the mean, standard error—and
confidence limits of each sample were determined—in
90 percent of the cases the true value for the population
would be located between the calculated upper and lower
confidence limits for each sample. If the sample mean and
standard error were the same as noted previously, but the
sample size was 30 instead of 11, the ¢ value would be
1.70 and the 90-percent confidence limits would be slightly
closer to the sample mean, or between 84 to 118. As the
number of data increases, the confidence interval (distance
between the two limits) approaches O because Sz ap-
proaches 0.

Tolerance Limits

Limits that defiue the scatter band, or a range of values
that includes a certain percent, P, of the population with a
certain degree of confidence (probability), are called toler-
ance limits. These limits are defined in terms of a factor K
that is similar to the ¢ value discussed earlier; K times the
standard deviation is the distance from the mean to the
tolerance limits. Tables of K values are available for nor-
mally distributed data (36). If n =10, P =75 percent,
and a =90 percent, such tables indicate that K = 1.99.
This means that if a large number of 10-item samples were
taken from a normal population and the tolerance limits
were calculated for each sample, at least 75 percent of the
population would be within the calculated limits in 95 per-
cent of the cases. Because the sample may not exactly
represent the population, the value of K is always greater
than the number of standard deviations, K’, that include
P percent of the area under a normal distribution curve.
However, K approaches K' as the sample size increases.
For example, with P =75 percent and a =95 percent,
K =1.99 for a 10-item sample; K = 1.31 for a 100-item
sample; and K = K' = 1.15 for an infinite sample.

The best estimate of the limits that include P percent of
the population that can be determined from a sample of that
population is K'S. The distance (K — K')S defines a con-
fidence interval about this best-estimate line that is ana-
logous to the confidence interval about the mean deter-
mined from a sample, as discussed earlier. As the number
of data in the sample increases, this interval approaches 0
and K approaches K’ as previously illustrated. The limits
K’S can also be interpreted as tolerance limits for P percent
of the population with a 50-percent confidence level.

Comparison of Two Samples

If a large number of pairs of samples are taken from the
same population and the mean of each sample is calculated,
the differences in the means of the pairs of samples will be
normally distributed. Thé standard deviation of the dif-
ferences is called the standard error of the difference and
can be estimated by

A 2 S 2
Sn=]f 5o
1 2

in which the subscripts 1 and 2 denote the first and second
sample. Again, the probability that the difference in means

(D-6)



of any pair of samples from the population would be within
any specified number, ¢, of standard errors from the true
value of 0 can be obtained from a ¢ table.

T-Test

The standard error of the difference can be used to test
whether an observed difference between the means of two
samples either was likely to have occurred merely by
chance (that is sampling variability) or indicates a real
difference between the two sainples. To make this test of
statistical significance, the observed difference is divided by
the standard error of the differénce to determine 7. Thus,

__ observed diff.
~ std. error of diff.

The probability that a difference that occurred merely by
chance would be smaller than the observed difference can
then be determined from a ¢ table. For example, if # equals
1.96 for the pair of large samples being compared, there is
only a 5-percent chance that such a large difference would
occur if the two samples were from the same population;
and it would be reasonable to conclude that a real difference
exists.

The probability that a chance difference would be less
than the observed difference is referred to as the confidence
level, because it is a measure of the confidence that can be
placed in the conclusion that there is a real, or statistically
significant, difference between the two samples. In the ex-
ample, the confidence level is 95 percent. Usually, if the
confidence level is less than 95 percent, the difference be-
tween the two samples is not considered to be statistically
significant; in other words, it has not been shown conclu-
sively that a real difference exists between the samples.

(D-7)

F-Test

The ¢ value indicates the significance of a difference in
the means of two samples. ‘A similar value—called the
variance ratio, or F statistic—indicates the significance of
a difference in the variances (standard deviation squared)
of the two samples. Specifically, F equals the greater esti-
mate of the population variance divided by the lesser
estimate of the population variance. Thus,

_ (5

F= ( Se? )
in which the subscripts G and L refer to the samples with
the greater and lesser variance, respectively. If the two
samples are from the same population, F approaches 1.0
as the size of the samples increases. The probability asso-
ciated with various values of F and degrees of freedom is
given in F tables (35). If the probability corresponding to
the calculated F value for a given pair of sample variances
is less than 95 percent, it is usually concluded that the data
do not show a statistically significant difference between the
standard deviations of the two samples and, therefore, that
the samples were drawn from the same population,

(D-8)

Comparison of Two Regression Lines

The standard error of the estimate for a regression (best-
fit) line is analogous to thg: standard error of the mean of
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a sample and can be calculated from Eq. 2. This is ac-
complished by using the deviations from the regression line
instead of the deviations from the mean in calculating S.
Similarly, confidence limits can be calculated for a linear
regression line as well as for a sample mean. These limits
have the closest spacing (in the Y direction) at the mean
value of the independent variables observed in the experi-
ment, X. The spacing is equal to ¢ times the standard error
of the estimate at that location. As the value of X moves
away from X, the confidence interval for Y increases be-
cause there is less certainty about the true valie of Y.
Thus, the confidence limits are hyperbolic and are closest
to the regression line at X. In many practical cases, how-
ever, the curvature is small and the confidence limits can
be approximated by straight lines that are parallel with the
regression line. Similarly, tolerance limits from a regres-
sion line are hyperbolic, but are often approximated by
straight lines parallel to the regression line.

The probability that there is a real difference between
regression lines estimated from independent sets of data can
be assessed in the following way (37). The regression lines
are of the form

Y =4+ BX (D-9)

To test whether there is a statistically significant difference
between the slopes, B, of the two lines, the data are first
coded to eliminate the constant term, 4. This is accom-
plished by subtracting the average of all X values in a set,
X, from each individual X value, and performing a similar
operation with the Y values. Thus,

(Y—-Y)=B(X—X) (D-10)

The least-squares slope estimate is then determined for each
set, and the regression sum of squares—a measure of the
variation in the dependent variable that is explained by the
independent variable—is determined for each set. A com-
bined estimate of the slope is calculated by combining the
two sums of the squared deviations used to estimate the
individual slopes. The regression sums of squares are then
calculated by using the combined slope estimate. The dif-
ference between the over-all regression sum of squares
based on the individual slope estimates and the over-all
regression sum of squares based on using the combined
estimate is compared to the unexplained variation about the
individual lines. This is done by an F test (Eq. D-8). The
degree of freedom for the numerator is equal to one, and
the degree of freedom for the denominator is equal to the
total number of data points minus one.’

To test whether there is a statistically significant differ-
ence in the valués of A4, it is assumed that the slopes are not
statistically different and the over-all mean values for both
sets, X’ and Y', are subtracted from each individual X or ¥
in both sets. Best-fit lines that have the same slope—the
best-fit slope, B, for the combined data—are calculated for
both sets of data. The increase in the unexplained varia-
tion about the over-all line relative to the unexplained
variation in the combined data is compared to the inherent
variability in the data by a variance ratio, and the prob-
ability for A4 is obtained from F tables as discussed earlier
for B.
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APPROXIMATE CONFIDENCE AND TOLERANCE LIMITS

Approximate 95-percent confidence limits are used in the
present study. These limits were obtained by plotting lines
parallel with the best-fit line a distance equal to 1.96 times
the standard error of the estimate above and below the
best-fit line. These particular approximate limits have sev-
eral different meanings. First, they approximate the 95-
percent confidence limits for a single future test result. If
a set of tests is repeated a large number of times, confidence
limits for a single future test are calculated for each set,
and a single additional test is performed in conjunction with
each set; each additional test result will fall within the
calculated limits for that repetition in 95 percent of the
repetitions. The limits also represent the best estimate of
the true 95-percent tolerance limits for the population in the
sense discussed in the section on sampling errors. The lim-
its would contain at least 95 percent of the sample data in
50 percent of the cases in which the experiment was re-
peated to obtain replicate samples.

To show the difference between the straight-line approxi-
mate confidence limits and the true hyperbolic limits, the
true limits were calculated for one large and one small set
of data. The first set consisted of 36 variable-amplitude
results (Project 12-12) for cover-plate C beams fitted to 85
constant-amplitude results (from both Project 12-12 and
12-7) for cover-plate C beams. The second set included
6 results of constant-amplitude tests from Project 12-12 on
cover-plate A beams.

EQUATION (D12}

w log (NO)
- N
El

" For both sets of data, the hyperbolic 95-percent con-
fidence limits were calculated first for the true value of the
dependent variable at some value of the independent
variable:

log(N) =10g(Ng) =ty 142V Vo (D-11)
and second for a single future test result:
log(N) =1og(Ny) ® 1, 5 1.42V52 + v (D-12)

N, is the predicted (best-fit) value of the dependent vari-
able, and v, is the estimate of variance, both at the point
of estimation, X,. The term ¢, , ,,,, is the value of the
Student’s ¢ distribution for n-2 degrees of freedom and a
(1-y) confidence level. The estimate of variance is given by

1 . (X,—2X)?
=8|
v [n +E(X1—Y)2:|

in which X; is the ith value (data point) of the independent
variable (log S,), X is the mean value of the independent
variable for the sample, and S is the standard error of the
estimate times the square root of the number of data, n.
Thus, the term $2/n is the square of the standard error of
the estimate.

The results are shown in Figures D-2 and D-3 for the
large and small sets of data, respectively. For the large set,
the approximate and exact confidence limits for the popu-
lation mean are almost identical, and, even for the small
set, the difference is small enough to be neglected.

(D-13)
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Figure D-2. Exact and approximate confidence and tolerance limits for large set of data.
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EQUATION {Di12)

A

RANGE OF DATk\\
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1

o AMPLITUDE, COVER~PLARTE R BEANS
LOG (NO) =9.579~3.279 X LOG (SRE)
Conversion Factor:
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Figure D-3. Exact and approximate confidence and tolerance limits for small set of data.

APPENDIX E
FATIGUE-TEST RESULTS

The fatigue test results—including data on applied
stresses, life, and observed cracks—are summarized in
Tables E-1 through E-5 and Figures E-1 through E-5.

ORGANIZATION OF TABLES

Table E-1 gives the results for A514-steel cover-plate
specimens, and Table E-2 gives the results for A514-steel
cover-plate beams, The results for A514-steel welded beams
are given in Table E-3. Tables E-4 and E-5 include the
results for A36-steel cover-plate beams and A36-steel
welded beams.

Each set of three beams or specimens tested under iden-
tical stress conditions has a set number that is used when-
ever reference to a specific set is made in the text. The sets
of beams and specimens are numbered separately, but sets
for different types of beams are not numbered separately.
Thus, there is one beam set 31 and one specimen set 31.
Within each table, the data are listed consecutively by set
number. To find any set of data referred to in the text, the
reader must look in the appropriate table for that type of
beam or specimen. For example, set 31 is a cover-plate
beam of AS514 steel and, therefore, is listed in Table E-2.
If the type of beam is not known, it is necessary to look

through Tables E-2 through E-5 until the desired set
number is found.

Each of the three beams or specimens within a set has
a specific specimen name consisting of three letters followed
by several numbers and another letter. These individual
names are listed in the tables and are used in the text when-
ever it is necessary to distinguish among the three beams or
specimens in a set. However, the set number is used as the
main identification for the test results.

EXPLANATION OF TABLE COLUMN HEADINGS

An explanation of the headings for the beam tables
(Tables E-2 through E-5) follows. The headings of the
first eight columns in the specimen table (Table E-1) are
identical with those in the beam tables. The headings for
columns 9 through 12 (crack locations) of Table E-1 are

“explained in Figure B-6.

Column -
No.
(1)  Set number.
(2) Beam designation with beam number and type of
detail.



TABLE E-1
A514-STEEL COVER-PLATE SPECIMENS

SPECINEN SMINy SPM, SRRMS
SET NAME KSI KSI SRp/SRM  KSI
(1) (2) (3) (4) (S) (6)
1 CpS= 91a 0,00 10,0V 0,00 10,00
CosS= 25a
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rd CDS‘ 844 0000 IOvOO «50 l‘ceQ
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256n) 67 « 00 e 0HBN « 000
25R4 449 « 0000 «000 «000
4026064 « 000 «000 « 085
427?l67 0000 0000 .085‘
50R2.00 « 000 « 000 360
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97406 «NO0 0138 « 000
137989 « 200 e 188 o100
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3 Cps~-102a
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4 CpS= 334
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6 Cps= 7Ta
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TABLE E-1 (continued)

KILOCYCLES

SPECIMEN SMINs SRMy
SET NAME KSI KSI

SQQ“SO LOG.'

SRp/SRM  KSI AVG. COUNT

th (2) (3) (4) (5) (8) (7 (8)

CoS= 4348 §000
2150
] 11001
CoS= 82A 150
3.00

10400

2500

0600

138.02

2212438
2340029
3209.29
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764.18
913.77
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TA7 80
1208.25
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«175 175
«185 e178
«340 0175
375 «178
¢ 405 0318
0455 «315
«575 0328

N

O

T

"
n

(13)

FAlLED

FAILED

FAILED

FAILED

Failed

AT

atv

AT

at

Ti=T4

T3=T4

Ti=T2

T=T4

T3-T4

FAILED AT Tie7?

29



CpS=- 784 5.00 «000 «000 «300 «000

52100 «000 «000 360 «000
71594 «000 «000 «360 «000
107349 «N00 - 330 0465 000
1258199 «000 ¢ 360 «515 «000
1856445 «000 «520 «805 265
244755 3 500 3.500 Failed at T3-T4
CoS- laa 453455 ,000 «250 +200 «000
Sh6e49 « 000 250 290 «000
66053 «N00 250 2290 «000
10R7.08 «000 «250 «320 «000
127754 « 000 «250 ¢ 345 «000
172790 «160 0250 2425 «000
1912447 «160 2585 465 «000
2362432 «250 0260 «585% « 000
264726 «?260 0270 «625 «280
253168 «260 270 0h60 «280
339629 3.500 3.500 Failed at T3-T4
9 Cps- 214 10,00 10.00 1.00 13,78 2080 5400 «000 000 «000 +000
6ahea? «000 :}75 «200 «225
137,26 000 o175 «200 «325
574,78 « 250 0675 «400 . «325%
674,64 « 250 0475 0025 «325%
743,78 «250 478 425 0325
1093.20 « 250 «525% « 450 325
1187.46 « 250 +550 «450 325
1254,91 «250 «600 «450 325
151176 «250 «800 «500 375
161797 250 «925 «525 «375
1679439 « 2850 925 «550 0378
190689 3.500 3.500 Failed at T1~T2
CpS= S1a T73e45 000 «000 «000 «000
140090 «000 «07% +150 0128
609410 «300 «350 « 4715 «275
1859420 «879 +6758 +650 «500
199200 e 125 «725% « 750" ¢550
2312.90 3.500 3.500 Failed at T3-T4
CpS=~ 704 452402 «000 « 000 «000 «000
89602 « 285 «410 «000 «000
10R2.00 «312 *450 600 «375
185600 2400 0625 - o700 425
200135 « 487 0849 750 «450
203185 3.500 3.500 FAILEN aT Ti=T2
lo Cps= 84 10.00 39,00 0.00 30,00 240 «50 «000 «000 «000 «000
1+00 «000 *000 0192 «000
S«00 . 000 «000 «000 « 000
10600 «000 «000 «000 «000
‘Se O .171 o177 .3‘6 0248
23093 3,500 34500 FAILED AT T3=T4

€9



TABLE E-1 (continued)

KILOCYCLES CRACK LENGTH » 1IN,
L T e ey F OR LOCATI ONS
SPECIMEN SMINY SRMy SRAMSy LOG.= B T T O YV VU
SET NAME KS1 KSI SRp/SRM  xSI AVG. COUNT T1 12 73 T6 N 0 T 3 S
(h (2) (3) (&) (8) (h) (7 (8) (9) (10) {11) (12} (N
CeS= 112 1.00 «000 «000 000 «000
Se00 +000 «000 #1135 «000
1000 « 000 «000 160 « 000
G0e0N « 000 « 000 «330 «000
10000 «000 «310 388 «000
13517 «235 0365 0420 e 250
18000 «?35 03658 0420 «250
2R329 3.500 3e500 FAILED AT T3=Te
CpsS= 29a ' 11.06 <000 150 «000 e125
7645 200 «150 225 200
1R RR « 300 0375 275 «325
141.Q4 400 «580 225 0350
212.51 3.500 3.500 Failed at T1-T2
11 Cps= 18A 10,00 30,00 +50 35,67 184 1000 000 «000 «000 <000
S0+00 «000 e770 2270 « 000
170456 3.500 3.500 FAILED AT T3=Ts
CoS= 37a Se00 + 000 *000 2000 *000
1000 «190 «000 «270 0000
6000 .180 «000 0675 «000
20367 . 3.500 3500 FAILED AT T3=T4
Cps= 224 5400 «000 o165 «193 2000
10,00 «000 0225 «275 «000
G000 « 000 e300 «30% «000
18056 3,500 34500 FAILEN AT Ty=T2
12 Cps= 68 10,00 30,00 1.00 4],3¢ 123 46e00 <000 «000 100 020
4900 °000 e 020 *100 e020
127.97 3.500 3500 FAILED AT Ti=T2
CPS= 16a Rls00 «000 ¢ 000 532 0000
99.00 « 000 532 532 «000
11600 «000 «609 l1e062 «000
123443 3.500 3500 FAILED AT T1=T2
CPS~ 564 , 10400 .288 « 087 «250 « 050
15400 325 0250 «275 o200
20600 0325 «300 «375 «225
20«00 325 «313 0400 0225
90400 325 «875 «525 0250
100,00 «350 «650 «600 «250
110400 «350 « 750 750 «375

118,61 3.500 3.500 FALLED AT Ti=t12

9



13 CpS=~=114a

CpS= 284

CpS~ 964

l& CpS=XXXA
CPS=XXXA
CpS=xXXa

Is Cps~ 93a

CpS= 694

CpS= 264

10.00

10.00

40,00

60,00

4,00

10.00

0400

1.00

0.00

60.0n

S.51

10,00

35.7

5510

1«00
1000
31385

50
le00

S¢00
1000
Pue0N
41le24

«R0
le00

S5¢00
1000
516

00
0D
«00

2000
624¢K2
770619
85100

142220
157610
2279.65
3187«80
3420600
4209+R1
5000
134686
739¢1R
996e 36
144711
161824
2238.55
249138
3093.07
334975
459671
4B4e32
545018
569%Nn2
Alan.28

203eR87

81245
106137
164761
1915eh4
4271439

«000
« 200

« 000
«000
«000
175
+250

» 000
«000
«000
«205
3.500

«000
« 000
«000

« 000
.0‘9
«000
« 095
«200
«000
«310
+478
507
3.500
«N00
«000
«000
«000
« 000
« 000
«000
«000
«000
«000
«000
« 000
«000
« 000
3.500
«000
«170
«190
«200
210
«300

0275
0325

«000
«000
290
« 365
0420

«000
275
« 288
+330
3500

«000
2000
«000

«000
*240
«000
0250
«292
«000
«386
«520
0612
3.500
«000
210
345
+ 3585
«380
«400
0425
660
+505
«510
0625
+655
«755%
*H38
34500
«000
«030
«050
«270
«290
350

«000
150
3.500
«000
«060
+195
«2n0
¢ 265
3.500
000
«000
«000
«000

«000
«000
«000

«000
o074
«000
«220
« 266
«000
«308
«375

«000
«100
«130
o140
e1la0
=155
185
190
«215
220
«260
«280
«330
«345

«000
+ 040
0065
«100
0120
205

«N0O
«000
3500
« 000
«000
0215
0265
«29n
3500
« 000
«000
«000
« 090

«000
«000
e 000

« 000
118
« 0060
«130
«187
«000
«207
e 247
« 268

«000
«000
«000
«000
«000
« 000
2000
«000
« 000
« 000
«000
« 000
«000
«000

«000
o110
o115
o120
«130
«150

FAILED AT T3=T4

FALILEN AT T3«T4

FAILLED AT Ti1=7?2

NOT TESTEO HECAUSE
0OF VERY nIGr LIFE
EXPECTANCY

FAILED AT TyeT2

FAILED AT Ti=72

9



TABLE E-1 (continued)

KILOCYCLES CRrRaACKk LENGTH » I N,
crececcrmcetena FOR LOCATIONS
SPECIMEN SMIN SRMs SRAMSy LOGe= ket D
~SET NAME KSI KSI SRD/SRM  KSI  AVGs  COUNT T 12 T3 T4 M 0 T £ S
(h (2) (3) (6) (s5) (6) (7 (R) (9) (10) (11) (12 (1 3
451077 305 365 210 150
512104 «335 435 0235 «160
R3723¢45% «340 468 «260 165
§97Ne 12 «375 «550 2275 «200
6759486 3.500 3.500 FAILED AT Tie7?2
16 CpS= 734 40,00 10,00 «50 11,80 2460 3612 «N00 000 «000 «000
488¢19 °000 *235 «265 165
S97.726 +000 « 288 «310 «235%
1439.43 +285 e&l0 «560 0408
157%37 «300 410 «395 0440
1976.23 «335 «525 «900 675
203679 3.500 34500 FAILED AT T3i=T4
CpS~ S4a : 2.00 «000 0000 0240 «000
452433 «115 * 255 340 ells
640610 « 125 e 340 + 355 155
1084440 « 185 0445 «550 «190
1278426 +195 470 +595 0200
172565 0245 670 «845 «300
1894439 «275 «7640 1.005 e335
190771 «300 0745 1,080 0345
2046063 «310 « 835 1310 0365
2094¢46 3.500 3.500 FAILED AT T3=T4
CpS= 644 Se00 «000 «000 «000 0000
47956 «+NO0 0225 .200 «000
57303 «N00 0225 «200 «000
1037.47 000 *390 0225 230
1217443 « 000 0615 «230 e 235
1702400 «180 420 240 350 :
3501.79 3.500 3500 FAILED AT T3=Té
17 Cps- 802 40,00 30.00 0.00 30.00 234 5400 «000 000 « 000 «000
1000 «125 *000 000 *125
58,56 315 «000 120 «29%
21594 3.500 3.500 FAILED AT Ta=Ts
CpSe 174 500 «000 «000 « 000 2« 000
10,00 .000 . 185 0000 « 000
95494 «330 0325 o190 0240
1“3'“‘ .400 0660 C?So 0“05
240eR7 3,500 3.500 ' FAILED AT T1=T2
CpS= 36a 10400 «000 «000 «000 0000
20400 .120 <000 210 «000
1n1eAS 330 0400 0420 «290

24TeR3 3.500 3500 FAILED aT Ti=T4

99



ir

19

2o

Cps= 304

CpS~ 88A

CpS= 684

Cps= 424

CpS= 974

CeS= 874

CpS= 23a

CpS=108A

CpS=107A

Cpg= 34

CeS= 67A

Cos= 924

CpS=-1184

40,00

0.00

30,00 «50 35,67 139 50
100
2,00
3,00
6,00

2000

109,18

le00

158187

Q0«80

16149

1,00 41,34 103 Se00
20000
S000
R5.55
Se00
16405
40600
ABeR4
1500
5500
1sSelé
S+00
1000
Alle24
9653
2.00
SN0
49400
100e47
4N 00
7500
1n3.47

30.00

1.00 1,36 103 15600
K000
99.23N
200
S400
4000
«0¢00
126022
Se00
1500
45400
11068
180
44R2
1185
1686
3200
§T7e61
R4 430

30.00

«000
*300
320
«320
«320
«320
¢ 360
3.500
« 000
3.500
«000
3+500

«000
*500
535
3,500
*050
t3§0
0445

«000
«000
3500
«000
«000
325
3,500
«000
«000
«3SN
3.500
«000
«22%

«000
0215

+000
125
4158
0440
3.500
0200
* 365
0418
3500
«000
0155
«280
*335
«37%
0405

«000
e 265
«260
o260
«360
«360
0370

«000

« 000

«000
*170
455

«000
«000
« 005
3.500
«000
<000

000
«000
¢340

«000
« 000

«310

600
«200

3.500

«000
«375
3.500
« 000
0225
+395
«405

«075
«105
0000

000
«300
«300
«300
«365
340
3.500

«000
*+ 05§
« 058
.055
«130
«130

«000

«N00

175
«230
255

* 185
°185
«270
34500
«100
0250

«000
078
o240

«000
« 090

3490

«225
e 269
3.500

«000
«150
3.500
«000
e N&QO
«200
«165

«135
120
0285

«000
#0590
«110
19
+255
«320
3.500

Failed at T1-T2
FAILED AT Ty=T2
FAILED AT Ti=T2

Set used tape with 100 cycles
and 100 load levels

FAILED AT TieT72

FAILED AT T3=T4

FAILED AT Ti=T72
FAILED AT T)=T2

FAILED AY T1=T2

Failed at T3-T4

Set used tape with 500
cycles and 100 load levels
Failed at T3-T4

FAILED AT Ti=T2

FALLED AT T1=-72

Failed at T3-T4

L9



TABLE E-1 (continued)
KILoCYC ES

SPECIMEN SMINy SRM, SRRMS, LL0Ge~
SET NMAME KSI KS1 SRp/SRM KSI AVGe COUNT

(l) (2) (3) (&) (S) (6) (7) (8)

CpS=1064A 4400
1000

2000

4500

10507

CpS=108A 300
4400

BenB

1300

18e¢&7

26000

S9e«R0

Qhe 2

21 CpS=1134 0,00 30,00 1.00 41,3« 99.9 S5¢00
1000

5500

92,65

CpSa 504 SeN0
65400

A1e¢40

CpS= 72a 500
. £S«00
8639

CpS=112a 2400
Se00

6500

136421

CpS= 854a Se00
102466

CpS= 63A S.00
75400

109442

2?2 Cps=1114 0,00 30,00 1,00 41,34 103 Sen0
Q847

109449

CpS= 61A S¢00
10730

CoS= 47a 250
192612

CpS= 32A Se00
45000

11Ae43

CpSe 48a S5¢00
G000

A0 e k8

R aAC
FOR

T

(9)

«000
«000

«000

« 035

«000
000
«175
«175
« 255
260
«275

«000
«000
.125

. 000
«350
3.500
<150
265
3.500
«000
«135
325
3.500
« 060

« 085
«255
3.500

«000
«385
3,500
+000

«000

«000
+300

000
«280

L E 3 T H o ) K YIS
LOCATIONS
T2 13 T4
(10) (11 (12}
0078 0100 «000
e115 185 «NT0
e175 ~ «260 e 085
0240 «325 « 088
3.500 3.500
«000 «000 «000
«000 «000 «000
«000 «000 «000
«000 « 000 «000
ell0 «305 «170
e235 «315 «195
«370 «360 2275
3.500 3.500
«000 «000 «000
280 « 000 «020
«400 «250 o118
3,500 3.500
«000 <000 +»000
*465 «435 *000
3¢500
0000 «325 000
«300 «455 310
3.500
« 00N «000 «000
«000 «135 «000
«240 «145 «000
3500
«000 +205 «000
3.500 3500
«000 « 060 « 0640
0425 « 095 *255
3.500
«000 «0Nn0 «000
580 *59% 175
3.500
«000 «000 + 000
3.500 3500
+000 «000 «000
3.500 3500
o000 «000 «000
250 « 145 -\2'-')
3.500 3500
«000 «000 «000
«400 * 315 0285
3.500 Ie500

[N 0 T [ S

O3

Failed at T3-T4

FAILED AT T3=T4

Set used tape with 5000
cycles and 100 load levels

FAILED AT T3=T4

FAILED AT Ti=-T2

Failed at T1-T2

FAILED AT Ti=T?

FAILED AT T3=T4

FAILED AT T)=72

Set used tape with 500
cycles and 500 load levels
FAILED AT Ty=T2

FAILED AT T3=Ts

FAILED AT T3=Té4
FATLED AT T3=T4

FAILED AT Ta=Ts

89



CpSe-

€3 Cos=-

384

2ah

CoS=)20a

CpS=-

24 CpSe

CeS=

Cps- 3

25 CpSe

CoSe
CiSm

834

SA

444

904

408
9% a

000 30,00 0.00 30,00 266

0.00 30.00 0.00 30.00 335

0,00 30,90 0.00 30,00 207

Note: The locations T1l, T2, T3, and
T4 are shown in Figure B6.

SeNO
Sle14
1nRe.12

?lek6
?ReRn]
Q4444
126011
12A+R7
25585
2A2411)
53
le71
CLER K]
Qe A5
129139
212eR?
73899
Q3.07
37286
37A,?21

le5é
R4 e 49
187+40
21377
276075
1Ae34
R3eK9
144¢K9
2729¢R7
303.5]
4N)e?29
4835 R
2TeR
R3,78
293,27

o]
204638
3IN] eRY
1rt«27
211.08
213.12

«000
300

« 000
*000
410
0420
«598
«325
3500
«000
«000
419
0490
«700

«000
«000
0420

«000
28
490
0609

«000
«060
«0/0
«260
«340
800
3500
e265
«335
3,500

«00N
358
3,500

260

<000
+350
3.500

«000
«000
«290
«305
#3135
o660

«000

« 000
0600
0490

« 780 -

3.500
«000
«000
«300

3,500

2000
«105
¢365
«395%
3.500
«000
« 045
0245
«320
¢340
+395%

«255
«390

« 000

© e425

3.590
« 150
3.500

« QU0
270
3e500

« 000
«000
o110
«210
«320
629

«000
«QUN
220
¢ 348
«S4n
3e500
e 000
«U00
« 070
3,500

)]
o110
0450
515
3500
« 000

.730

+100
«190
+ 209
2?81

<000
«000

« 200
«000

5010
«315
Jen00

FAILEN AT T3i=Té

Set with superimposed vibra-
tions S /S = 0.1
rv' r

FALLED AT T1=72

FAILED AT TieT4

FAILEP AT T3=T4

Set with superimposed vibra-
tions 8§ /S = 0.2
rv' r

FAILED AT T3=T4

FAILED AT T1=12

FAILED aT Ti-72

Set with stress-relieved
specimens

FALLED AT T1=72
FATLED a7 TieT4

FALILED AT T3=T4

69



TABLE E-2

A514-STEEL COVER-PLATE BEAMS

SET
(1)

SPECIMEN SMINy

NAME

(2)

KSI
(3)

SRM,
KSI

(4)

BARg® Veau T RNCOo NEPEW BT

1

W3C«l440A

weCelé4la

WBC=14424A

wlC=1449A

waC=1450A

w5C=1451a

WBC=14524

wWRC=14534

0,00

0.00

0,00

10,00

10,00

10,00

AS514=STEEL COVERe-PLATE BEAMS

eSSy vwaC""surteTweoroentonvecaw

CRACK DESCRIPTION
KILOCYCLES  DISTANCE CRACK SIZE IN
L 2 T T Py . FROM T0P - . e
SRRMS, LOG,~ SUPPORT, OR FLANGES WEB
SRDO/SRM  kS1  AvG,  CnauUNT INe  TYPE BOTTOM INe 1IN, 1IN
(5) (6) (1) - 18) (9 (10)  (11) (12) (3 (14)
0,00 10,00 9976,6 T «00 <00 400
9976,6 36400 C 8 000 1,28 400
_9976,6 R4,00 [ 8 «00 <13 .00
11400,0 T «00 L00 .00
11600,0 8 «00 00 o400
2050,6 36,00 C T «00 00 400
246041 C 025 ¢66 00
3195,0 C oS1 186 400
6337.,2 C 853 T4 #00
10149,1 c 82 1490 ,00
15130,9 L 6:75 6.75
«50 11,89 81,0 36,00 (o \ 4 44 48 400
95645 (4 062 42 00
1453.1 C e62 042 00
282448 C 062 42 000
1150040 C 062 42
279,.6 36400 C T 67 <47 W00
973.2 ) V C 16T 4T L0V
2144,8 C o6T o477 400
2922,1 ¢ e6T 47 L00
11500,0 C 067  o47
71.8 36,00 C T o715 52 400
6l6,7 C 75 o522 400
27166,8 C o75 452 00
4292,3 C o5 4852 400
11364,4 [o 15 o852
1.00 13.78 2110 '306,3 36400 C \ bl s44 400
487.8 C -1 Y Y Sy Y]
7R2.2 c °9% s44 400
978.4 C 1026 %2 00
118746 , L 6¢75 6475
?l‘tl 36-00 C T 027 027 «00
576.3 C 54 440 400
1271,9 C 1.0 .58 .00
1896,0 C 1,08 461 400
22R80,1 L 6e75 6075

N 0 T (2 S
(1%5)

DISCONTINUEDy NO CRACK
IN TENSION FLANGE

OISCONTINUEDy NO CRACK
IN TENS, OR COMP, FLANGE

UNDER COVER PLATE
UNDER COVER PLATE
FAILED THROUGH FLANGE

DYSCONTINUED

DISCONTINUED

DISCONTINUED

FAILED THROUGH FLANGE
BASE OF WELD

FAILED THROUGH FLANGE

oL



n

wBC=14%44

wBC=14435a

wiiC=14444

wBC=14452

wBCm14834
wHC=148GA

wC=146 A

«BC=]4EGA

EC=14864

wBC=14E74

wuc-l‘obé.ﬁ

wbCm=j4478

wBC=)4454

0400

Ge00

Vet

Oeuvu

20,00

20,00

3c.c0

0,00

50

1.00

0,00

20,00

23,78

27,56

3V,00

900

490

198

122

25247
339,32
1689,1
2310,0
311648
346249

30,0
208,5
§36.2
R52.0
915.2

110647

32.9
R19.5
CEL XY
Q490

736
279.7
331.7
s31.8
8§73.9
69363

357,8
130.5
255.3
JUB.6
437.9
454,9
276.0
80,9
40641
528.9
709.1

127.9
18166
282.)
LY Y3
60,0
14644

62.8
80,44
187.4

44,3
1277
45,6
133,8
10642

36400

36.00

36.00

36400

36.00
36.00

36400

36,00

36.00

36.00

36.00

36¢00
36400

rroro FoO rFrooron rooooroooor FOOO0OraooOrononn rooano

«00
44

065
675

00
15
109
138
1046
6e75
¢33
79
87
6075
«00
56
063
o782
%44
675

6.75
48
«76
82

1.26

6¢75
58

«75
«80
675

YY)
e48
6075
20
«20
675

«65
«65
675

+«56
675
o45
6475
675

00
30
50
1)
97
6e78

«00
000
29
*37
«38
6e¢78
«20
67
77
678
«00
o68
«82
lel2
le21
678

6,75
048
53
e63
068

675
ohé
-1
062
067

6e75

38
48
675
b é
Yy
675

3%
¢35
6475

«61
679
037
675
6758

*00
«00
000
200
00

«00
«00
000
e 00
«00

*00
«00
000

000
200
Q0
¢ 00
e 00

«00
«00
«00
000

00
«00
00
000

000
eQ0

000
«00

o0V

o0V

BASE OF wELD
BASE OF WELO

FAILED THROUGH FLANGE

FAILED THROUGH FLANGE
BASE OF WELD

FAILED THROUGH FLANGE

FAILED THROUGM FLANGE
FAILED TWROUSH FLANGE

UNDER COVER PLATE
BASE OF WELD

FAILED THROUGH FLANGE

FAILED THROUGH FLANGE
UNDER COVER PLATE
FAILED THROUGH FLANGE
ACROSS wELD

BASE METAL

FAILED THROUGM FLANGE
ACROSS wELD

FAILED THROUGH FLANGE

FAILED THROUGH FLANGE

"FAILED THROUGH FLANGE

FAILED THROUGH FLANGE

iL



TABLE E-2 (continued)

SPEcIMghN SHINe  SRMy
SgT tAME KRS xS1
(1 (2} 3 (&)

B wsCal%€?78 (,0C 30p.00

wBC=-14¢€84

hiyCe | 4 €A

9 x4 0,0¢ 39,¢0
A
\¥

1o wbCm=14014 16etG 16eCU

#pC=le26

whCe e e

11 wa-l‘O'c‘.‘A 16,00 10.('0

CRACK DESCRIPTLION

KILOCYCLES DISTANCE CRACK SIZE IN
SaHMSs LOGem SUPPORT o
MSe Ge™ SUPPORT OR FLANGES w
SRp/SRM  KST  AVGe COUNT  INe.  TYPE gOTTOM xtf %N. 159 N ] T £ s
(5) (6) (N (8) (N (10) (1) (12) (13) (14 (1%
.50 35,67 173 7.0 36,00 C T «37 436 400 AT WELDS
15C.1 c 42 o76 - +00 UNDER COVER PLATE
16641 L 675 6475 FAILED THROUGH FLANGE
91.2 36400 c T 63 +37 <00 UNDER COVER PLATE
113.,3 Cc 63 37 000
17842 L 6¢75 6075 . FAILED THROUGH FLANGE
36,2 36400 c Y e32 +48 00 UNDER COVER PLATE
134,72 C 045 <67 00
1758 L L6075 6e785 FAILED THROUGH FLANGE
1,00 41,34 _ SEY wAS NOT TESTED
BECAUSE OF ANTICIPATED
DELAMINATION
1208,3 36,00 c T «B7 . +43 WOV
1454,7 36400 c T lell <45 400
1a208,] 364,00 C T 1.31 48 00
2122,1 36,00 c T 175 463 400
2306,2 36.00 L T 675 6075 FAILED
R7540 36400 c T 000 400 o0U
1209,3 36,00 c Y 039 61 400
1693,1 36490 C T ¢52 o511 00
1918,4 36,00 c T 60 459 400
2126'3 36000 C T -76 l70 000
23G8.8 3600 L T 6075 6475 FAILED

DISCONTINUEDy NO VISIBLE
CRACK IN TENSION FLANGESs
SMALL mAIR CRACK IN COMa
PRESSION FLANGE.

SEE NOTE a.
56 11,89 1770 28,5 36,00 c T «00  L,00 L00
2637 C 00 12 00 BASE OF WELD
161646 c *89 43 00
1189,8 c 115 +49 00
1257.5% c 1¢21 oS0 00
1433.6 C 1¢25 83 00 .
165742 L 6¢75 675 FAILED THROUGH FLANGE

ZL



12

13

wHC=14c6pn

wECe]4274

~eCel4l3a

wAdCemlé)ap

#BC=)4]30

BCel4C4h

wpC=14(54

wpCeléCou

10,00

10460

LI

20,0

1,06

0,00

13,78 g42

2,00

484

23.5
28¢5
263.6
948.2
1014,6
1192,.,8
1261,.4
143745
1501,8
1650.8
24,0
209,1
266,1
948,6
1015.3
1193.3
1261.9

1‘3850'

1502.3
1719.8
1825.9
2170.2

1628
20201
427.8
#U3,0
ASB8.2
731,.9
162,2
201,46
71,1
45746
43,9
160,7
200,0
425.8
65642

9hBe3 -

101,6
17601
2R9,.4
32540
39846
469,11
10146
17546
260,8
320.5
400,41
52544
132,.5
159,5
247.7
2683.3
5649
454,43

36.00

36400

36,00

36,00

36.00

36,00

3600
3600

36400

FOOOOOrooONOr o0 o0 Oroooorooonoono e XsXsXxsXsnaXaXsXekakelafsNeXoReNeNelaNa e

PP R e e e e B

- Attt —t -t

«00
«00
«00
071
o186
«8l
«85
1402
126
675
«00
000
«00

063

65
«75
«80
«85
.87
1.03
1013
675

.25
027
067
o 76
83
6475
53

53

o 74
1e27
675

«35

o4l

65

«90
675

«00
26
56
67
Y-1]
6475
000
049
82
XL}
1.10
675
00
«35
o45
50
o6l
675

e 00

°l6
«30
«8B4
+98
1,01
le06
le40
1e67

beT5 -

«00
15
017
032
Y 3!
43
047
51
853
57
«70
618

«18
39
o 77
1,12
le24
6e75%
«22
25
37
060
6478
«29
39
[1-31
'Y-1-3
678

00
«00
o715
79
93
675
elé

26

*39
(Y Y
«53
6078
«00
*38
49
.50
67
hel8,

000
00
«00
«00
e 00
o 00
00
«00
«00

00
00
00
s 00
«00
000
Y1)

e QU. .

0V
e 00
000

000
°00
eQU

BASE OF WELD

FAILED THROUGH FLANGE
BASE OF WELD

UNDER COVER PLATE

UNDER COVER PLATE

FAILED THROUGH FLANGE

«00 .

o0V

00
XY

" o0V

00

«00
«00
00
00

00
000

(X1

00
200

e 00

+00
200
o OV
00

«00
000
«00
o 00
00

FAILED

FAILED

UNDER COVER PLATE
FAILED

SEE NOTE A,
ACROSS WwELD

FAILED

FaILED

FaILED

€L



TABLE E-2 (continued)

SET

th

SPECIMEN
NAME

(z)

SMIry
KS1

(3)

SRM,
KS]

(4)

is

1%

14

17

18

19

ccC=}4z2s

vCej4z224

woC=l4g4

‘Oc-lalﬁﬂ

wriCe=141728

wa-l“lEu

woCelé74
»3C=14064
w5C=14C94
uBC=l6lga
wsC=14z204
xHC=jéz]A
wBC=14l(a
wBC=16]114
wBC=)14]12a
WHBCa]l464A
waC=le6s0

weCet14€Ra

10e 00

1GeuC

1030

1Ceu0

1C.c0

19400

€3.60

20 00

30400

35,80

30400

50,0V

SEHRMS,y

Skp/SRM RS

(5) (8)
-.50 16,22
1,00 z1,56
0,00 AV, 00
50 35,67
1.00 41,34
G,00 al,00

207

109

104

KILOeYCLES

LOGe=
AVGe

COUNT

(M (8)

266

206,9
?H0.8
1448
6.9
96,2
219.3

1¢,8
2lea
?34.5%
Sel
1043
1583.3
176,46
29,0

5.2
10,1
2643

102,58
125,0
179,3

641

9.2
1649

138.1

11447
91.7
107.2

38,3
5145
§1e7

9
1049
9
31,1
13,3

16,6
95,3

91,5
S1.7

DESCRIPTION

CRACK SIZE In

CRACK
DISTANCE
FROM TR
SUPPORT, [o] ]
Ihe TYPE 80OTTOM
(9) (10) (11)
36,00 L T
3600 L T
36400 C T
C
C
L
36'00 C T
C
L
3600 C T
C
C
C
C
L
36.00 C T
C
C
C
C
L
36.00 C T
L T
36.00 C T
L T
3600 C T
L T
36.00 L Y
36.00 C T
L
36400 C T
L
36600 P T
36,00 P T
36000 P T
364,00 L T
C
36.00 P T
P
36,00 L T

FLANGES
IN' IN.
(12) (13)
6,75 6,75
6e75 6475
¢30 29
s66 +59
«60 53
678 6eTH5
00 L0
e0l 22
6e75 675
«00 00
026 ol6
w22 e 30
«31 e30 .
.53 .30
675 nels5
«00 00
«00 ,48
27 «39
48  L43
87  L69
6,75 6,75
25 ¢33
6,75 6,75
25 .19
675 6078
200 «00
6¢75 678
6475 6,75
062 +54
675 6075
069 42
6475 6075
e00 <00
675 6475
« 00 400
6eT15 6078
6,75 6,75

"o
INe

(14)
o0V
(X 1V
QU
e 0V
QU

00
00U
«00

s 0V

0V
Ov
00

QU
Y]
eQV
a0V
« 00
N0
o0V
QU
o QU
000

-OO

000

000

N 0 T e S
(1%)

FAILED THROYGH FLANGE
FAILED THROUGHM FLANGE
BASE OF WELDS

UNDER COVER PLATE

FAILED THROUGH FLANGE
END OF WELDS

FAILED THROUGH FLANGE
ACROSS WwELD

UNDER WwELD + COVER PLATE

FAILED THROUGH FLANGE

THROUGH WELD
FAILED YHROUGH FLANGE

FAILED

FaILED
SEE NOTE A
FAILED

FAILED ACROSS FLANGE
UNDER COVER PLATE
FAILED THROUGH FLANGE
WELD PEELING

FAILED THROUGH FLANGE

DISCONTINUED ENTIRE SET,
COVER PLATES DELAMINATED
FOR ALL BEAMS IN SET

HATRLINE CRACK AT wELD
FAILED THROUGK FLANGE

PEELING CePoy OISCONT,
FAILED TWROUGH FLANGE

YL



.....

2+ wBC=14€i8 10s06

snCew46s 4

wBlei%C3a

21 #BC=141¢HC 15,40

wRC=16107¢

wisC=1410KC

wdC=141:¢6C 10.00

WBC-14107C
WBC-14018C

ez ~0Cal47588 4y,04

4QUU

3,006

2.00

1( guit

1.00

1.00

1.00

0,00

" 5,51

4,13 20100
2.76
1V, 6u 1480

2144,3
2253,0
16R13.3
1713.5
1758.,8
8nC¢141
10015,3
14791,9
2182148

1868,2
1960,0
3978,9
877245
T447,8
843949

11350,4
11745.6
15921,2
18901,0
21857.8
12073.7
12458,6
13A97,0
15065,2
1851741
21944640
11316,3
11709,6
11883.%
1498S5+2
169B86¢4
77=28.0
TT76AFe4
78833
9416346
97183,.,7
1n2143,9
103719.3
566705
103719,9
31687.6
33298,8
38191 .%
6022643

33,2
83,9
150,09
845,13
ABS 4
17€3.8

36.00

36400

36,00

36.00

36400

36400

36400

36.00
36.00

36,00

rooooo PP et rrrrrrrerrrrrreer r FOOOO0O0 OOOOOOO00D

e 00
00
N0
000
«37
58
069
72
+88

000
«00
31
1420
1,71
675

+00
130
168
3.53
675
«00
57
.88
1.02
175
675
«00
1.82
2046
393
675
00
*38
*33
1092
2¢40
6413
675
«00
«00
«00
1475
230
675

00
«20
o4
049
063
675

«00
63
63
«00

.20

032
Y
49
*88§

«00

69
85
lels
6475

20
«13
38
240
«S4
675

oQu
0U

«QUDISCONTINUED

o QU
s 0V
QU
QU
QU

«0UDISCONTINUED

1Y
QU
00
o Q0
00
e 00

o 00
e 00
000
«00

UNDER COVER PLATE

FAILED THROUGH FLANGE
H1Gu=STRESS END OF

COVER PLATE

12«0UFAILED THROUGH TOP FLANGE

«00
« 0V
«00
000
000

8e00FAILED THROUGK TOP FLANGE

o Q0
00
o 00
«00

11:00FAILED THROUGK TOP FLANGE

000
e00
«00
00
« 00
*3d
Se75
oQ0
oQu
o QU
e 00
o 0U
1200

«0U
e QU
s 0V
000
000

LOW=STRESS END OF

COVER PLATE
FIRST HAIRLINE CRACKS
OBSERVED AT 66 MILLION
CYCLES

FAILED THROUGH TOP FL,

HAIRLINE CRACKS OBSERVED
DISCONTINUED

FAILED THROUGH TOP FL.
BASE 0F wELD

BASE OF wELD

FAILED THROUGH FLANGE

SL



TABLE E-2 (continued) CRACK DESCRIPTION

9L

KILOCYALES  NISTANCE CRACK SIZE IN
cemrrrcecanmann FROM TOP erececccecwse=
“SPECIMEL SMIre TSREM, SRRMSy LCGe= SUPPORT CR FLANGES wEH
SET MAME KS1 kS] SRi/SRM KS] AVGe COUNT I TYPE 80TTOM  INe INe INe N 0 T 3
(1) (2) (3 (&) (5) (k) (7 8) (9) (10} (11) (12) (13) (1e) (1%
atBCw]égSn 33,3 36,00 C T e15 417 00 BASE OF WwELD
34549 C 025 26 00 BASE'OF wELD
645,9 C ¢30 +28 00 BASE METAL
685,6 c «38 .36 400
1584,3 L 6,75 6,78 FAILED THROUGH FLANGE
wbCe 4304 33,7 36400 C T «00 <00 <00
’ 8445 C +00 408 +00 BASE OF WELD
207.2 c e32 +20 400 BASE OF WELD
282,.1 C ¢33 22 W00
71642 C 045 436 ¢00 UNDER COVER PLATE
13)9.8 L 6¢75 6e75 FAILED THROUGH FLANGE
23 AbCml14318 400 1(.060U -1 11,89 1040 221,6 36,00 c T 0«63 .36 400
469,8 C 063 43 (0
§58,.1 C oT0 oS54 00
913.9 C 1017 87 000
1125.2 L 675 6075 FAILED THROUGH FLANGE
wpCe14372 2212 36400 c T 042 +00 00
256,423 C o433 ¢00 . o0U
85746 C oTT <00 o0V
91344 C 1¢28 00 00
1r2642 L 6075 6075 FAILED THROUGH FLANGE
wpC=14334 22246 36400 c 4 37 <27 00
2576 c #37 -3} 00
&8, R “C 51 *43 00 ’
L Y-L-X}] C *80 «B88 Q0 UNOER COVER PLATE
v 96349 L 6e75 6478 - FAILED THROUGH FLANGE
24 - dCal4374 au,el 39,08 [T 2,0 57 40,6 36,00 c T 57 455 ,00 BASE METAL
) 6.2 L 6475 647§ FAILED THROUGH FLANGE
B0 63FA 4001 36en0 c T «00 73 gy ACROSS WELD -
56448 L 6075 678 FAILED THRROUGH FLANGE
wrCom]436a 40,2 36400 ¢ T 72 50 +0U UNDER COVER PLATE
59,2 L 6¢75 678 FAILED THROUGHW FLANGE
25 «bCel4242 40EC 335,00 . +50 35,67 46 23.9 .36,00 c T 043 464 40U ACROSS WwELD
: 40,8 L " 6475 6478 "FAILED THROUGH: FLANGE
colm w3kl 2441 ‘3600 C T «S1 e4)] o0u UNDER COVER PLATE
39,1 L 675 6478 FAILED THROUGH FLANGE
coC=143A0 2647 36400 C T 45 244 QU ACROSS wELD
1,7 C «85 «73 «0v UNDER wELD
€243 L 6e75 . AeT8 FAILED TWRQUGW FLANGE



26

27

28

wBCaléTur U N0

woC=1471F

viiC=)4727m

~oC=]1423%  Colu

arsC=1474r

wnCe=1475:

wB8C-1482C 10,00

WgC=1483C

wBC=1484C

lig v

10,00

10,00

0,00

0.00

10,00 1860

10,00 127q

55,7
25347
20 0.1
52947
66042
857,13
965,3

1338,2
1479,1
2nele2
1019.7
114646
1324,9
1371.9
1600,8
17‘103
1957,3
212240
1063.1
1123,5
1321.9
1440,5
14891,1

2n8,1
4699
Talel
992.1
1078-6
06,1
470,2
C2446h
T40.4
REG. 8
6642
148,9
298,5
168
A&7 1
296,8
39244
690,6
R34,7
1128,1
87,3
385,64
529.9
R24,5%
982.7
1334,6
86,1
384,3
828,98
R23,5
980,3
1370,1

36400

3600

36400

36.00

36400

36400

36.00

36.00

36400

O rCCr r roo0oron0oroonn Fooooronono0or o000 00n

00
1012
1412
1.13
1e14
1.22
131
1.38
1043
675

99
1«02
lelé
120
139
156
2426
675
1e21
1034

1495

2033
6¢75

a7
058
«71
le04
6075
«lé
+66
71
1.15
675

045

45

o 45

45
6e75
2.38
384
479
5.00
675
«00
2.73
4,28
4495
5015
675
000
277
433
494
Se02
675

«00
«00
o48
63
77
092
1«04
1e2%
1453
6¢75
[3-34
061
+68
+68
«83
92
le04
6075
53
o 60
«63
«98
64758

33
*40
590
*73
helS
040
X33
045
+83
6075
040
%0

42

'55
LYRA

00
e 00
s00U
«00
000
e 00
o0V
00
2 00

«00
+00
o 00
00
0«00
«00
o 00

«00
+00
o0V
e 00

000
Qu

o QU
000

o« 00
o0V
o0
+ 0V

«00
e 0V
00
sQu

«00
*00
«00
« 00
12620
«00
«00
«00
000
¢ 00
Se13
«00
000
«00
W00
000
8475

FAILED THROUGH FLANGE

FAILED THROUGH FLANGE
UNDER COVER PLATE

FAILED THROUGH FLANGE

UNDER COVER PLATE
UNDER COVER PLATE
UNDER COVER PLATE
UNDER COVER PLATE
FAILED THROUGH FLANGE
BASE OF WELD’

UNDER COVER PLATE

FAILED THROUGH FLANGE
BASF OF WELOe UNDER
COVER PLATE

UNDER CNVER PLATE
FAILED THROYGH FLANGE

FAILED THROUGH FLANGE

FAILED THROUGH FLANGE

FAILED THROUGH FLANGE

LL



TABLE E-2 (continued)

SPECIMEN SMIN,
SET NAME KS1

(1 (2} (3)

29 wHC=1494C 10,00

WBCe1465C

WRC=14G4C

30 wBC=14100C 10,00

wBc~16101C

wBcelalo2cC

31 wBC=148SC 10,00

waCel486C

wCe=1487C

32 wBC=1497C 10,00

wBC=16468C

wRC=1499C

SRM'
KS1

(4)

SRD/SRM

(%)

SRRAMS ,

KSI
(6)

10.00

10.00

20,00

20,00

«50

1,00

0,00

«50

11,89

13,78

20.0n

23,78

KILOCYrLES

LOGe~
AVG.

(n

COUNT
(8)

DESCRIPTION

CRACK SIZE IN

FLANGES WEB

TOP
OR

(n

IN,

(12)

IN, INe

(13 (la)

1170

469

230

167

919,1
1n30.8
1301,8
16431,2

919.4
1n0s,8

919,.8
1031,3
1119.7

67,6
28540
3R6,9
§55.3

67,2
279.6
135,6

67,0
2794
386,3
S54,6

111,8
162,1
248,4
112,1
162,64
189,1
111,1
161,4
?257.4

23,7
809
132,6
17.3
79.7
131,4
171,33
16,4
73.9
125,7
205,2

CRACK
DTSTANCE
FROM
SUPPORT,
IN, TYYPE BOTTOM
(9 (10}
36.00 L T
L
L
L
36,00 L T
8
36400 L T
L
L
36,00 L T
L
L
L
36400 L T
L
L
36400 L T
‘ L
L
L
3600 L T
L
8
36,00 L T
L
L
36400 L T
L
L
36,00 L T
L
L
36000 L T
L
L
L
36,00 L \
L
L
L

1.68
445
$.26
675
S5e52
675
S5.45
Se88
6e75

000
386
4,98
675

«00
516
675

000
4e62
9-83
675

S.26
5.36
675
4098
$425
675
4498
5,18
6¢75

1.08
Se08
675

70
4497
5,38
6.75
3.25
§e32
5.52
6.75

000
°00
«00
T7.25
e 00
000
00
00
12.25

00
e 00
200
3.00
«00
000
«00
00
00
000
350

«00
00

3.00°

000
«0V
200
«00
000
11.00

«00
*00
650
00
00
000
4480
«00
«00
«00
11,50

N 0 T E S

(1%

TeSPavcveoveostePaoetgStees e

FAILED
FAILED

FAILED

FAILED

FalLED

FAILED

THROUGH FILLEY

FalLED
THROUGH FILLET

FAILED
THROUGH FILLET

FaILED

FAILED

FAILED

FAILED

8L



33 wBCe1476C 10.00 20.00 1,00 27,%& 103 16,2 36.00 L T 3eb7 000
22,0 1 3,47 <00 ‘
186,2 L 675 4¢18 FAILED THROUGH FLANSE
. 7 o L T «00 +00 » ,
nBC=1477C e o 6.5 6475 FAILED THROUGH FLANSE
- L T 00 «00
wBC=1478C 28:3 3600 ¢ 6+75 11490 FAILED THROUGH FLANGE
3¢ wpCel488C 10,00 30,00 0,00 30,00 78 87,9 36,00 L T 6.75 FalLED
WRC-1489C ’ 76,6 36,00 L T 6,75 FAILED
‘ 76,6 L B8 l.lg :A}ng
- 69,6 36,00 L T 6.7 5.00 FAIL
w8Ce1490C “9.6 L Y 4463 FAILED
35 wBC~1479C 10,00 30,00 50 35,67 76 :.5 36,00 t T ;.;g :gg
*
57:2 L 675 9.50 FAILED THROUGH FLANGE
wgCe=1480¢ 6.7 36,00 L T 3.50 200
72.7 L 5,51 «00
80,8 . 675 8425 FAILED THROUGH FLANGE
wgCeléglc 10,0 36.00 L T 3466 000
28,8 L 4,40 000
63,2 L 6475 12¢10 FAILED THROUGH FLANGE
36 wBC=1491C 0,00 10,00 0,00 10,00 1400 385,6 36,00 L  { 46.06 «00
94748 L 675 8¢00 FAILED
wBC=1492C 99,8 36,00 L T «00 «00
779.9 3.09 «00
1277,8 L 5458 000
1850,1 L 5.71 00
1819,8 L 678 950 FAILED
WgCe1493C 384,9 36,00 L T 2495 «00
1606,0 : L 675 10475 FAILED
37 wBc-14103C 0,00 10,00 1,00 13,78 735 194,8 36,00 L T 3.27 «00
284,58 L 399 00
483,2 L 479 000
578,7 L 509 000
831.8 L 675 725 FAILED
#31,8 E L 8 3.00 200 FAILED
WBc=14104C 193.8 36400 L T 1.87 «00
' 2R3.5 L 4+%9 «00
482,32 L 5.12 000
§72,.,8 L Se19 000
729.1 L 6475 13.75 FAILED
709.6 L B 6:75 «00
729.1 L 6.75 325 FAILED
wBc~14105C 193,64 L T 3.70 «00
283,.3 t 4.81 000
482,1 L §e22 «00
572,.% L 8,54 «00
654 .4 L 675 3426 FAILED
572,5 L R 225 1400
AS4 .4 L. 678 3038 Failed

Note A: Discontinued because of equipment problems

6L



TABLE E-3
A514-STEEL WELDED BEAMS

SET
(h

SPECIMEN SMIN,

NAME
t2)

KSI
(3

SRM,
XS1

(4)

PP BDavaWSeoen SECE® ewceww

4]

42

43

4

wWBP=1413D

wgPel414D

wBPe1418D

WBP=1416D
wWgP«14170
wBP=14180

WBP=14010

wgP=14020

WPP-1403D
wgP=1l4lgD

WRP=]14200

WiPel4210

000

0.90

0,00

0,00

20.00

20,00

20,00

30,00

AS14-STEEL WELDED BEAMS

CRACK DESCRIPTION

KILOCYCLES  DTSTANCE CRACK SIZF IN

L T YT oY L TP FROM to' CY T LT T TN T P )
SRRMS, LOG,~= SUPPORT OR FLANGES wege
SRO/SRM KS1 AVGe COUNT IN, TYPE BOTTOM INe 1IN, INs
(S) (6) (n (8) (9) (100 (11)  (12) (13) (1s)
PECanO®n wNeotde PRPee PGP EPRRET® PEPOEEEDD PO PPl ® aPa® TToe GO
0400 2000 3540 2924.% 3230 i 4 000 00
3376,9 32.30 L T 6475 Te25
3376.9 87.30 1 B 38 38
3059,% 48.80 T «00 00
3212,1 48,80 1 T +38 38
3397,9 48,80 1 T 250 063
3431,6 48,80 L T 675 8.580
3431,.6 41,10 1 T 138 o8l
3431,6 95,60 I B 038 038
3625,4 56,00 T «00 000
3R29,1 86,00 L T 6.75 1050
3g29.1 72.40 I B 1,25 75
50 23,78 1220 1419,9 54,80 : T +00 «00
18542,4 $54.80 L T 6e78 188
Ale,s 51.40 T «00 00
R78,3 Sles0 L T 675 12.00
1254,1 49,30 T «00 «00
1341, 49.30 L v 6.75 980
1341.1 83.80 1 B 513 1¢63
1341,1 79.70 1 B +88 %0
1,00 27,54 619 7253,8 48,00 T 00 00
806040 48400 L T 6475 10000
?91,.8 72.50 7 00" 000

485,5 72.50 L T 6.75

485,5 42,10 1 B 50 -1
485,5 43.20 I B 50 . -1
605.7 73.00 L T 675 975

0,00 30,00 579 9l,6 49,00 T 200 600
384,3 ‘9000 L T 675 4¢13

787,6 59,00 T 000 000

860,8 59,00 1 T 1,25 *50

RR4,8 59.00 L T 6475 10456

532,6 50,10 T 00 « 00

570,2 $0.10 L T 675 11,00

N 0 T 2 S
(15)

LA L P LY T L LT P T Y Ty T

FAILED
ADD, CRACK AFTER FAILURE

FAILED

ADD, CRACK AFTER FAILURE
ADD, CRACK AFTER FAILURE
FAILED

ADD, CRACK AFTER FAILURE
FAILED NEAR TACK wELD
FAILED AT TaCk WELD
FAILED AT TacCk WELD

ADD, CRACK AFTER FAILURE
ADD, CRACK AFTER FAILURE
FAILED

FAILED AT TACK WELD

ADD, CRACK AFTER FAILURE
ADD, CRACK AFTER FAILURE

FAILED At vACK WELD

FAILED AT TaCK WELD

FAILED NEAR TACK WELD
FAILED NEAR TACK WwELD
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45 wBP=14070 0,00 30,00 +50

wgPe«1408D

wBP=14090

46 wBP=14040 0,00 30,00 1,00

WRP=1405D

waP=14060

35,67 523

41,34 325

460,23
472.2
472,2
47242
5§93,1
5976
597.6
897,86
5§97 .6
8976
897.6
R97,6
59746
597.6
597.6
4998,2
§n71,5
617.%
417,85
5071.5
5071.5%
5071,.5

?270,9
33544
335.4
22846
98,1
298,1
298,1
288,1
298,.1
298,1
298,1
298,1
298,1
298,1

322,6
342,23
342,13
3‘2.3
342,33
362,33
342,3
342,13
342,3
342,13

51,00
S1.00
43,60
47.60
48,10
48,10
41,80
46,30
5,30
63,40
68,60
76.50
83,20
84,30
48,00
45,80
45,80
41.80
48,00
62040
64400
66450

59,80
5980
$0.00
77,50
77.50
41,50
49,10
54.60
65.80
6R,80
TR.60
83,00
81.00
66.80

76,50
76,50
$1.30
49,00

54490

58.80
65.40
71,30
83,10
T78.60

[

Dot Pt 3d Pt Pt Pt Pt Poa d T

1 St Pt Bt e Pt Dt Pt D 2=t T -

Pt -t 0l St Dt Pt Gt Pt I

SO W s WD DO WO E 4D 4~

o-t.—ot-a.—cv-_cr’

WO WO OW 4 40—

WHWwwwoww - —

000
6.75
2,50

94

000
675
4013
1.94
1463
3.13
3.38
3.88
2.75
1.50

38

200
675
2450
2.88

69

38
2463

«00
675
069
«00
675
3.13
1.88
32
25
«32
32
032
«25
«32

«00
6.75
3.75
2.88
3.00
263
1.25
3.25
3.25

32

00
1080
1.00
«80
000
11,00
1¢50
1406
«A8
1425
1438
1469
100
50

Y Y3

e 00
1075
lead
156
25
«38
100

«00
1025
o
00
10475
1613
1400
25
«38
38
31
Y X
hé
038

.e00
925
119
131
less
1425

63
1e69
125

56

FAILED IN TACK WELD
ADD, CRACK AFTER FAILURE
ADO, CRACK AFTER FATILURE

FAILED

ADD, CRACK AFTER FAILURE
ADD, CRACK AFTER FAILURE
ADD, CRACK AFTER FARLURE
ADD, CRACK AFTER FAILURE
ADO, CRACK AFTER FAILURE
ADD, CRACK AFTER FAILLURE
ADD, CRACK AFTER FA[LURE
ADD, CRACK AFTER FAILURE
ADD, CRACK AFTER FAILURE

FAILED

ADD, CRACK AFTER FAILURE
ADD, CRACK AFTER FAILURE
ADD, CRACK AFTER FAILURE
ADD, CRACK AFTER FAILURE
ADD, CRACK AFTER FAILURE

FAILED AT TACK WELD
ADD, CRACK AFTER FAJLURE

FAILED

ADD, CRACK AFTER FAILURE
ADO, CRACK AFTER FAILURE
ADD, CRACK AFTER FAILURE
ADD, CRACK AFTER FAILURE
ADD, CRACK AFTER FAILURE
ADD, CRACK AFTER FAILURE
ADD, CRACK AFTER FAILURE
ADD, CRACK AFTER FAILURE
ADD, CRACK AFTER FAILURE

FAILED AT TACK WELD

ADD, CRACK AFTER FAILURE
ADD, CRACK AFTER FAILURE
ADO, CRACK AFTER FAILURE
ADC, CRACK AFTER FAILURE
ADD, CRACK AFTER FAILURE
ADD, CRACK AFTER FAILURE
ADD, CRACK AFTER FAILURE
ADD, CRACK AFTER FAILURE
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TABLE E-3 (continued)

SPECIMEN

SET NAME

(1) (20

47 wBPe14220

wgP=14230

waP=1424D

48 wBP=14100

wPR=14110D

SMINy
KS1

(3)

0,00

0.00

SRM,
KS1

(4)

40,00

40,00

SRRMS ,
SRD/SRM KS1
(s) (6)
0.00 40,00
50 47,56

KILOCYCLES

LO0G,~
AVGe

(2]

338

288

COUNT
(8)

412,8
4327
432.7
174,0
298,%
255,.3
299.5

151,2
26040
260,40
260,0
260,0
260,0
260,0
260,0
260,0
?260,0
260,0
?256,3
306,3
306,3
306,3
306,3
306,3
30643
306,3
306,.3
306,43
306,.,3
306,3
306,43

CRACK

ODESCRIPTION

DTSTANCE

FROM

SUPPORT 4

IN,

(9)

79.90
7990
88.50
47,00
47,00
60460
60,60

80,10
8010
41400
42,40
53.40
%9,40
68460
71.90
83,19
84,10
55.60
42,10
42,10

40,90

50.80
63,10
$7.90
64,10
69,10
7290
15.20
T7.40
85,30
60.20

TYPE BOTTOM

(10)

o]

r o

St Pt =8 =0 g ed =0 4 =t bt 0 T YY) 0t el =t 1= et Od St 0t

ToP

OR

an

-t~ -

PO OO WY OO OW 440D O WO - -

CRACK SIZE IN

FLANGES wEB
I~. IN. IN.
(12) (13) (la)
«00 000
678 1056
3.88 00

' 00 00
6758 838

200 «00
675 S.7%
00 000
6075 1025
3-63 1"‘
1.25 «00
2.13 1406
1.88 88
2|03 1019
2.13 125

75 000
238 113

75 000

000 000
675 10.25
3,00 1896
2.38 le13
2.38 1413
2.50 1¢25
3.38 125
2.56 1.13
2063 1419
2.00 100
250 1¢13
3.56 138

38 38

T

(15)

FAILED

ADD,

CRACK

FAILED

FaILED

FAILURE

ADD,
ADD,
ADD,
ADD,
ADD,
ADD,
ADD,
ADD,
ADD,

CRACK
CRACK
CRACK
CRACK
CRACK

CRACK

CRACK
CRaACK
CRACK

AFTER

AFTER
AFTER
AFTER
AFTER
AFTER
AFTER
AFTER
AFTER
AFTER

FAILED NEAR TACK

ADD,
ADO,
ADD,
ADD,
ADD,
ApD,
ADD,
ADO,
ADD,
ADD,
ADD,

CRACK
CRACK
CRACK
CRACK
CRACK
CRACK
CRACK
CRACK
CRACK
CRACK
CRACK

AFTER
AFTER
AFTER
AFTER
AFTER
AFTER
AFTER
AFTER
AFTER
AFTER
aFTER

FAILURE

FAILURE
FAILURE
FAILURE
FAILURE
FAILURE
FAILURE
FAILURE
FAILURE
FAILURE

WELD

FAILURE
FAILURE
FAILURE
FAILURE
FAILURE
FAILURE
FAILURE
FAILURE
FAILURE
FAILURE
FAILURE

Z8



WaP=1412

49 x0
XN
XD
So X0
X0
X0

51 wBP=1425D

wgP=14260D

wBP=14270

40,00 «50

80,00 0.00

10,00 1.00

47,55

80.00

13,78

7170

306,3
306,3
306,3
306.,3
221.3
298,6
298.6
798,.,6
298.6
298,6
298,6
?298,6
298,46
298,686
298,6

6037,1
6113.2
63R3,4
63R83,.4
6383,.4
6383,4
6383,4
5605,2
Sapl,.s
563449
S5680,1
5700,7
5723,6
$723,6
9563,7
10n086,2
10086,2

89.50
90.00
90.60
91.10
58,40
55,40
43.40
51,80
52,00
86,00
%6.90
61,40
68.60
78.10
82,50

78,60
78460
78460
77.50
73.60
47.80
83.80
53,90
53,90
$3.90
5$3.90
53.90
53,90
84,30
65.50
65.50
T2.80

Pt Pea ea 4

=6 00 3ot =t et Pud 1t et ot T -

g pmg bt Pt T 0t

[l ad [l el N

Do wwH ww—~— W 0w

W AT At ot = T~~~ —

o19

38
«38
000
6.75
6425
l.81
75
38
63
2446
l.88
«50
«88

«00
50
6475
«38
63
«38
2425
000
3.75
475
5.38
5.38
675
675
000
6475
6.75

19
38
038
«38
«00
975
25
25
1,13
13
38
1¢19
1,00
Y 1]
«38

o 00
000
«00

«00
00
«00

«00
50
3463
«38
38
38
138
000
« 79
1031
188
l1.88
500
475
« 00
4e¢l3
9.0V

/

ADD, CRACK
ADD, CRACK
ADD, CRACK
ADD, CRACK

FAILED

ADD, CRACK
ADD, CRACK
ADD, CRACK
ADD, CRACK
ADD, -CRACK
ADD, CRACK
ADO. CRACK
ADD, CRACK
ADD. CRACK

SET CANNOY

AFTER FATLURE
AFTER FAILURE
AFTER FAILURE
AFTER FAILURE

AFTER FAILURE
AFTER FAlLURE
AFTER FAILURE
AFTER FAILURE
AFTER FAILURE
AFTER FAILURE
AFTER FAILURE
AFTER FAILURE
AFTER FAILURE

BE TESTED

BECAUSE OF YIELDING

SET
NOT
TESTED

FAILED

ADD, CRACK
ADD, CRACK
ADD, CRACK
ADD, CRACK

FAILED
ADD, CRACK

FAILED AT
ADD, CRACK

AFTER FAILURE
AFTER FAILURE
AFTER FAILURE
AFTER FAILURE

AFTER FAILURE

TACK WELD
AFTER FAILURE
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TABLE E-4

A36-STEEL COVER-PLATE BEAMS

SPECIMEN SMIN,
SET NAME KS1
(1) (2) (3)
101 wBC*3619C 0,00

WRC*3620C

WHC=3621C

102 wBCe3628C 0,00

WBC=3629C

‘WEC=3630C

103 WwHC=3634C 0,00
WBC=3635C

WHC=3636C

104 wHC=3622C 0,00
WRC=3623C
wBC=3624C

‘SRM,
KS1

(4)

LT L

l0.00

10.00

10,00

20.00

SRRMS ¢

"SRD/SRM KS1

(S) (6)

Teeoane®e aCeeame

0,00 10400

«25 10,94

50 11,89

0.00 20,00

A36=-STEEL COVER=PLATE BEAMS

CRACK DESCRIPTION

KILOCYCLES D1STANCE CRACK SIZE IN
L1 T TYSORppe Y Y FROM TOP LT U T Y ey )
LOGe~ ' SUPPORT 0R FLANGES wes
AVG. COUNT INg TYPE BOTTOM INe IN, INe
(7) (8) (9) (10)  (11) (12) (13) (ls)
PR SEPLPTVERS EPRTECOTE GVPE PP CPET P%Ses aNe®
1600 716,2 36400 L T +00 000
11220 L 00 00
1122,0 L 8 Y24 3.00
1386,2 36.00 L T «00 «00
1386,2 L B 675 3.50
2664,0 36.00 L T 200 «00
2644,0 L B 675 600
826 59,9 36.00 L T °00 «00
234,1 L T o T4 00
491,4 L T 2023 «00
568,64 L T 276 +00
RAS, 6 L T .6e75 475
50,1 36.00 L T «00 00
224,13 L T 52 «00
481,58 L T 1,93 000
559,.3 L T 2.13 «00
904,5 L T 6.75 S50
49,9 36,00 L T 200 00
224,0 L 1.15 00
481,43 L 3492 «00
728,2 L 675 481
614 175,.7 36.00 L T 000 00
40366 L 304l 0V
634,4 L 6,78 4425
175,3 36,00 L T e 00 «00
403,2 L 228 00
70,4 L 6.75 3450
123,0 36,00 L T «00 ) 200
400,8 L 1.89 $ 00
439,5 L 6475 475
154 1%5,8 36.00 L T 6.75
150,8 36,00 L T 675
150,1 36400 L T 6475

N 0 T E S
(15)

FAILED
FAILED
FAILED

FAILED

FalLED

FAILED

FAILED
FAaILED

FAILED

FalLED

FalLED
FAILED

14



105 wBC=3631C 0.00 20.00 25 21.89 129 76,5 36.00 L T 203 «00
126,9 L 675 3¢63 FAILED
'BC'3632C 7‘0‘ 36.00 L T 1000 000
12647 L 4456 00
141,2 L 675 3425 FAILED
wWBC=3633C T4,8. 36400 L T 3.15 o 00
120,2 L 675 2¢75 FAILED
106 wBC=3646C 0,00 20,00 «50 23,78 100 13,9 36,00 L T «00 «00
2641 L 3.18 *00 CRACK THMROUGH FILLET
28,8 L 3041 000
71.5% 8 675 25 FAILED
WgC=~3647C 14,1 36.00 L T 00 «00
24,2 L 1.95 ¢00 CRACK THROUGH FILLET
28,9 L 3.33 00 .
141,1 L 6.75 .25 FAILED
wWBCe3648C 28,46 36.00 L T «00 00
100,2 6475 25 FAILED
107 wBC=36044 10,00 10,00 0,00 10,00 1990 437,64 36,00 C T 00 400 400
49849 C 023 +00 00
1nlle9 C ¢25 09 00
1286.2 c 1¢11 18 00
187443 C 1428 53 <00
149049 C 1e¢72 1.27 200
1833.6 L 6275 6075 FAILED "
WBC=36052 272,3 36.00 C T 000 <00 00
§05,7 o «46 428 o0V
1870,4 C 049 *6R 200
2n564,9 C 1490 1,07 00
2168,4 L 675 6475 FAILED
waC=36064" 272.2 36400 C T «00 400 <00 AT TIP OF WELD
05,7 C ¢34 L300 .00
16492,% c 67 64 o0V
1761.8 C «T72 «67 00
1989,9 L 6¢75 6475 FaAILED
108 wBC-36074 10,00 10,00 «25 10,94 1780 56,8 36,00 o T «00 400 00
R49e c *56 42 o0V
11011 c 286 oS50 <00
136142 c 1¢33. 63 QU
1649642 L 675 As75  e0U
18%5,90 L 6.75 AL.TS FAILED
wBC=~3608A 61,0 36.00 C T 0«00 00 .00
R0O33 C «39  «30 <00
117400 c «S51 <40 <00
15000 c ¢87 +58 00
17%9.0 c 1678 76 00
196040 L 6¢75 6475 FAILED
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TABLE E-4 (continued)

SPECIMEN SMINy SRM,

SET NAME KS1 KS1
(1) (e) (3) (&)
WBC=36094

109 - wBC=3601A 10,00 10.00

wBC=36024

WBC=36034

llo wBCe36134 10,00 20,00
WBC-36IOA
wgCe3615a

111 wBC=36104 10,00 20,00

WBCe36114

wWpC=36124

CRACK DESCRIPTION

KILOCYCLES DISTANCE CRACK SIZE IN
LAl L Ll Edd uind FROM TOP moeccwsascsccugs
SRRMS, LOG,= SUPPORT, 0R FLANGES WEb
SRD/SRM KS1 AVG. COUNT IN, TYPE B8OTTOM INe IN, INo
(S) (6) (M (8) (9 (10) (11) (12) (13) (la)
56,4 36.00 C T «00 000 00
23,7 ¢ 42 .22 400
1ns6,4 C ¢S54 32 «00
1370,6 C o8T 467 000
1RS1,7 L 6¢75 6478
«50 11,89 1040 62,8 36.00 Cc T «00 400 00
10646 c 21 <26 00
al11,9 c 060 51 00
296,7 Cc 67  oST 00
1202,0 L 675 6478
40,5 36,00 C T «00 400 400
104,3 C «00 403 ,L00
R09,0 [o +79 o785 #00
R94,0 (o «92 «98 o 00
1107,2 L 6475 6475
104,2 36400 C T 00 400 00
04,7 C 3,22 .86 00
R4B,7 L 6¢T5 675
0,00 20,00 205 190,2 36,00 C T 6.75 6,75
220,.1 36400 C T 6.75 6475
206,2 36400 C T 6¢75 6075
25 21,89 163 16,9 36,00 c T 42 409 400
3247 C 045 43 00
13000 C e72 80 +00
1772 L 6¢T7S 60785
18,0 36.00 C T «06 «19 «00
33,8 c e19 23 00
131,.1 C o86 24T 00
154.9 L 675 678
17.9 36,00 C T 21 19 00
33,2 c «28 227 W0V
131,0 C e97  «90 00
156,8 L 675 6475
50 23+78

112 XA 10400 20¢00
XA
Xa

(1%)

FAILED

FAILED

FAILED

FLANGE CRACKING UNDER CP
FaILED :

FAILED

FAILED
FAILED

FAILED
FAILED
FAILED

SET CAN NOT BE TESTED
RECAUSE OF YIELDING
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113 wBCe3637C 0,00 40,00 0,00 40,00 16 3,8 36,00 L T «00 «00
1664 L 675 200 FAILED
wBC~=3638¢C 2.4 36,00 L g «00 «00
17.4 L 675 180 FAILED
wBC=3639C 2.2 364,00 L T «00 e 00
18,2 L 675 1063 FAILED
114 wBC=3643C 0,00 5,00 «50 ° 5,94 5970 9453,4 36,00 L 8 6,75 8.75 FAILED
wBC=3644C : 1870,5 36,00 L T «00 +00
1877.4 L 2443 00
26454,3 L 3.03 000
3170,1 L 6,03 «00
3790,5% L 5440 000
3624,2 L 675 S¢75 FAILED
wBC=3645C 1848,8 36,00 L T +00 200
2651,5 L 1.10 000
35860,0 L 2.19 000
4%9B8,1 L 3.11 «00
5723.9 L 6.75 4425 FAILED
115 wBC'3616A 0.00 10.00 0000 10.00 ’29.‘ 36.00 c T 035 .23 'OO
51149 C 042 36 200
951.8 c 51 e40 00
1R73.2 L 675 60758 FAILED
WgC=36172 ?229.3 36,00 c T «00 200 400
294,58 c e33 ,L00 L00
3758.4 c ¢33 400 (00
4029,0 C «33 415 W00
4R14,0 c ¢33 18 00
666246 c 33 18 DISCONTINUED
wgCe36184 223,8 36400 c T «29 039 <00
1284,2 C 1638 +95 W0V
1338,6 C 1.48 295 00 )
1380,9 L 6¢75 64758 Failed
114 wBC=3625C 10,00 10,00 0,00 10,00 973 54,7 36,00 L T 000 000
1nRTek L T 675 FAILED
WHC=3626C 284 ,6 36400 L T «00 «00
999.6 L T 6475 FAILED
waC=3627C 254,6 36.00 L T «00 000
66,1 L T 64715 FalLed
117 wBC=3640C 10,00 10,00 «50 11,89 533 48%,7 36.00 L T S.10 «00
5803 L 675 2.50 FAILED
WECe*3641C 48%,0 36.00 L 7 5,16 000
sil,s L 6715 2.00 FAILED
wgCe3642C 486,7 36,00 L T 5.12 000
806,84 L 675 2¢13 FAILED
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TABLE E-5 A36-STEEL WELDED BEAMS

TeorsvadSeevssoteeereoe

A36-STEEL WELDED BEAMS
CRACK DESCRIPTION

KILOCYCLES  DISTANCE CRACK SIZE IN
ecencavnnccmaaa  FROM TOP =cccvacacccaes
SPECIMEN SMINy SRM, SRRMS, LOG,~ SUPPORT, OR FLANGES WEgB
SET NAME KS1 KSI SRD/SRM  KSI AVGe  COUNT INg TYPE BOTTOM INe INs INe N 0 T (2 S
(hH (2) (3) (4) (S) (6) (7 (8) T (100 (11)  (12) (13) (1a) (15)
121 wBP=36040-10,00 20,00 0,00 20,0n 2660 4699,5 T «00 000
4699,5 39.00 L 8 6475 " 8.25 FAILED NEAR LOAD POINT
WRP=3605D 2978,3 T 000 00
2978,3 42.25 L 8 675 1L.25 FAILED NEAR LOAD POINT
wgP=36060 1345,5 46.75 L T 6.75 6.25 FAILED NEAR LOAD POINT
122 wBP=36100 0,00 20.00 25 21.89 2830 2%18,6 T 000 QU
2944,2 L 675 4¢00 FAILED NEAR BEAM CENTER
wWBP=3611D 1855,6 T «00 « 00
1605,3 1 «38 °38 :
. 1701,5 L 6475 5450 FAILED NEAR BEAM CENTER
wgP=36120 4539,8 1 .00 < 0U
: 4539,8 36.5 L 8 675 124850 FAILED NEAR LOAD POINT
123 wBP<3616D=10,00 20.00 50 23,749 1580 1468,8 T ¢ 00 000
1468,8 41.5 L B 6.75 1075 FAILED NEAR LOAD POINT
WpP=36170 1391,2 T «00 00
1750,3 1 4475 150
1750.7 L 6.75 4¢75 FAILED NEAR BEAM CENTER
wWgP=36180D 1465,2 T .00 000
1521,3 L 6575 5400 FATILED NEAR BEAM CENTER
124 wBP=3619D=10,00: 30,00 0,00 30,00 989 922,6 T «00 «00
922.9 1 °25 75
928,5 1 2400 1.00
Q36,6 1 3.50 1850 )
938,3 L 6+75 5.00 FAILED NEAR BEAM CENTER
WgP=36200 963,2 T «00 «00
963,2 40.75 L 8 6.75 675 FAILED NEAR LOAD POINT
w3P=36210 1063,8 T «00 000
1072,0 L 6.75 650 FAILED NEAR BEAM CENTER
125 wgP=36220-10,00 30,00 25 32,83 676 817,5 T «00 000
5558 . L 675 S5¢25 FAILED NEAR LOAD POINT
WRAP«36230 T84, T 00 «00 Failed in center region
784,1 50.00 L 8 6.75 10,00
whP«36240 AT4,0 T « 00 «00
707.9 L 6.75 3¢75 FAILED NEAR LOAD POINT
126 :g-lo.oo 30400 «50 35,67 SET CANNOT BE TESTED

X0 BECAUSE OF YIELDING
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127 WBP=36070 0,00 20,00 0,00 20,00 4290  4486,1 T «00 «00
: 454943 57.0 L T 675 3¢25 FAILED AT BEAM CENTER
WBP=36080 2371,.0 T «00 «00
o . 2371,0 41.5 L 8 675 356 FAILED NEAR LOAD POINT
wWgP=36090 7173,0 T «00 000
7257.6 1 «50 «38
7337,1 L 6.75 3038 FAILED NEAR BEAM CENTER
128 wBP=36130 0,00 20,00 .25 21,89 2630 1718,8 T «00 «00
214445 1 365 1060
1146,9 1 490 1.80
2167,.6 1 6010 3,30
2148,0 L 675 3+80 FAILED NEAR BEAM CENTER
WBP=36140 2562.5 T «00 «00
2634.7 L 6.75 | 2420 Additional Crack
3939.7 8 000 000
3905.3 L 675 3480
: 3939.7 L 6478 6475 FAILED NEAR BEAM CENTER
WBP=36150 1957,0 T <00 «00
2137,8 1 5.75 1410
2138,8 L 615 450 FAILED NEAR LOAD POINT
129 wBP=36250 0,00 20,00 «50 23,78 1800 1007,2 T °00 «00
105548 1 6075 375 FAILED NEAR LOAD POINT
WBP=3626D 2678,6 T e Q0 «00
27128,4 E 3,00 00
2731.4 E 6475 4¢63 FAILED NEAR BEAM CENTER
wBP=36270 1585,1 I T 000 +00
2023,% 42.25 . 675 413 FAILED NEAR TIEDOWNS
2023,5 54.50 I T 2.50 1.00 ADD, CRACK AFTER FAILURE
13n  wBP=3628D 0,00 30,00 0,00 30,00 1000 733,0 T «00 «00
: 9529 L 675 8¢00 FAILED NEAR BEAM CENTER
952,9 29.50 I T 3400 «00 ADD, CRACK AFTER FAILURE
waP=36290 906,44 T «00 «00
1007,2 L 6.75 6¢00 FAILED NEAR LOAD POINTY
wirP=3630D 1016,0 T «00 «00
1063,7 L 6475 6¢75 FAILED NEAR LOAD POINT
131 wgP=36310 0,00 26,70 25 29,22 1010 1044,3 T «00 000
1064,9 € 3.25% " e25
1066,7 L 675 3¢25 FAILED NEAR BEAM CENTER
WRP=36320 1100,0 T .00 .00 DISCONTINUED BECAUSE
SYSTEM MALFUNCTIONED
WBP=36330 907.9 T «00 000
963,8 L 675 3075 FAILED NEAR BEAM CENTER
132 XD 0,00 30,00 50 35,6 SET CANNOT BE TESTED
X0 BECAUSE OF YIELOING
X0
133 waP=36340D«10,00 50,00 0,00 S0,00n 175 164,5 T «00 «00
. 196¢4 L 675 400 FAILED NEAR LOAD POINT
wBP=361350 125,46 L T 6.75 400 FAILED NEAR BEAM CENTER
WRP=36360 121.2 T «00 e 00
?16,8 L 6475 3.75 FAILED NEAR BEAM CENTER

Conversion Factorsy ] ksi = 6.895 MPa, 1 in. = 25,4 gy
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Figure E-1. Typical crack types: (a) crescent crack, designation type C;
(b) long crack, designation type L.

Figure E-2. Typical crack types. (a) peeling cover-plate crack, designation
type P; (b) intersecting flange-web crack, designation tvpe I.
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Figure E-3. Typical crack types: (a) edge crack, designation type E;

(b) cover-plate crack, designation type C.
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Figure E-4. Distribution of cracks in welded A514 steel beams.

(3) Minimum static stress, Kksi.
(4) Modal stress range, ksi.
(5) Dispersion ratio, measure of dispersion for stress
spectrum.
(6) Stress range in terms of RMS, ksi.
7) Log-average count for set.
(8) Number of cycles associated with the recorded
information on the same line.
(9)  Crack distance from the support, in.
(10)  Crack type:

E for crack located at the Edge
of a flange

I for crack at the Intersection
of web and flange

Z
o
i a
—

Crack location: T for top flange (tension); B for

C for Cresent-type crack
L for Long crack

P for Peeling flange plate

(11)
bottom flange (compression).
(12)  Crack length for crack in flange, L, in.
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Figure E-5. Distribution of cracks in welded A36 steel beams.

(13) Crack length for a second crack at the same dis-
tance from the support as for the crack recorded
under (10); applicable to cresent-type cracks only,
in.

(14) Crack depth for crack in web, d, in.

(15) Description of beam condition or crack location.

FRETTING FAILURES

The first of a set of three welded beams that were tested
failed prematurely (N = 1,093,625) at the edge of a load-
point bearing plate as a result of fretting fatigue. These
beams were of A36 steel and were tested at S,,, = 20 ksi
(138 MPa), Spn = —10 ksi (—69 MPa), and S,4/S,,, = 0.
In an attempt to eliminate this problem, the test on the
second beam was continued after a brass shim was placed
between the bearing plates and the beam flanges, and the
test on the third beam was temporarily discontinued. The
second beam also failed by fretting at a bearing-plate edge
(N = 2,199,950), and the brass shims showed evidence of
much wear.

Before the test on the third beam was continued, the
surface of the beam flange under the four load-point bear-
ing plates (two on the top flange and two on the bottom
flange) was ground to remove mill scale and flange material
that might have contained microcracks as a result of fret-
ting during prior cycles. Four different materials were
placed between the bearing plates and flanges: (1) a Y5-in.
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rubber pad, (2) a 0.1-in. paper pad, (3) a Y%-in. plywood
pad with lubricant, and (4) a %-in. plywood pad without
lubricant. The edges of the bearing plates were ground to
a gentle contour. The test was then continued and a fret-
ting failure occurred at 2,996,680 cycles. An examination
of the pads, however, suggested that the plywood or paper
pads would prevent fretting failures in a virgin beam.
Since all of the beams in the first set failed by fretting,
a duplicate set (set 121) was tested under the same stress
spectrum; extra beams of this type and material were avail-
able. One beam was tested before testing of the other two
beams was started. Plywood without lubrication was placed

between the bearing plates and flanges at two locations, and
paper pads were placed at the other two locations. The
flanges were not ground. After about 120,000 cycles, the
pads were examined and it was concluded that the paper
pad was most effective. Consequently, Y4-in. paper pads
were placed between the bearing plate and flange at all
load-point locations and the test was continued. The loca-
tion and appearance of the failure for this beam indicated
that fretting was not involved. Paper pads were used in all
subsequent tests, and no more problems with fretting were
observed. Only the results for the duplicate set of beams
are included in Table E-5.

APPENDIX F
DETAILED DISCUSSION OF FATIGUE-TEST

RELATIONSHIPS BETWEEN
MODAL STRESS RANGE AND LIFE

Extensive studies conducted over the past 100 years have
shown that finite-life fatigue data can be satisfactorily rep-
resented by a linear SN curve in which the log of the num-
ber of cycles to failure, N, is plotted against either the stress
parameter, S, or the log of the stress parameter. Constant-
amplitude fatigue tests of simulated bridge beams (2)
showed that stress range (the sum of the maximum stress
and the minimum stress, tension and compression being
taken as positive) is the most important stress parameter
and that a log-SN curve provides a slightly better fit of data
than a semilog-SN curve. Consequently, log-SN curves
have been fitted to each compatible set of data in the present
program.

Specifically, the equation

log N=1log4 — BlogS,, (F-1)

was used to represent the data. In this equation, B is the
reciprocal of the slope of the log SN curve, and log 4 is
the x intercept of the curve, as shown in Figure F-1. (Since
Figure F-1 is intended only to illustrate the mathematical
form of the finite-life SN curve, a horizontal line repre-
senting the fatigue limit is not shown.) Eq. F-1 can also
be written in the form
A
N SBrln (F 2)
An available U.S. Steel curve-fitting computer program,
REGRESS, which utilizes standard methods of regression
analysis, was used to determine values of 4 and B that
minimize the sum of the squares of the differences of indi-
vidual data points from the curve in the N direction. The
computer program also provides the sum of the squares of
the differences and the root mean square of the differences,
which is often called the standard error of the estimate.
Parallel lines drawn a distance of 1.96 standard errors of
the estimate from the best-fit line approximate the 95-
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Figure F-1. SN relationships.

percent confidence limits for a single future test and the
95-percent tolerance limits for the sample. The concept of
confidence and tolerance limits is explained in Appendix D.
The difference between the exact confidence limits and the
straight-line approximate confidence limits for typical sets
of data is also described in Appendix D.



A few sets of replicate data for the cover-plate specimens
and cover-plate A beams included one or more tests that
were discontinued without a failure after these specimens
or beams had sustained a much greater number of cycles
than the other specimens or beams within the set that had
failed or than the extension of the SN scatter band from
tests conducted at higher stress ranges. These discontinued
tests suggest that a sharp break occurs in the SN curve for
that type of specimen or beam and, consequently, that these
sets of replicate tests should not be included in fitting a
curve to the results of tests conducted at a higher stress
range. Therefore, all sets of replicate tests that included
discontinued tests were omitted when fitting a curve, but
were included in plots that showed data points. Except for
these few results and for the results of the long-life tests,
there was no evidence that a fatigue limit or break in the
SN curve occurred for any detail. Consequently, all sub-
sequent correlations were made on the basis of straight SN
curves without a fatigue limit.

Main Variables

In the present test program, two parameters were used to
define the variable-amplitude stress-range spectrums (33):
(1) the modal stress range, S,,, Which corresponds to the
peak of the probability-density curve of stress ranges, and
(2) the parameter S,q, which is a measure of the width of
the curve or the dispersion of the data. Consequently, S,,,

TABLE F-1
MODAL STRESS RANGE VS. LIFE CURVES
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was used as the stress parameter in the SN curves, and a
separate curve was established for each different value of
S,4/ S, used in the program. Separate curves were deter-
mined for each of the three types of specimens or beams
(cover-plate specimens, cover-plate beams, and welded
beams), because these different types were expected to have
significantly different fatigue lives. Similarly, separate curves
were established for cover-plate A and C beams, because
preliminary studies indicated that the results were different.
(Originally, only one type of cover-plate beam detail was
planned. However, it was determined during the study that
the fabrication technique used for this detail (welding the
cover plate to the flange plate before it was welded to the
web) yielded unconservative results that differed from those
of past studies (2). Consequently, the remaining cover-
plate beams were modified to obtain conservative results
comparable with past constant-amplitude results.)

Different values of two variables that were shown to have
a secondary effect in past work (/) initially were grouped
together: (1) minimum stress, Sp;,, wWhich was constant
during each test, and (2) type of steel. However, the lim-
ited data for S, = 40 ksi (276 MPa) were not included.
The limited data for detail B of the cover-plate beams were
initially included with the data for detail C, because past
work (2) suggested that the results would not be signifi-
cantly different. An investigation of the effect of these sec-
ondary variables, which is discussed later, confirmed that
the original grouping of data was reasonable.

Regression Coefficients*

No. B Std Error Std Error Correlation
Dispersion of ) AR R% Best Std of Estimate of Estimate Coefficient,
Detail Ratios Tests Log A** x 10-6 Fit Error of Log N** of N ) R

Cover Plate 0 27 9,135 1370 2,982 0.119 0.140 1.38 0.981
B&C 0.25 6 8,594 393 2,677 0.116 0,043 1.10 0.996
0.50 21 8.381 240 2.468 0,158 0.176 1,50 0.963
1,00 12 8,567 369 2,732 0.370 0.167 1,42 0,919
Welded Beam 0.0 24 10,81 64600 3,296 0.238 0.162 1.45 0.947
D 0.25 9 10.91 81300 3.441 0.590 0.147 1.40 0,911
0.50 15 9.346 2220 2.437 0.247 0.118 1.31 0,939
1.00 - 9 9,698 4990 2,894 0,249 0,147 1.40 0,975
Cover Plate 0 12 9,333 2150 2,681 0,068 0,066 1.16 0.997
S 0.50 12 9,320 2090 2,746 0,115 0,095 1.25 0,991
1.00 12 8,937 865 2,589 0.066 0,055 1.13 0,997
Cover Plate 0’ 18 8.986 968 2,615 0,321 0.217 1.65 0,898
A 0.25 6 9.703 5050 3.452 0.118 0.044 1.11 0,998
0.50 18 8.235 172 2,088 0,179 0.150 1.41 0.946
1.00 12 8,845 700 2,721 0.386 0.201 1.59 0,913
Cover Plate At 0 18 9,088 1225 2,719 0,348 0.252 1.79 0,890
(Smin = 40 ksi) 0.5 21 8.592 391 2.419 0.240 0.217 1.65 0,918

* Based on log N = log A - B log Srm

** Log values are to the base 10.

*** Yalues of A x 10"6 are listed; thus, the first value of A is 1,370,000,000.

+ A514 beams only; includes beams tested at Smin = 40 ksi in addition to those tested

at Smin = 0 and 10 ksi,
Conversion Factor

1l ksi = 6.895 MPa
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The best-fit values of 4 and B, and the parameters indi-
cating the closeness of fit, are given in Table F-1. The
values of A4 varied with the severity of the detail. The
values of B ranged from 2.088 to 3.452; these values are
consistent with past work (2, 4) that shows that B is
roughly 3 for most structural details. The standard error
of the coefficient B is a measure of the variation in B that
can be expected as the result of sampling error. As ex-
plained in Appendix D, there is a 95-percent probability
that the true B for the population is within an interval that
results from adding and subtracting of 1.96 times the
standard error from the best-fit value.

The standard errors of the estimate of log N, which is a
measure of the amount of scatter of the data about the
best-fit line, ranged from 0.043 to 0.217, as evident in
Table F-1. The corresponding standard errors of the esti-
mate of N ranged from 1.10 to 1.65. These values indi-
cate a reasonable amount of scatter for fatigue data. The
relationship of the standard error of log N to the 95-percent
confidence limits for log N is shown in Figure F-1, Spe-
cifically, the approximate 95-percent confidence limits for
the log SN curve are drawn a distance 1.96 times the
standard error of the log N from the best-fit line as shown
in Figure F-1. The relationship of the standard error of N
to the confidence limits for N is also shown in Figure F-1.
The standard error of N is raised to the 1.96 power to get
a factor by which N is either multiplied or divided to get

the confidence limits on N. For example, if the standard
error of N for a set of data is 1.3, the factor would be 1.3
to the 1.96 power or 1.67. The 95-percent confidence
limits for N = 100,000 would then be 100,000 divided by
1.67, or 60,000, and 100,000 times 1.67, or 167,000. The
confidence limits for other values of N could be calculated
in the same way, using the same factor.

The correlation coefficient also gives a measure of the
closeness of fit of the best-fit line, or the amount of scatter
about the line. A perfect fit (all data points on the line)
gives a value of 1.00, and a completely random scatter of
data gives a value of 0. The correlation coefficients in
Table F-1 ranged from 0.897 to 0.998 and indicate an
excellent fit.

Best-fit SN curves for different values of the dispersion

ratio, S,4/S,,,, are shown in Figures 11 and 12 for cover- ‘

plate C and B beams and for welded beam D, respectively;
and in Figures F-2 and F-3 for cover-plate A beams and
cover-plate specimens, respectively. In general, the scatter
bands for the different values of the ratio overlapped; there-
fore, to avoid clutter, individual data points and confidence
limits for various curves were omitted. Furthermore, curves
are shown within the range of test data only. The SN
curves are roughly parallel and show that the life cor-
responding to a given S,,, decreases as S,;/S,, (which is
a measure of spectrum width) increases.
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Figure F-3. Modal stress range vs. fatigue life for cover-plate specimens.



Secondary Variables

To determine how much improvement in the closeness of
fit (standard error of the estimate) of the SN curves could
be obtained by including the secondary variables, terms in-
volving these variables were added to Eqg. F-1, and iiew
curves were fit to the scts of data from Table F-1. Spe-
cifically, the equation was modified as follows:
log N =log A — Blog S, + DSpin + ES; + FB (F-3)
in which S,;, is the minimum stress in the test, S; is the
tensile strength of the material, and 8 is a detail identifica-
tion index that is used only in comparing cover-plate C and
B details. 8 is taken as O for detail C and as 1.0 for detail B.

Best-fit values for the coefficients 4, B, D, E, and F, and
the standard error of the estimate, were calculated by the
computer program and are given in Table F-2. Since the
standard error of the estimate is a measure of the scatter
of data about the best-fit line, it is usually reduced by add-
ing terms to the equation defining the line. Consequently,
the standard error of the estimates is smaller in Table F-2
than in Table F-1; the differences between the two, how-
ever, were generally too small to be of practical importance
except for the cover-plate A beams. Specifically, the dif-
ferences in the standard errors of N ranged from O to
13 percent and averaged 7.5 percent. Furthermore, limited
statistical calculations suggested that the difference in close-
ness of fit between Eqs. F-1 and F-2 is not statistically
significant. Therefore, it is concluded that the test results
can be adequately represented by Eq. F-1 without including
secondary variables.

Even though the results showed that the standard error of
the estimate cannot be greatly improved by including the
secondary variables, the regression analyses suggested that
some of these variables have a statistically significant effect
that is interrelated with that of S,,. (As indicated in
Appendix D, a statistically significant difference is a dif-
ference that is not likely to have occurred by chance; the
difference need not be large to be statistically significant.)
Specifically, the analysis suggests that the type of steel has
a statistically significant effect that is interrelated with S,
Other studies (4, 27) have shown significant differences
between the fatigue lives of structural details of different
steels within certain ranges of data, especially at short lives.

For cover-plate A beams, the closeness of fit was con-
siderably improved by adding terms involving both Syin
and §,. As mentioned earlier, additional tests were per-
formed on these beams at S,;, =40 ksi (276 MPa) to
determine whether a very high value of S, would affect
the fatigue life. Consequently, these data were combined
with the data for Sy;,, =0 and 10 ksi (69 MPa), and a
best-fit line was calculated both with and without a term
involving Sy, to isolate the effect of Sy, Only data for
AS514 steel were included. The results show that inclusion
of the Sy, term considerably improves the closeness of fit
and means that Sy, has a considerable effect on the fatigue
life for this type of detail, especially if the Sp;, becomes
quite large.

Semilog-SN Curves

To confirm that log-SN curves give a better fit of the
present data than semilog-SN curves, semilog-SN curves
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were fit to all sets of data in Table F-1. Specifically, the
following equation was used:
logN=A—BS,,

in which 4 and B are the regression coefficients.

Best-fit values for these coefficients and the standard error
of the estimate were determined by the computer program
and are given in Table F-3. The values of 4 and B in
Table F-3 are not directly comparable to the values of
A and B in Table F-1 because the corresponding equa-
tions are different. In both tables, however, the deviations
from the best-fit line are measured in terms of log N. Con-
sequently, the standard error of the estimate of log N, or N,
from the two tables may be compared to show the relative
closeness of fit of the two types of curves. The results given
in Table F-3 indicate that the standard errors for the semi-
log curves are generally slightly larger than those for the
log curves. Thus, the log-SN curves provide a slightly
better fit than the semilog-SN curves within the range of the
test data. Actually, the log and semilog curves for a given
set of data are not greatly different if the range of lives
covered by the data is relatively small, say from 100,000
cycles to 2,000,000 cycles. As the range of lives becomes
larger, however, the two types of curves become consider-
ably different.

Comparisons With Resuits From Project 12-7

(F-4)

Two details used in the present study are comparable
with details used in NCHRP Project 12-7(2) on constant-
amplitude fatigue behavior: cover-plate C and welded-
beam D. Consequently, the present constant-amplitude
data for these two details were compared with the com-
parable Project 12-7 data to test whether the two sets of
data come from the same population or, in other words,
whether there is a statistically significant difference between
the two. (The cover-plate B beams were also comparable
to details in Project 12-7, but were not included in the
analytical comparison because only six such beams were
tested in the present study. However, the results for these
six beams appear to agree with the results from Project
12-7.) The general procedure used in making this signifi-
cance test is described in Appendix D. An available U.S.
Steel computer program was utilized for this purpose.
Briefly, F tests were made to determine the probability
that differences in A and B that occurred by chance would
be less than the observed differences. This probability is
referred to as the confidence level and indicates the con-
fidence that there is a real difference between the two sets
of data. Usually, the differences between two sets are not
considered to be statistically significant unless the confi-
dence level is above 95 percent. Thus, as may be seen in
Table F-4, the data from Projects 12-7 and 12-12 are not
statistically different. This means that it has not been con-
clusively shown that a real difference exists between the two
sets of data. Furthermore, the observed differences between
the 4 and B values for the sets of data are so small that they

" would not be of practical significance even if they were

shown to be statistically significant.

RELATIONSHIP BETWEEN CONSTANT- AND
VARIABLE-AMPLITUDE RESULTS

There are many ways of relating variable-amplitude fa-



TABLE F-2
SN CURVES INCLUDING SECONDARY VARIABLES

Regression Coefficients* Diff From Table F1,+
No, B D E F Std Error Std Error percent
Dispersion of A*Rx Coeff Coeff***  Coeff***t of Estimate of Estimate Std Exror Std Error
Detail Ratio Tests Log A** x 10~6®  Coeff x 103 x 103 x 103 of Log N** of N of Log N of N
Cover Plate 0.00 27 8,785 610 2,904 - 1,486 2,508 66.50 0,121 1.32 14 5
C&B 0,25 6 8,594 393 2,677 - - - 0,043 1,10 (o} o]
0.50 21 8,163 146 2.780 -12,95 6,707 - 0.179 1.31 2 13
1,00 12 8,054 113 2,188 -19.48 - 101.6 0.134 1.36 20 4
Welded Beam 0.00 24 10,95 89100 3.208 9,750 -2,458 - 0.159 1.44 2 1
D 0.25 9 11.02 105000 3.535 -3.306 - - 0,158 1,44 -7 0
0,50 15 9.175 1500 2,085 5.789 -2,931 - 0.110 1.29 7 2
1.00 9 9,698 4990 2,894 - - - 0.147 1.40 0 0
Cover Plate 0.00 12 9,351 2240 2.684 -1.879 - - 0,068 1,17 -4 -1
S 0.50 12 9,330 2140 2,746 -2,004 - - 0.100 1.26 -5 -1
1.00 12 8,964 920 2,589 -5.282 - - 0.049 1,12 11 1
Cover Plate 0.00 18 9.680 4790 3.692 -15.93 7.554 - 0.101 1.26 53 24
A 0.25 6 9.703 5050 3.452 - - - 0.044 1.11 o] 0
0.50 18 9.582 3820 2,596 -23,68 3.801 - 0,080 1,20 47 15
1,00 12 - 8,940 871 2,721 -18,97 - - 0.181 1.58 10 0
Cover Plate A++ 0.00 18 10,042 10960 3.262 -13.55 - - 0,120 1,32 52 26
(Smin = 40 ksi) 0.50 21 9,067 1167 2,641 -11,96 - - 0.100 1,26 54 24

* Based on log N = log A - B log Syp + D Spjn + E St + Fg.
** Log values to the base 10.

. s . 3 .
*** Yalues of A x 10-6 are listed; thus, the first value of A is 610,000,000. Similarly, values of the coefficient x 10~ are listed.

+ Value from (Table F1 - Table F2) x 100
Table Fl

++ A514 beams only; includes beams tested at Spjn = 40 ksi in addition to those tested at Spj, = 0 and 10 ksi.

Conversion Factor

1 ksi = 6.895 MPa
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TABLE F-3
SEMILOG SN CURVES
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Regression
Coefficients* Diff From Table
No. A B Std Error Std Error F1l,*** percent
. Dispersion of Best Best std Error of Estimate of Estimate 5td Error S§td Error
Detail Ratio Tests Fit Fit x 10 of Log N** of N of Log N of N
Cover Plate 0.0 27 6.751 64.95 2.88 0.154 1.43 ~10 -4
CsB 0.25 6 6.723 80.59 3.50 0,043 1.10 0 0
0.50 21 6.682 69.57 7.90 0.290 1.95 -65 -30
1,00 12 6.657 82.23 11.15 0.167 1.47 0 -4
Welded Beam 0.0 24 7.364 44,91 3,76 0.184 1.53 -14 -6
D 0.25 9 7.648 60,60 10.39 0.147 1,40 [ 0
0.50 15 6.913 37,31 4,01 0.124 1.33 -6 -2
1.00 9 7.397 67.20 9.36 0.229 1.70 -56 =21
Cover Plate 0,00 12 6.796 40.17 3.86 0.239 1.73 263 -49
5 0.50 12 7.229 65.51 2.75 0,095 1.43 0 -14
. 1.00 12 6.966 61.76 1.58 0.055 1.}3 0 0
Cover Plate 0.0 18 6.890 61,30 7.07 0.206 1.61 5 2
A 0.25 6 7.290 103,9 3.56 0.044 1.11 0 ]
0,50 18 6.612 50,31 4,37 0,151 1.42 -1 -1
1.00 12 6.944 81,90 11,61 0.201 1.59 0 1]
* Based on log N = log A - Blog Srm
f* Log values to the base 10
#%% values from (Table F1 - Table F3) x 100
Table Fl
TABLE F-4
CONSTANT-AMPLITUDE RESULTS FOR PROJECT 12-12 AND 12-7 STUDIES
Confidence
Regression Std Error Level , ***
Coefficients* of Estimate percent
Detail Project No. of Tests Log A** B of Log N** Log A** B
Cover Plate 12-7 61 9,038 2.883 0.106 <50 80
o] 12-12 24 9.050 2,924 0.139
Welded Beams 12-7 56 10.835 3.345 0.146 <50 79
D 12-12 24 10.811 3.296 0.162

*

Based on log N log A - Blog Sy .

** Log values to the base 10.

exélanation see Appendix D.

tigue data to constant-amplitude data. Probably, the most
convenient for bridge applications is the effective stress
range concept. With this concept, the four lines in Figures
11, 12, and F-2 and the three lines in Figure F-3 are ap-
proximated by a single line relating the effective stress
range, S,., to the life, N. The effective stress range for a
variable-amplitude spectrum is defined as the constant-
amplitude stress range that would result in the same fatigue
life as the variable-amplitude spectrum. Different methods
of calculating S,, are discussed in the following.

Effective Stress Range From Rayleigh Distribution

In the first method of calculating S,., which is based
directly on the Rayleigh distribution discussed earlier, the
effective stress range is given by

Sre = Srm. + C Srd = Srm (1 + C Srd/Srm) (F’S)
in which the best-fit value of the correlation factor, C, is

determined from available data. Thus C defines a single
stress range that has the same effect on fatigue behavior as

Probability that a real difference exists between the two sets of data;

for a further

the complete spectrum. If C = 0.378, S,, is the root mean
square (RMS) of all stress ranges in the spectrum; if C =
0.230, S, is the mean of the stress ranges.

The variation of S,./S,, with the dispersion ratio, Sya/
S, for these two values of C is shown in Figure 13. At
a dispersion ratio of 0, which corresponds to constant-
amplitude loading, S,, = §,,, for both definitions of S,.. As
the dispersion ratio increases, or in other words as the width
of the spectrum becomes greater, S, becomes increasingly
larger than S,,,. AtS,s/S., = 1.0, the S, corresponding to
the RMS value is about 11 percent greater than the value
corresponding to the mean.

Values of C were determined for various groups of test
data by calculating the value of C that results in the best-
fit SN curve for each group. Each SN curve was defined by

log N=1logA —Blog§$,, (F-6)

and §,, was defined by Eq. F-5. The NLWOOD curve-
fitting program (a nonlinear least-squares curve-fitting com-
puter program) was used to determine values of 4, B, and
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C that result in the minimum sum of the squares of the
deviations for each group. Each group included all com-
patible constant-amplitude data plus all compatible variable-
amplitude data for the S,;/S,, values used. Thus, each
value of C represents the value that would best interrelate
the constant- and variable-amplitude data in that group.

The calculated values of C are given in Table F-5. Most
of the values of C are between 0.230 and 0.378, which cor-
respond to the mean and RMS, respectively, and tend to be
closer to the latter. There is no consistent correlation be-
tween C and the type of steel, type of detail, or minimum
stress. Furthermore, the fact that the best-fit curves from
Table F-1 are roughly parallel suggests that C does not vary
significantly with S,,,. The data show a trend toward larger
C values for larger values of S,4/S,,,. Consequently, a fac-
tor based on this trend could be incorporated into the ex-
pression for the effective stress range. However, Figure 13
suggests that the effect on S,, would be too small to justify
the added complexity. Therefore, it is concluded that a
single value of C should be used in Eq. F-5 for all types of
steels, types of details, and minimum stresses. A value of
0.378, corresponding to the RMS, provides a reasonable
and generally conservative approximation of C for practi-
cal purposes.

Effective Stress Range by RMS

The RMS can be calculated for a spectrum defined by a
stress-range histogram (frequency-of-occurrence bar graph)

by fitting a Rayleigh curve to the histogram to determine
Sym and S,4, and calculating S,, from Eq. F-§5 with C =
0.378. Alternatively, S,,zys can be calculated directly from
the stress-range histogram by using the formula

Srerats = (So;82%.) % (F-7)

in which §,; is the ith stress range in the spectrum and a;
is the fraction of stress ranges of that magnitude.

Figures 14, 15, F-4, and F-5 show the best-fit SN curves
and approximate 95-percent confidence limits for a single
future test for the constant-amplitude data; data points are
shown for both the constant- and variable-amplitude data.
Specifically, log S,.rys is plotted against log N, and all
variable-amplitude data points are transformed according to
Eq. F-7. The best-fit line and the confidence limits are
shown as solid and dashed lines, respectively, within the
range of constant-amplitude data, and are extended as
dash-dot lines beyond this range. The variable-amplitude
data points, which generally fall within the scatter band and
95-percent confidence limits for the constant-amplitude
data, show that the S,.pyg satisfactorily relates constant-
and variable-amplitude data.

To determine whether there is a significant difference
between the constant-amplitude data and the variable-
amplitude data transformed by the RMS method, the best-
fit curves were developed from Eq. F-6 for the variable-
amplitude data for each detail. In Table F-6, these curves
are compared with the best-fit constant-amplitude curves
from Table F-1. The U.S. Steel computer program and

TABLE F-5
CALCULATION OF CORRELATION FACTOR *
’ . Smin, Number Correlation Factor, C
Group Detailw+ Steel ksl of CA Tests* Srd/Sym = 0.25  Syq/Spp = 0.50 - Spd/Sym = 1.0 Combined
1 Cover plate C AS514 10 9 - 0.140(18) 0,419(15) 0,364 (24)
2 Cover plate C A36 Q 9 0,508(15) 0.470(18) - 0,452 (24)
3 Cover plate B A36 10 3 - = (6) - 0.542 (6)
4 Welded beam D AS514 Q 9 - 0.347(18) 0.466 (18) 0.446(27)
5 Welded beam D A36 -10 9 0.198(15) - (12) - 0.397(18)
6 Welded beam D A36 o 6 - 19) - (9) - 0.553(12)
7 Welded beam D A36 ~10,0 15 0.362(24) 0,506(21) - 0,481 (30)
8 Coyer plate S AS1l4 Q 3 - 0.217 (9) 0,250 (9) 0.275(15)
9 Cqver plate 8 ASl4 10 9 - 0,180(15) 0,296 (15) 0,285(21)
10 Cover plate § A514 0,10 12 - 0.177(24) 0.270(24) 0.270(36)
11 Cover plate A AS514 ] 6 - 0,070(12) 0.453(12) 0,378 (18}
A2 Cover plate A  AS514 10 6 - 0.271(15) 0,356(12) 0,360(21)
13 Cover plate A A514 0,10 12 0,228 (27) 0.414 (24) 0,355(39)
14 Cover plate A A514 40 6 0,205(12) - 0,205(12)
15 Cover plate A A514 0,10,40 18 - 0,189(39) 0.230(30) 0.210(51)
16 Cover plate A A36 10 6 0.211(12) 0.439 (9) - 0.395(15)

* Factor based on log N = log A = B log Sy, with Sye = Syp *+ Csrd’ combined test data were used for Sra/Sem = 0.0
(constant amplitude) and for the value of Syd/Sym shown, The number in parenthesis is the total number of constant-

and variable~amplitude tests included in that group,

** A = beams with cover-plate ends not cross-welded and web-flange welds placed last; B = cover-plate ends not cross-
welded, cover-plate welds made last; C = beams with cover-plate ends cross-welded last; S = cover~plate specimens
with cover-plate ends not cross-welded; D = welded beams without cover pPlates,

+ Number of constant-amplitude tests.,

Conversion Factor
1 ksi = 6,895 MPa
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methods discussed earlier were used to determine whether
the differences between the log A and B values for the
constant- and variable-amplitude data are statistically sig-
pificant. The calculated confidence levels are given in
Table F-6. In most cases, the difference would not be con-
sidered statistically significant because the confidence level
is below 95 percent. Furthermore, in most cases, the dif-
ference is also small from a practical standpoint. These
results support the conclusion that S,.ys satisfactorily
relates constant- and variable-amplitude data.

Effective Stress Range by Miner's Law

Miner’s Law has beeh widely used for many years to
show the cumulative effect on fatigue life of stress cycles
of different magnitudes, and can be used as described in this
section to calculate an effective stress range. Miner’s Law
states that

aiPV _

1.0 (F-8)

i

in which N is the fatigue life for a variable-amplitude spec-
trum, N, is the fatigue life for a constant-amplitude loading
corresponding to the ith stress range in the spectrum, and
a; is the fraction of stress ranges of that magnitude, By
definition, the life, N, for a variable-amplitude spectrum is
the same as the life, N, for a constant-amplitude loading of
S,. and is given by
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The value of N; is given by a similar equation in which S,,
is replaced by S,;. Hence,

A SB'ri —_
Do (ST) (——A > =1.0 (F-10)
and
Sye = (2o, SB,) /B (F-11)

B is the reciprocal of the slope of the log-SN curve, as
shown in Figure F-1, and is about 3 for most structural
details. Thus, Eq. F-11 is similar to Eq. F-7, which defines
S,.rus» but the S; term is cubed rather than squared.

The variation of S,./S,, With S,4/S,, for a spectrum
defined by a Rayleigh curve and for B=3 is shown in
Figure 13. This curve is always slightly higher than the
curves for other methods of calculating the effective stress
range. Thus, Syqver iS somewhat more conservative than
S, erus, but the maximum difference between the two is only
about 11 percent.

The S,qyner for the variable-amplitude data was com-
pared with the constant-amplitude data in the same way as
S,crus Was compared with the constant-amplitude data. In
calculating S,, for the variable-amplitude data, the value of
B from the constant-amplitude data for that detail was used
in Eq. F-11. The results are shown in Figures 16, 17, F-6,

Figure F-5. RMS effective stress range vs. fatigue life for cover-plate specimens.
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TABLE F-6

STATISTICAL SIGNIFICANCE OF DIFFERENCES BETWEEN CA AND VA DATA *

Confidence
No. Std Error Level, ***
Stress Definition of Coefficients** of Estimate percent
Detail Spectrum* of Sre Tests Log A B of Log N** Log A** _B
Cover Plate ca - 27 9.135 2,982 0.140
B&C va RMS 39 8.615 2.509 0.166 99 73
VA MINER 39 8,588 2,460 0.183 >99 92
Welded Beam ca - 24 10,81 3,296 0.162
D VA RMS 33 10,03 2,781 0,149 91 50
VA MINER 33 10,14 2,822 0,134 20 <50
Cover Plate CA - 12 9.333 2,681 0.066
s VA RMS 24 9.421 2.672 0,077 <50 >99
VA MINER 24 9,418 2,645 0,082 <50 >99
Cover Plate CA - 18 8.986 2,615 0,217
A vA RMS 36 8.633 2.293 0.192 62 75
VA MINER 36 8.608 2,263 0.200 64 80

* CA means constant amplitude; VA means variable amplitude.

** Based on log N = log A - B 10g Sre.

*** Probability that a real difference exists between the constant-amplitude curves and the variable-

amplitude curves; for a further explanation see Appendix D.
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and F-7 and Table F-6, The curves in the figures show that
the variable-amplitude data points generally fall within the
scatter band defined by the 95-percent confidence limits for
the constant-amplitude data. Furthermore, the differences in
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log 4 and B between the variable- and constant-amplitude
data were generally not statistically or practically signifi-
cant. Therefore, it is concluded that S, ygg satisfactorily
relates variable- and constant-amplitude data.

CYCLES YO FAILURE, N

Figure F-7. Miner effective stress range vs. fatigue life for cover-plate specimens.



Comparison of RMS and Miner Methods

To determine which method of calculating S,, provides
the closest fit of the variable-amplitude data to the constant-
amplitude regression line, the standard errors of the esti-
mate were calculated for various details, For each detail,
the constant-amplitude data were combined with the
variable-amplitude data transformed by either the RMS
or Miner method. The standard error of the estimate based
on deviations of these data from the best-fit line for the
constant-amplitude data was calculated as explained in
Appendix D. The results are given in Table F-7 together
with the standard errors of the estimate for the constant-
amplitude data alone. Smaller values of the standard error
indicate a closer fit. For all details except the welded
beams, the RMS method provides a closer fit. In some of
the details, the standard error is smaller for the combined
data than for the constant-amplitude data. This means that
there is less scatter in the transformed variable-amplitude
data than in the constant-amplitude data.

COMPARISONS WITH AASHTO ALLOWABLE STRESSES

The results for all cover-plate beams from the present
study are compared with AASHTO allowable fatigue pro-
visions (1) in Figure 18. Specifically, the cover-plate-beam
results, including details A, B, and C, are compared with
the specified fatigue strength for AASHTO Category E
(cover-plate ends) on the basis of S,.pys. The allowable
fatigue strength line was obtained by fitting a straight line
defined by Eq. F-6 to the allowable stress ranges for three
categories of design life: 100,000, 500,000, and 2,000,000
cycles. This line closely approximates the lower limits
(95-percent tolerance limit) of previous constant-amplitude
test results on cover-plate end details (2).

The scatter in Figure 18 is reasonable, considering that
the data for several different steels, minimum stresses, and
details are included in a single plot. Almost all of the data
points lie above the line; thus, the AASHTO allowable stress
line provides an approximate lower limit for the variable-
and constant-amplitude test results that are plotted on the
basis of the RMS effective stress range.

Figure 19 gives a similar comparison of the welded-beam
results with the AASHTO allowable fatigue stress for Cate-
gory B, longitudinal flange-web fillet welds. Again, the
scatter is Teasonable for this type of specimen, and almost
all of the data points lie above the allowable stress line.
Thus, the AASHTO allowable stress line provides an ap-
proximate lower limit for the variable-amplitude test results
that are plotted on the basis of the RMS effective stress
range.

SECONDARY TESTS

In addition to the main testing program, a few tests were
performed on cover-plate specimens (detail S) to evaluate
the effects of other test parameters. The results of these
tests are discussed in the following paragraphs.

Effect of Number of Individual Loads

A 500-cycle control tape was used to program the
variable-amplitude loading in the main fatigue-testing pro-
gram. This tape defined 500 individual loads that satisfy
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TABLE F-7

COMPARISON OF RMS AND MINER METHODS
OF RELATING CA AND VA DATA *

No. Std Error

Stress Definition of of Estimate

Detail Spectrum* of Sre Tests of Log N**
Cover Plate CA - 27 0.140
B&C CA+VA RMS 66 0.174
CA+VA Miner 66 0.195
Welded Beam Ca - 24 0.162
D CA+VA RMS 57 0,135
CA+VA Miner 57 0.128
Cover Plate CaA - 12 0.066
s CA+VA RMS 36 0,110
CA+VA Miner 36 0.135
Cover Plate CA - 18 0.217
N CA+VA RMS 54 0.210
CAYA, Miner 24 0,219

* CA means constant amplitude; VA means variable amplitude.
** Bagsed on the deviations of the data points from the best-fit

1ine for the constant-amplitude data.

the desired Rayleigh distribution; the loads were arranged
in a random sequence. The 500-cycle tape was continuously
cycled throughout a test so that the same 500-cycle random
sequence was repeated many times. Two parameters in this
procedure could affect the fatigue results: (1) the number
of individual loads and (2) the sequence length. A given
number of individual (usually different) loads can be ar-
ranged in a sequence of any length equal to an integer times
the number of individual loads. For example, 500 indi-
vidual loads could be arranged in a sequence 1,000 cycles
long in which each individual load appears twice.

The smaller the number of individual loads, the poorer
the fit of the desired Rayleigh distribution, which is a con-
tinuous curve. Similarly, a larger number of individual
loads would provide a better fit. The improvement in the
fit that can be obtained by using a given number of addi-
tional loads, however, decreases as the number of loads
increases, and, above a certain number, very little improve-
ment in fit can be obtained. Consequently, increasing the
number of individual loads above this level would not affect
fatigue results.

To determine whether a value of 500 loads is above this
level, six specimens were tested with 100 individual loads
in a 500-cycle sequence, and the results were compared
with those for six similar specimens tested with 500 indi-
vidual loads in a 500-cycle sequence. Thus, the sequence
length was the same for both. The loads on both tapes
followed the Rayleigh distribution curve for §,,, = 30 ksi
(207 MPa) and S,,/S,,, = 1.0. The minimum stress was 0.

The results are given in the first two lines of Table F-8.
Since the fatigue data in this study fit a log-SN curve, the
comparison between the two sets of data can best be made
in terms of the log means. (The log mean is the antilog of
the mean of the logs of the individual lives.) The log means
for the 100-load and 500-load tests were 102.8 and 103.3
kilocycles, respectively. This shows that the fatigue results
are not significantly affected by changing from a tape with
100 individual loads to one with 500 individual loads.
Changing from 500 individual loads to a greater number
of individual loads would have even less effect. Conse-
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TABLE F-8

EFFECT OF NUMBER OF INDIVIDUAL LOADS AND
SEQUENCE LENGTH *

Test Number of Log Means
Variable Individual Loads Sequence Length Life,** kilocycles
aan 0 102.8
Load 100 50
Levels 500 500 103.3
100 100 102.8
Sequence 100#** 500 102.8
Length
100 5000 99.9

* Tests performed on cover-plate specimens at a Sym = 30 ksi,
Srd/Sym = 1.0, and Spip = 0.

** The antilog of the mean of the logs of the lives for six tests.

*** These two listings are for the same set of data.

quently, the 500 individual loads used in the present study
are more than sufficient, and even 100 individual loads
would have been adequate.

Effect of Sequence Length

To test the effect of sequence length, a 500-cycle random
sequence of 500 individual loads was repeated throughout
each test in the program, The sequence was random within
the 500-cycle block, but was not random over the entire
length of the tests. As the sequence (or block) length
increases, the corresponding fatigue behavior will approach
that for a truly random loading, and further increases in
sequence length will have no effect.

To determine whether a 500-cycle sequence is sufficient
to approach the truly random behavior, six specimens were
tested at each of three sequence lengths: 100, 500, and
5,000 cycles. In each sequence, 100 individual loads were
used that satisfied a Rayleigh distribution for §,,, = 30 ksi
(207 MPa) and §,4/S,,, = 1.0. The minimum stress was 0,
In the 100-cycle sequence, each of the 100 individual loads
occurred only once. In the 5,000-cycle sequence, each of
the 100 individual loads was repeated 50 times. The se-
quence in each 100-cycle block in the 5,000-cycle sequence,
of course, was different.

The results are given in the last three lines of Table F-8.
The log means for the sequence lengths are very close and
show that the 500-cycle sequence used in the present study
is more than sufficient to represent truly random conditions;
even a 100-cycle sequence appears to be adequate.

Effect of Vibration Stresses

Field measurements of stresses in bridges show that vi-
bration stresses are superimposed on the major stress cycle
caused by the passage of a vehicle. For most types of
bridges, these vibration stress cycles have a much smaller
amplitude but a higher frequency, £, than the major stress
cycles. If the ratio of the frequency of the vibration cycles
to that of the major cycles is an odd integer and the two
types of cycles are in phase, the vibration cycles reinforce
the positive and negative peaks of the major stress cycles.
Thus, the over-all stress range, S,, is the sum of the stress
ranges for the two types of cycles, as illustrated in Figure
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Figure F-8. Superimposed vibration stresses.

F-8. For convenience, the vibration cycles are shown as
triangular waves, although the actual vibration cycles ap-
proximate sine waves. Both the amplitude ratio, S,,/S,,
and the frequency ratio, f,/f, vary considerably with the
type of bridge and vehicle; however, 7 appears to be a fairly
representative value for the frequency ratio, and the ampli-
tude ratio is generally less than 0.2.

The effect of these vibrations on fatigue life can be esti-
mated by Miner’s Law. To do this, it is assumed that the
over-all stress range cycles, S,, and the vibration cycles, S,,,
have the same effect as if they had been applied at dif-
ferent times rather than simultaneously. This appears to be
a reasonable concept, except when the amplitude ratio ap-
proaches 1 and the two types of cycles tend to lose their
separate identities. '

Specifically, a formula will be developed to show the ratio
of fatigue lives, in terms of major stress cycles, for two
members subjected to the same constant-amplitude over-all
stress range, S,, but one with a vibration stress and one
without. The following defiritions apply:

N = life for a stress range of S,;
N, = life for a stress range of S,,;
a = frequency ratio f,/f;
N’ = number of major stress cycles to failure when
vibration cycles are present; and



aN' = total number of vibration cycles that occur while
N’ major stress cycles are being applied.

From Miner’s Law,

N aN’
LA =1 (F-12)
N TN,
which can be expressed as
N aN
— =14 —— (F-13)
N’ N,
From Eq. F-7,
A
N=5 (F-14)
r
and
A
N, = —— (F-15)
) v SB?”U
Therefore,
N A\ /[ SB, S0\ 2
“=14a 2wl l=1+a (F-16)
N YA S,
TABLE F-9
STRESS AMPLITUDES FOR VIBRATION TESTS *
' Vibration
Major Stress Total
Stress Amplitude, Amplitude,
Amplitude Amplitude,*** Srv, Sy
Ratio** Point percent percent percent
0.1 1 4,995 -4,995 00.0
0.1 2 9.447 +4,995 14.4
0.1 3 21,921 -4,995 16.9
0.1 4 39.947 +4.995 44.9
0.1 5 59,953 -4,995 55.0
0.1 6 77.979 +4,995 83,0
0.1 7 90.453 -4,995 85.5
0.1 8 94.91 +4,995 99.9
0.2 1 9,99 -9,99 00,0
0.2 2 13,95 +9.99 23,9
0.2 3 25,04 -9.99 15.0
0.2 4 41,06 +9,99 51.0
0.2 5 58,84 -9.99 48.9
0.2 6 74,86 +9,99 84,9
0.2 7 85.95 -9.99 76.0
0,2 8 89,91 +9.99 99.9
* See Figure G-8 for explanation of amplitudes.
** srv/sr

**+ Based on a sine wave.

Although this equation applies specifically to constant-
amplitude major and vibration stresses, the same approach
could be used to calculate a similar effect for variable-
amplitude major cycles.

When « and S,,/S, are both 1, the vibration cycles are
the same as the over-all cycles, and Eq. F-16 should result
in N/N’ = 1. Instead, because the over-all cycles and vi-
bration cycles are being treated as separate cycles according
to the original assumptions, Eq. F-16 results in 2, which
is not reasonable when S,,/S, approaches 1. Therefore,
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Eq. F-16 should not be used when S,,/S, approaches 1.

The ratio of fatigue lives with and without vibration
stresses was calculated from Eq. F-16 for a B of 3, a fre-
quency ratio of 7, and amplitude ratios of 0.1 and 0.2. The
caiculated reduction in tite tor amplitude ratios of 0.1 and
0.2 were 1.0 and 10.2 percent, respectively.

Three cover-plate specimens (detail S) were tested at
each of the two aforementioned amplitude ratios (sets 23
and 24). In both cases, the over-all stress range §, was
30 ksi (207 MPa), the minimum stress was 0, and the
frequency ratio was 7. Total amplitudes corresponding to
the peaks and valleys of the vibration stresses were calcu-
lated for each case by adding (or subtracting) a value of
0.1 or 0.2 times S, to (or from) the corresponding ampli-
tude for a sinusoidal major stress cycle. The maximum
amplitudes for the major stress cycles were equal to 0.91
and 0.83 for the two cases.

The resulting amplitudes expressed as a percent of S, are
given in Table F-9 for the two different amplitude ratios.
Eight amplitudes corresponding to the peaks and valleys
shown in Figure F-8 are also given. For S,,/S,=70.1, the
vibration stresses were so small that the successive ampli-
tudes continually increased. For §,,/S, = 0.2, the vibration
stresses were large enough so that successive amplitudes
alternately increased and decreased.

The results of the fatigue tests and the results of the
theoretical analysis with B = 2.68, the slope of the SN
curve for cover-plate specimens, are given in Table F-10.
The log means of N for the three sets of data were in re-
verse order from that predicted by the theoretical study, but
the differences among the sets were small. A test of the
statistical significance of the difference between the log
means for the set of data for S,, = 0 and the set for either
S,s/S, =0.1 or S,,/S,=0.2 indicated that the differences
are not statistically significant because the sample size is so
small. Larger sets of data would have to be tested to show
effects as small as those suggested by the theoretical study.

TABLE F-10
EFFECT OF SUPERIMPOSED VIBRATION STRESSES
Log Mean
Amplitude Frequency Life From Tests: Ratio of Lives**
Ratio* Ratio* kilocycles Test Analysig**#*

0.0 - 257 1 1
0.1 7 266 1.03 0.99
0.2 7 335 1,30 0,91

* Amplitude ratio equals S.,/S,; frequency ratio equals fy/f.

** Life with superimposed vibration stresses, N, divided by life
without superimposed vibration stresses, N”,

wan N _ s fv Srv 2-53‘
N7 ¥ \sp

APPENDIX G

DETAILED DISCUSSION OF CRACK INITIATION AND PROPAGATION

CRACK-GROWTH TESTS

The relationship between crack depth and number of
cycles for the tests of the A514 steel wedge-opening-loading

(WOL) specimens are plotted in Figures G-1 and G-2 for
the constant- and variable-amplitude loadings, respectively.
These results can best be interpreted in terms of the stress
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intensity, K, at the crack tip and the crack-growth rate,
da/dN, in which q is the crack depth and N is the number
of cycles (25). The growth rate was determined for each
increment of crack growth by dividing the change in crack
depth by the change in cycles for the increment. For the
variable-amplitude tests, the crack-growth rate is an average
rate for the 500-cycle blocks defining the spectrum.

The stress intensity is a function of the applied load, P,
and the distance from the load point to the crack tip and
was determined from an available stress analysis for WOL
specimens (23). During each test, the load range, P,, and
minimum load, P,;,, were held constant, but the stress-
intensity range, K,, and minimum stress intensity, K i,
increased as the crack depth increased. The variation of
the K values for each test is given in Table 3.

The log of da/dN is plotted as a function of the log of
the K, in Figure G-3 for the constant-amplitude tests. Data
for different combinations of P, and P, fall within a rela-
tively small scatter band. K., varies considerably for these
data as a result of the differences in P, and the variation
of K,,;, with crack depth that was discussed earlier. Con-
sequently, it is concluded that K,,;, has little effect on the
crack-growth rate.

Parallel lines are ploted to show the approximate scatter

band for the data. These lines, and the best-fit line for the

data, can be defined in a form similar to the SN curves
discussed earlier. Specifically,

log(da/dN) =1log A + Blog K, (G-1)

and
da/dN = AK,2 (G-2)

The constants 4 and B depend on the material properties
and have the same meaning (Figure F-1) as the 4 and B
values for SN curves.

The crack-growth rate is shown in Figure 21 as a func-
tion of the modal stress intensity range, K,,, for three
values of K,4/K,,, including two variable-amplitude spec-
trums. These results are for a random sequence of loads.
The lines representing the three values of K,/ K,,, are ap-
proximately parallel and show that the crack-growth rate
for a given K,,, increases as the spectrum width measured
by K,4/K,,, increases. This is consistent with the results of
the fatigue tests.

The curves for the three spectrum widths can be shifted
together by plotting K,y instead of K,,, as the stress-
intensity parameter (see Fig. 22). As indicated in the
figure, the line through these data is defined by Eq. G-1 or
Eq. G-2, with log 4 =—9.11 (or 4 =7.68 X 10-*°) and
B =2.60. Thus, the RMS method for relating variable- and
constant-amplitude data applies to the crack-growth rate as
well as to the total fatigue life.

Crack-growth data for several different variable-amplitude
loading sequences, including a random sequence, are plotted
in Figure G-4. The data fall within a narrow scatter band
and show that the loading sequence as represented by the
chosen load spectrum has little effect on the crack-growth
rate.

Crack-growth tests on A36 steel were not performed be-
cause previous work showed that the constant-amplitude
crack-growth rates are roughly the same for all structural

steels. The variable-amplitude crack-growth rates are also
expected to be approximately the same for these steels,

CRACK DATA FROM COVER-PLATE BEAM TESTS

The lengths of cracks visible on the surface of the tension
flange of the cover-plate beams at various lives are given in
Appendix E. To determine whether these data could be
correlated with basic crack-growth data, curves of crack
length vs. life were plotted for many cover-plate A and B
beams. These plots were erratic, probably as a result of the
difficulty of determining exactly where the surface crack
terminated. Therefore, it was concluded that the beam
crack growth data are not consistent enough to permit
meaningful correlations with the basic WOL crack-growth
data.

The crack-length data for the cover-plate beams, how-
ever, provide valuable information on the initiation and
propagation phases of fatigue life for such beams. The
initiation and propagation lives for A514-steel cover-plate
C beams were determined from these data and are plotted
in Figure 25. The initiation life was taken as the log-mean
life for the last observation without a crack and the first
observation with a crack. Only beams, for which the life
difference between these two observations was small, were
included in the figure. The propagation life was obtained
by subtracting initiation life from the total fatigue life. The
initjation-life curve shown in Figure 25 was fit to the data
by observation. The results in Figure 25 show that the
initiation life is an important part of the total fatigue life
for this type of detail.

In the cover-plate A and B beams, semielliptical cracks
developed at the ends of longitudinal fillet welds joining the
cover plate to the flange plate, The ratio of the crack length,
I, to the crack depth, 4, is an important parameter in vari-
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Figure G-1. Crack growth for constant-amplitude loadings.



ous crack-growth correlations, Consequently, to provide
information useful to other investigators, the ratio I/a was
determined from the cracked surface of several tested
beams and are plotted in Figure G-5. The shape of the
crack at certain stages was often apparent from the surface
texture. All beams that furnished clear evidence of the
crack shape were included on the plot. Several beams,
which had cracks at the low-stress end of the cover plate
after failure had occurred at the high-stress end, were
opened to determine the crack shape and were also in-
cluded on the plot. The plot shows that [/a was approxi-
mately 4 over the observed range of depths from 0.1 to
0.37 in. (2.5 to 9.4 mm).

PREDICTION OF BEAM FATIGUE LIVES
FROM BASIC DATA

The fatigue life of a structural detail can be divided into
two phases: (1) initiation and (2) propagation (26). Com-
prehensive basic data are available on the propagation
phase (25), and a smaller amount are available on the
initiation phase (26). These basic data, together with in-
formation on stress conditions, were used to predict the
total fatigue lives of four beam conditions. To illustrate the
uncertainties involved, several different approaches were
used in making these predictions. Specifically, predictions
were made for constant-amplitude loading of A36- and
A514-steel beams at stress ranges of 10 and 30 ksi (69 and
207 MPa).

The basic data on the propagation phase are available
from several sources (25, 26, 38). There is considerable
scatter among the data for different structural steels and
from different sources—although a single, lower bound
crack-growth curve is frequently used for all structural
steels (25). The limited amount of available data (26, 38)
for weld metal and heat-affected zone suggests that the
crack-growth rate is less in weld metal and heat-affected
zone than in base metal. Part of the crack propagation in
the beams occurred in the heat-affected zone and part in the
base metal. Consequently, there is considerable uncertainty
about what crack-growth data should be used in the predic-
tions. It was decided to use the individual mean curves
from published crack-growth data on A36 and A514 steels
(25) except as noted later. These curves are defined by
Eq. G-2 with values of 4 =2.4 X 10-° and B=3.0 for
A36 steel and 4 = 4.4 X 102 and B = 2.25 for A514 steel.
The previously published data for A514 steel rather than
the data obtained in the present program were used in the
predictions because the published data are more compre-
hensive and because the present crack-growth data were not
obtained from the heat of steel used for the beam flanges.
If the crack-growth data for weld metal had been used
instead of the data for the base metal, the calculated lives
would have been longer.

The data on the initiation phase were available from tests
conducted at the U.S. Steel Research Laboratory on A36
and A517 steels. These data are plotted in Figure G-6 and
were used in the present calculations. The specified longi-
tudinal mechanical properties of A517 are the same as
those of A514 steel. The curves shown in Figure G-6 were
obtained from tests on specimens containing a machined
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notch with a stress concentration factor of 2.5 and tested
under several different nominal stress ranges. The theo-
retical magnified stress range was determined by multiply-
ing the theoretical elastic stress-concentration factor times
the nominal stress range even when the resulting stress ex-
ceeded the yield strength of the material. The curves do
not include any effects of the amount of area affected by the
stress concentration. A small circular hole in a plate il-
lustrates this effect. Such a hole has a stress concentration
factor of 3, regardless of its diameter; a larger diameter,
however, affects a larger area and may have a greater effect
on fatigue behavior.

In these basic tests, crack initiation was detected by mag-
nified visual observations of the specimen surface in the
region of the machined notch. When the surface crack was
first observed, it had a finite length ranging between 0.01
to 0.03 in. (0.25 to 0.76 mm). The average crack depth
corresponding to this range of lengths was estimated to be
about 0.005 in. (0.13 mm), and this value was used as the
end point for the initiation phase when predicting the total
life of the beams. The observed range of initial crack size
indicates that there was considerable variation in the end
point for the initiation phase. This variable did not cause
excessive scatter in the initiation data; however, it adds con-
siderably to the uncertainty in predicting the total life of the
beams because the end point of the initiation phase is used
as the starting point for the propagation phase. A relatively
small difference in the assumed starting point for the propa-
gation phase has a relatively larger effect on the calculated
total life of the beams because most of the propagation life
occurs while the crack is small.

Crack initiation data for the base metal was used in pre-
dicting the fatigue lives of the beams, even though initia-
tion apparently occurred in the heat-affected zone (or in

weld metal) because no initiation data are available for
weld metal or hcat-affcct zone.

In addition to the uncertainties regarding the basic crack
initiation and propagation data, there are considerable un-
certainties regarding the exact stress distribution in the re-
gion of the cross weld at the cover-plate end before and
after cracking. The magnitude and effect of the residual
stresses at the cross weld at the end of the cover plate are
not precisely known, Similarly, the exact peak value and
variation of the stress concentration factor, F (actual stress
at point divided by nominal stress at that point), are not
precisely known; they probably vary along the cross weld
of each beam and among the cross welds of different beams.
Furthermore, it is not known precisely how these local
stresses should be incorporated into the calculation of the
stress intensity range, K,,,, used in estimating the propaga-
tion life and even what basic equation should be used to
calculate K,.,,.

To predict the total life of a fabricated member, such as
a cover-plate C beam, from basic crack data, an assump-
tion must be made regarding each of these uncertainties.
By choosing the right combination of assumptions, it is
often possible to make predictions that approximate the
observed fatigue lives of fabricated members that have al-
ready been tested. It is much more difficult to accurately
predict the fatigue lives of fabricated members before they
are tested. The calculations presented herein are intended
to illustrate several different approaches of varying com-
plexity that could be used in predicting fatigue life from
basic data and to show how they compare with the test
results. Several of these methods were suggested by crack-
growth experts.

In Table G-1, the total fatigue life predicted by each
approach is compared with the corresponding actual life.
The listed actual lives were calculated from the experimen-
tal regression Eq. F-3 and the appropriate regression co-
efficients given in Table F-2 for S,,/S,, =0. The values
Smin and B were taken as 0.

In all approaches, the propagation life was determined by
(1) calculating the stress intensity as a function of the crack
depth, a, and nominal modal stress range, S,ms (2) obtain-
ing the crack-growth rate, da/dN, corresponding to a given
crack depth from basic crack growth data; (3) dividing a
desired increment of depth, Aa, by da/dN to obtain a cor-
responding increment of life, AN; and (4) summing these
life increments to obtain the total propagation life. The
final crack size was always taken as 0.3 in. (8 mm). Since
K, is very high for this crack depth, very little life remains
thereafter. An example of the incremental calculations of
propagation life is given in Table G-2.

The stress intensity range was related to a and Sym by

K,,=CFS,,Var (G-3)
in which §,,, is the nominal stress range, C is a factor that
applies to a crack in a uniform-thickness flange (effect of
cover-plate end not included), and F is the stress concentra-
tion factor at the cover-plate end.

Equations of curves defining C as a function of the ratio
of crack depth to plate thickness, a/¢, are available for
several different shapes of cracks and nominal stress distri-
butions (39). Since the cross weld in the cover plate causes
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a crack to develop across most of the flange, the curve for
a full-width surface crack in an I-beam flange was used to
define C in the first four approaches. A curve for this case
is shown in Figure 6 of Reference (40); the following
empirical equation approximates this curve:

C =1.08 4+ 0.5a/t + 1.6(a/1)? + 0.7(a/?)® (G-4)
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Previous investigators (3) hypothesized that the cracks
initiate at many points along a cross weld before growing
together to form a single long crack and, consequently, that
C should be defined for a semielliptical surface crack in
axially loaded plates. Therefore, the following equation
based on this hypothesis (3) was used in the final three
approaches:

A36

AS514
108

vl

1

. (1 —a/b) ma
C=1+40.12 % ‘/sec LTl (G-5)

in which b is the long semiaxis of the crack (half length of
the crack at the surface), and ¢, is the elliptical integral and
is defined by

1
CRACK - INITIATION LIFE

Figure G-6. Crack-initiation behavior of various steels.

w/2
¢,0:/ VIO = (a/b)sinf xdy (G-6)
0

The value of b used in conjunction with Eq. G-5 was taken /
as 2a; however, in the final approach, b was taken as / /
1.0884%946 as suggested by previous investigators (3), even Y, /
though the experimental data from the present program / /
indicated that a/b is about twice this value. As illustrated / / .
in Figure G-7a, Eq. G-5 gives a considerably smaller value / /
of C than Eq. G-4, since the crack for the former case
covers a much smaller fraction of the total cross sectional
area of the flange. Several different methods of varying
complexity were assumed in defining F, as discussed later. 154 'SS3NULS DILSVTII WNWIXYA Q3ILVHEITYD
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TABLE G-1

PREDICTION OF FATIGUE LIVES OF COVER-PLATE C BEAMS FROM CRACK
INITTIATION AND PROPAGATION DATA*

Stress-Concentration Actual Lifex*+

801

Factor* kilocycles
Calculation Syq, Initia- "Range of a, Range of K., Predicted Life, kilocycles Lower Upper

. Method ksi Steel tion Peak Variation** in, ksi vIn. Initiation Propagation Total Mean Limit Limit
1 10 A36 - 1.0 C 0,0127-0.300 2.2 - 27.4 - 6129.0 6129.0 1142.4 661.9 1971.6
10 As514 - - 1,0 c 0,0045-0. 300 1.3 - 27.4 - 1475.3 1475,3 1594.1 923.7 2751.2

30 Aa36 - 1.0 Cc 0.0085-0. 300 4.8 - 82,2 - 308.3 308.3 47.0 27.2 8l.1

30 A514 - - 1.0 (o] 0,0019-0.300 2.5 - 82,2 - 180.7 180.7 65.6 38.0 113.2

2 10 A36 - 1.0 (o} 0.005-0. 300 1.36-27.4 - 11791.2 11791.2 1142.4 661.9 1971.6
10 Aas514 - 1.0 o] 0.005-0.-300 1.36-27.4 - 1415.2 1415.2 1594.1 923.7 2751.2

‘30 A36 - -1,0 o] 0.005-0, 300 4,10-82.2 - 436.7 436,7 47.0 27.2 8l.1

30 As514 - 1.0 C 0,005-0, 300 4.10-82.2 - 119.5 119.5 65.6 38.0 113,2

3 10 A36 C- 2.0 L 0.005~0,300 2,70-28.7 - 1711.1 1711.1 1142.4 661.9 1971.6
10 as514 12.8 2,0 L 0.005-0.300 2,70-28,7 1236.2 357.9 1594,1 1594.1 923.7 2751.2

30 A36 - 2.0 . L 0.005~0. 300 8.11-86.1 - 63.4 63.4 47.0 27,2 8l.1

30 ' A514 "5.9 2.0 L 0.005~0.300 8.11-86.1 35.4 30.2 65.6 65.6 38.0 113.2

4 10 A36 7.4 7.4 D 0.005-0,300 10.11-28,7 978.4 164.0 1142,.4 1142.4 661.9 1971.6
10 As51l4 12,7 12,7 D 0,005-0. 300 17.35-28.7 1536.0 58.1 1594.1 1594.1 923,7 2751.2

30 A36 4.4 4.4 D 0.005-0.300 17.87-86.1 34,5 12.5 47.0 47.0 27.2 8l.1

30 AS514 10.5 10.5 D 0.005-0.300 41.8-86.1 0.2 65.4 65.6 65.6 38.0 113,2

5t 10 A36 - 4.85 P 0.0010-0.300 2,2 - 15.0 - 1255.8 1255.8 1142.4 661.9 1971.6
10 a514 12.8 4.85 P 0.0003-0,300 1.3 - 15.0 1212.8 381.3 1594.1 1594.1 923.7 2751.2

30 A36 - 4,85 P 0.00045-0,300 4.8 - 44.9 - 57.2 57.2 47.0 27.2 81.1

) 30 as514 6.0 4.85 P 0.00013-0,300 2.5 - 44.9 30.7 34.9 65.6 65.6 38.0 113.1
6 10 A36 8,7 4.85 P 0.005-0, 300 5.,15-15.0 238.2 904.2 1142,4 1142.4 661.9 1971.6
10 A514 12,7 4.85 P 0.005-0. 300 5.15-15.0 1302.3 291.8 1594,1 1594.1 923,7 2751.2

30 A36 4.1 4.85 P 0.005-0.300 15.4-44.9 13.5 33.5 47.0 47,0 27.2 8l.1

30 Aas514 6.2 4,85 P 0.005~0.300 15.4-44.9 41.0 24.6 65.6 65.6 38,0 113.2

7+t 10 Aa3e - 4.85 P 0.003-0,300 3.62-11.9 - 2111.3 2111.3 1142.4 661.9 1971.6
10 A514 - 4.85 P 0.003-0.300 3.62-11.9 - 2111.3 2111.3 1594,1 923.7 2751.2

30 A36 - 4,85 P 0.003-0. 300 10.9-35.7 - 78.2 78.2 47,0 27.2 8l.1

30 A514 - 4.85 P 0,003-0.300 10.9-35.7 - 78.2 78,2 65.6 38.0 113.2

* The symbols used in the table are defined as follows:
For all sets, the minimum stress, Spin, equals 0 or 10 ksi and the dispersion ratio,

ranges from 1,09 through 2.83.
** C = constant, L = linear variation, D = dual linear variatlon, P = parabolic variation. A complete explanation of these variations

Sym = modal stress range, a =

crack depth, Ky

stress-intensity range.
Srd/Syms equals 0. The stress-intensity factor

is given in the text For a3e; 92 —2,4 x 10710 (,)3-0  For A514: 3 = 4.4 x 1079 (Ky) 225

i) kN A
*** pctual life determined from best-fit regression line for cover-plate B and C beams with Syd/Spm and:Smin equal to zero.
Note :
Prediction of propagation life for AS5ld4-steel cover-platé C beams taken from Figure 25 for £‘v~ss ranges of 10 and 30 ksi is-695.0 and
36.8 kilocycles, respectively. Conversion Factors:1 ksi = 6.89 MN/m%, 1 in. = 25.4 mm, 1 ksi vin. = 1.0998 Mpa vm
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TABLE G-2
TYPICAL INCREMENTAL CALCULATION OF CRACK PROPAGATION *

a c F K, AN >N
0075 1.06 45796 8,029 40248 40244
.012% 1.10 4,600 10,144 19959 6028
.N175 1.11 4,524 11,741 12870 T73n78
.N2ey 1.12 4,384 13,019 9442 A2520
0275 1,13 44252 14,067 7484 90n05
$ 0325 1.14 4,116 14,938 £269 96255
L0378 1.18 3,980 15,665 $419 101475
< N42% 1.1¢ 3, Ry 16,269 4838 106513
LNaTs 1.17 3,708 16,76% 66?1 110934
. 0525 1.18 3,572 17,165 4119 115053
L0878 1,20 3,634 17,478 3vo2 118055
. 0625 1.21 3,300 17,708 37%1 1227a7
L0678 1,22 3,164 17.862 3655 126363
L0725 1,24 3,028 17,94 3607 129970
<0775 1,26 2,892 17,950 3602 133573
0825 1.27 2,756 17,.88R 3639 137713
LOBTS 1.29 2,020 17,757 3720 140934
. N92% 1.31 2,484 17,558 ¢ 3849 144783
L0975 1,33 2,348 17,289 4031 148214
.102% 1.3% 2.212 16,952 4276 153n9)
.1075% 1,37 2,076 16,544 4600 157491
.112% 1,39 1,940 16,065 "¢2% 162716
.117% 1,42 1,804 15,517 558) 148298
.122% 1,44 1,068 14,8858 A~317 1764615
275 1,46 1,592 14,735 6511 181127
.1325 1,45 1,57¢ 15,123 6923 187150
L1378 1.5) 1,560 15,512 558 192731
.1425 1,54 1,544 15,9064 5179 197911
L1475 1,57 1.528 16,297 4813 2n2724
. 15258 1.60 1.512 16,693 4478 207203
L1575 . 1,62 1,496 17,09 4173 211376
1625 1,68 1,480 17,691 3893 2152+9
1675 1,68 1,464 17,894 3E3n 2189:5
.172% 1.72 1,448 18,299 3399 222305
RN AL 1.7% 1,432 18,707 3182 2?256R8
,1825 1,78 l1.416 19,117 29R2 278470
+ 1878 1.82 1.400 19,529 2197 231267
1925 1,88 1.384 19,947 26726 23379
L1978 1.89 1.36R 20,360 2468 23632
2025 1.92 1,352 20,77R 2322 ?3R4RS5
«P07% 1.97 1,336 21,198 2187 240872
,212% 2,00 1,320 21,619 2061 262934
7175 ?.04 1,304 22,041 1945 244079
.P22% ?.VS 1, PHH 22,665 1837 2646717
2275 ?.12 1,272 22,889 1737 248456
.P32% ?.17 1.256 23,314 1644 250n99
«?375 ?.22 1.240 23,738 15657 251456
e P62% 2.26 1e226 244163 1476 2531133
P4 18 231 le208 24587 1401 2545346
7525 236 1192 254010 1331 255066
«P57% 2440 1.176 25432 1266 257133
. 2625 Pe4S 1+160 25.852 120% ?58R339
2675 250 lelaa 26.270 1149 2994KH
2725 2.5€ 1s128 26,685 1096 2605MG
«277h Pebl 1e112 27.097 147 261x31
«PH28 ?«bE 1¢09¢ 27.50n6 1001 262432
« 2878 2e12 1080 27.910 95R 763%91
«2925% Pe.18 1.064 28.310 918 264509
e?978 2482 1e04H 28.70% #Ro

*Symbols are defined in the text, calculatiéﬁs are for Srm =10 xsi

K, = CFS__.7a, ON = —ba Plotted in Fig.

¥ k3 (2.4x10"10) G8 for F
r max = 5.0
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Figure G-7. Factors used in calculating stress intensity as a function of crack depth.

The propagation life provides a lower bound for the total
fatigue life and is often used (38) to make an approximate
prediction of the total fatigue life. Therefore, in the first
two approaches, the propagation life is calculated and
compared with the total observed fatigue life.

In the first approach, the propagation life was calculated
by starting with a crack depth that corresponded to the
crack-growth threshold (26) (that is, the value of K, be-
low which a fatigue crack will not propagate). This ap-
proach gives the maximum propagation life that could pos-



sibly occur. The threshold decreases as the stress ratio
(minimum stress divided by maximum stress) increases
(26). Although the nominal stress ratio is zero for the
heams, it was hypothesized that residual tensile stresses
equal to the actual yield strength of the steel, S,, existed at
cover-plate end, so that the internal stresses varied during
cyclic loading from S, — S, to S,. The resulting stress
ratios are 0.76 and 0.27 for the A36-steel beams with
S,,, = 10 and 30 ksi (69 and 207 MPa), respectively, and
0.91 and 0.74 for the AS514-steel beams with S,,, = 10 and
30 ksi, respectively. The corresponding K,, values are
given in Table G-1." The stress concentration factor, F, was
taken as 1.0 in calculating these K ,,, values, since it was
hypothesized in this approach that the stress concentration
affected only initiation and not propagation. The calculated
propagation lives were well above the actual total fatigue
lives except for the A514-steel beam with §,,, = 10 ksi.

In the second approach, the propagation life was again
calculated on the basis of a stress concentration factor of
1.0, but the initial crack depth for the propagation phase
was taken as 0.005 in. (0.13 mm)-—the depth of crack
corresponding to the end point of the initiation phase in the
crack-initiation tests. For one of the four cases listed
(A36 steel, S,,, =10 ksi), the K,,, value corresponding to
this initial crack depth was well below the crack-growth
threshold; in another case (A36 steel, S, = 30 ksi), it was
slightly below the threshold. This means that no crack
growth should occur according to the basic data. Never-
theless, the K,,, values below the threshold were calculated
by using the same da/dN vs. K,,,, curve that was used above
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the threshold. Again, all calculated propagation lives were
well above the actual total lives, except the calculated
propagation life for the A514-steel beam with §,.,,, = 10 ksi.
The propagation life, of course, could be changed con-
siderably by using a slightly different initial a.

In the third approach, the initial crack depth for the
propagation phase was taken as 0.005 in. (0.13 mm) and
the stress concentration factor was assumed to linearly de-
crease from 2.0 on the top face to 0.8 on the opposite face
of the flange. The value of 2 approximates the peak factor
of 2.06 calculated in a finite element analysis (24). This
calculated factor is sensitive to the element size used in the
analysis and is probably smaller than the true peak factor.
The area affected by a stress raiser usually decreases as its
severity increases. Consequently, stresses more than twice
the nominal stress probably extend only to a small depth
and may not greatly affect crack propagation. The K values
corresponding to the initial crack depth of 0.005 in. are all
above the crack-growth threshold previously discussed. The
propagation lives calculated in this way are above the ac-
tual total lives for the A36-steel beams, but below the actual
total lives for the A514-steel beams.

With the aid of Figure G-8, an initiation stress concen-
tration factor that would make the total predicted life equal
the actual life was also determined for each A514-steel
beam and is listed in Table G-1. These factors are both
well above 2 and are considerably different.

In the fourth approach, a single peak stress concentration
that makes the total predicted life equal to the actual life
was determined by plotting initiation, propagation, and total
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Figure G-8. Crack initiation and propagation lives as a function of peak stress concentration factor.
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lives as a funcion of the peak stress concentration factor, as
shown in Figure G-8. The stress concentration factor was
assumed to vary with depth as illustrated in the figure. At
a crack depth of ¥4 in. (3 mm) and greater, this factor is
the same as in the third approach, but at a depth less than
Y in. it increases linearly to the peak value at the top sur-
face. This peak value was used in calculating the initiation
life. The calculated peak factors were larger than 2 and
varied considerably for the four cases. The propagation life
was always a very small portion of the total life, This was
true because a relatively high stress concentration factor
was required to reach the high initiation threshold (fatigue
limit) shown in Figure G-6. The actual propagation lives,
as shown in Figure 25 for cover-plate C beams, were con-
siderably greater than the calculated propagation lives,

In the fifth, sixth, and seventh approaches, C was defined
by Eq. G-5 and F was assumed to vary parabolically from
a peak value of 4.85 at the flange surface to 1.00 at a dis-
tance from the surface equal to the base of the weld. This
parabolic variation is defined by Ref. (41) as:

F=F, o — (Fpax — 1) (a/W) (2 — a/w) (G-7)

in which w is the base of the cross weld and F,,,, is the
peak stress concentration factor at the surface. F,,, was
taken as 4.85, as suggested by a current study at Lehigh
University, and w was taken as 3/16V2 in. (6.7 mm). In
Figure G-7b, the variation of F defined by Eq. G-7 is com-
pared with the dual linear variation used in the fourth
approach; a value of F,,,, = 4.85 was used for both curves
in this comparison. The curves for the two methods are not
greatly different.

In the fifth approach, the maximum possible propagation
life was calculated by assuming that the initial crack depth
for the propagation phase corresponded to the crack-growth
threshold described in the first approach. For both A36-
steel beams, the calculated propagation life exceeded the
actual total life but was within the experimental scatter
band. For both A514-steel beams, the calculated propaga-
tion life was well below the actual total life, and the initia-
tion stress concentration factor that makes the total pre-
dicted life equal to the actual life was calculated. These
calculated initiation stress concentration factors were well
above the peak factor of 4.85 used in the propagation
calculations.

In the sixth approach, the initial crack depth for the
propagation phase was taken as 0.005 in. (0.13 mm). The
calculated propagation life was below the actual life for
all beams, and the initiation stress concentration factor that
makes the total predicted life equal to the actual life was
again calculated. These calculated initiation stress concen-
tration factors were generally well above 4.85.

In the seventh approach, the total life was assumed to
consist of propagation from an initial crack with a depth of
0.003 in. (0.08 mm) as suggested by previous investiga-
tors (3, 41). In the previous investigations, this assumed
initial crack depth made the propagation life calculated
from Egs. G-3, G-6, and G-7 (with F,,,, = 2.4) approxi-
mately equal to the actual total life of beams with a stiffener
cross welded to the tension flange. A crack-growth curve
for plain welded beams was used in this approach (instead

of the individual mean curves for two different steels) to
be consistent with the approach used in the previous in-
vestigations (3, 41). The values of 4 and B for this mean
curve are 2 X 10-1° and 3.0, respectively. The calculated
propagation lives for this approach are well above the mean
value of the actual total lives, but roughly approximate the
upper limits of these total lives.

All seven approaches require many critical assumptions
to predict the fatigue life of a fabricated member from
basic crack initiation and propagation data. The results
obtained from these approaches illustrate the large effects
of these critical assumptions on the predicted fatigue life.
To consistently obtain accurate predictions of the fatigue
life of fabricated members from basic data, considerably
more information is needed on the uncertainties discussed
earlier. Furthermore basic crack initiation and propagation
data should be obtained for a single continuous test rather
than two separate tests on different types of small speci-
mens, as is usually done. This approach would eliminate
inconsistencies in combining the two types of basic data to
obtain a total fatigue life for a structural member.

COMPRESSION-FLANGE CRACKING

A significant number of cracks occurred in the com-
pression flange of the welded beams and cover-plate C
beams. Specifically, 7 out of 18, A36-steel welded beams
tested at §,,;, = —10 ksi (—69 MPa) failed as a result of
cracks in the bottom (compression) flange subjected to
stresses varying from 10 ksi in tension to 10 ksi or greater
in compression. The stresses in the top flange varied from
10 ksi in compression to 10 ksi or greater in tension. In all
of the beams that failed by compression-flange cracking, the
failure location was near a load point. In almost all of the
beams that failed by tension-flange cracking, the failure
location was in the central pure-moment region. Similar
results occurred in Project 12-7 study where 3 out of 6,
A36-steel welded beams tested at S,,;, = —10 ksi failed in
the nominal compression flange near the load points. This
suggests that compression-flange cracking was influenced by
the local stresses in the region of the load point. The
compression-flange cracking in Project 12-12 was not in-
fluenced by fretting at the load points because of the
experimental procedures discussed earlier.

Two out of 15, A36-steel welded beams tested at Sy, =0
failed as a result of cracks in the bottom (compression)
flange subjected to compressive stresses varying from 0 to
a value of 20 ksi (138 MPa) or greater. The failure region
was near the load point for one of these and in the central
pure-moment region for the other. A36-steel welded beams
were not tested at S;;, = O in Project 12-7, but none of the
6 beams tested at S, =2 ksi (13.8 MPa) failed by
compression-flange cracking.

None of the A514-steel welded beams, all of which were
tested at Sy, = 0, failed by compression-flange cracking,
but considerable cracking did occur in the compression
flange. Seven out of 8 compression-flange cracks that ex-
ceeded 3.5 in. (89 mm) in length occurred in the shear
span near the load point. Although no tests were conducted
in Project 12-7 on A514-steel welded beams at Spin =0,



the beams tested at S,;, =2 ksi exhibited significant
compression-flange cracking.

Four out of 66 cover-plate C beams failed as a result of
compression-flange cracking; and five additional cover-plate
C beams had significant compression-flange cracks that
did not cause failure. All four beams that failed by
compression-flange cracking were A36-steel beams; three
were tested at S, =0 and S,,, =10 ksi, and one was
tested at S,,;,, = 0 and S, = 5 ksi. The compression-flange
cracks, like the tension-flange cracks, occurred at the high-
stress end of the cover plate. Similar compression-flange
cracks occurred at the ends of cover plates in Project 12-7.

The reason that some beams tested at S,,;, = O failed in
the compression flange rather than in the tension flange has
not been convincingly explained. The applied stresses in the
compression flange vary from 0 to a maximum in com-
pression. High tensile residual stresses on portions of the
cross section near the welds could make the actual stress
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range in the compression flange about the same as that in
the tension flange. It is even conceivable that the stress
range on that portion of the cross section may sometimes
be worse for the compression flange than for the tension
flange as a result of the sequence in welding the flanges to
the web or other fabrication procedures. However, cracks
that initiated in such regions of tensile stress would not be
expected to propagate through adjacent regions of com-
pressive residual stress.

The fatigue lives for the welded or cover-plate beams that
failed as a result of compression-flange cracks did not ap-
pear to be consistently different from the fatigue lives for
similar beams that failed in the tension flange when sub-
jected to the same loading conditions. This result-is con-
sistent with the Project 12-7 study that showed that the
observed compression-flange failures were within the scatter
band for the tension-flange failures of similar specimens.
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