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SUMMARY

The research described in this report is the result of continued experimental
studies performed in the laboratory under NCHRP Project 12-15(5). It is intended to
provide additional information on the effects of infrequently exceeding the constant
amplitude fatigue limit during the service life of bridge structures. Welded details
simulating attachments used on steel bridge members were subjected to variable
amplitude loading similar to the skewed spectra that most bridge structures
experience. Only a few stress cycles exceeded the constant amplitude fatigue limit for
a number of the welded details that were tested. Eight full size welded girders with
Category E’ web attachments and cover-plated flanges and Category C transverse
stiffeners and diaphragm connection plates were tested during the program.

The welded girders were primarily subjected to in-plane loading. A few
diaphragm connection plate details were simultaneously subjected to out-of-plane

deformation as well.

The results obtained from the variable amplitude tests were found to
supplement and further verify the observations reported in NCHRP Report 267. The
test results, using Category E’ welded web-attachments, demonstrated that the lower
bound fatigue life was reasonably well represented by extension of the exponential
relationship even when the effective stress range for the detail was below the
constant-amplitude fatigue limit. Under long-life loading, cumulative frequencies of
cycles which exceeded the constant-amplitude fatigue limit by more than 0.05%
resulted in fatigue cracking. Similar results were obtained from tests of Category E’
cover-plate details without transverse end welds. For these details, when the
effective stress range was below the constant-amplitude fatigue limit, cumulative
exceedance frequencies greater than 4.3% resuited in fatigue cracks.

The results on the Category E’ cover plate details were compatible with the
results in NCHRP Report 267 on Category E cover plate details (t; < 0.8 in.).

The result of truncating the smaller stress cycles in the final pair of test girders
resulted in fatigue cracking at higher levels of effective stress range. The test resuits
remained compatible with the full spectrum tests and fell above the lower bound

Category E’ fatigue resistance curve.

The tests on stiffener details classified as Category C details only resuited in
four cracks in twenty details. Two of these details developed cracks during the 120
million variable stress cycles, although only 11,000 cycles {0.01%) of the variable
cycles exceeded the constant amplitude fatigue limit. The test data all plotted well
beyond the extension of the Category C fatigue resistance curve. In addition, the peak
stress cycle was at or above 16 ksi. The test resuits on the stiffener details suggest
that these details are not likely to develop fatigue cracks in service. Available field
test data on bridges indicate that the constant amplitude fatigue fimit will not likely
be exceeded often enough to cause significant damage.

The study also demonstrated that large web gap stresses from distortion were
as serious under variable amplitude loading as under constant cycle loading. The test
results were comparable to those reported in NCHRP Report 336.
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CHAPTER ONE

INTRODUCTION AND RESEARCH APPROACH

Fatigue cracks have developed at the ends of cover plates in beams that are
only infrequently subjected to stress ranges exceeding the fatigue limit of AASHTO's
Category E’ {1). For example, in one particular structure, small cracks have been
detected in several beams where only 0.1 percent of the measured stress cycles
exceeded the estimated fatigue limit. This observed field behavior suggests that more
severe fatigue problems could result if bridges are subjected to heavier loads in the
future, and the consequences of occasional overloads from permits and other sources
may be more critical than previously assumed.

The consequence of initiating fatigue crack growth in existing bridges as a
result of increased loads could have major impact on the life expectancy and the
safety of bridges on high volume arteries where large numbers of random variable-
stress cycles are expected. The available test data in the high cycle region of behavior
are sparse and do not provide an adequate basis on which to assess this problem.

Fatigue test results from several prior studies indicated that fatigue cracks
develop in test specimens even though the effective stress range is well below the
crack growth threshold or fatigue limit (2, 3, 4). Stress cycles below the fatigue limit
do not result in fatigue crack propagation when all variable stress cycles or constant
amplitude stress cycles are under the fatigue limit. When all variable load cycles or
constant amplitude loading is below the constant amplitude fatigue limit (CAFL), no
fatigue crack propagation OCCurs. The constant amplitude fatigue limit (CAFL) is
typically shown as a horizontal extension of the S-N fatigue design curve for a given
detail. The types of specimens tested varied from small-scale attachment details to
full-scale cover-plated beams. The percentage of cycles exceeding the constant
amplitude fatigue limit for these tests ranged from 100 percent 10 as few as 0.24
percent. However, the studies in Refs. 3 and 4 were limited in scope in that only a
few detail types were tested, and with those, a limited number of tests were run. This

resulted in little or no replication of data.

The NCHRP Project 12-15(4) test program (2) was initiated in 1979 with the
objective to expand the existing database through the use of full-scale beams. Eight
rolled W18X50 beams of AG88 steel with a span length of 15 ft. (4.6 m) were used.
Two types of welded attachments were incorporated: 1 in. X 4-1/2 in, {25.4 mm x
114 mm) partial length cover plates (Category E details) and 1.0 in. {25.4 mm) thick
by 12.0 in. {305 mm} long fillet welded web attachments (Category E’ details). All
beams were tested in their as-fabricated state. The Category E and E’ welded details
produced local residual tensile stresses near enough to the yield stress of the material
so that variations of the R-ratio, Tmin/ Omax: downward from unity were relatively small
and could be disregarded. A Rayleigh type skewed distribution was used for the stress
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range spectrum. Fatigue limit exceedance rates, held constant for a given test, varied
from 0.10 to 11.72 percent for the program.

The test results from Project 12-15{4} indicated that all stress cycies in the
spectrum contributed to fatigue damage and fatigue crack propagation. The calculated
effective stress range using the Root Mean Cube (RMC) based on Miner’s Rule was
observed to provide a lower bound fatigue resistance even though the calculated
effective stress range was below the constant amplitude fatigue limit. The results
were found to be independent of the exceedance rate for the Category E and E’ details
examined in the study. This suggested that all stress cycles would need to be below

the fatigue limit for no fatigue crack growth.

OBJECTIVES AND SCOPE

The objective of this study was to extend the findings of Project 12-15(4) by
providing additional information on fatigue crack growth behavior of steel bridge
members under randomly applied, variable-amplitude loadings in the fatigue limit,
extreme life, region. Testing was carried out on eight full-scale welded girders which
incorporated three types of welded details: partial length cover plates, web
attachments, and transverse web stiffeners. The partial length cover plates and web
attachment details both provided a Category E’ fatigue classification as a result of the
detail geometry and flange thickness. The transverse stiffeners were all cut short of
the tension flange and provided a Category C fatigue detail.

The currently available test data pertaining to rarely occurring high loads above
the constant-cycle fatigue limit are very sparse and do not provide an adequate basis
on which to assess this problem. The consequences of triggering fatigue crack growth
in existing bridges as a result of increased loads could have a major impact on the life
expectancy and safety of bridges on high volume arteries where large numbers of

random variable-stress cycles are expected.

in addition to the test program directed at the primary objective, a small portion
of the total effort was expended on a reassessment of the fatigue specifications in the
AASHTO Standard Specifications for Highway Bridges. Minor revisions to the fatigue
design provisions were recommended to, and adopted by, the AASHTO Subcommittee
on Bridges and Structures in 1988. The test evaluation and the recommended
specifications were published in: NCHRP Report 286, "Evaluation of Fatigue Test Data

and Design Criteria on Welded Details,” September 1986 (5).



RESEARCH APPROACH
LABORATORY TESTS OF FULL SCALE GIRDERS

NCHRP Project 12-15(5} involved the fatigue testing of eight full-scale welded
plate girders. All web, flange plates and attachments were A36 steel. Tensile tests of
the 3/8 in. (9.5 mm) web piate showed an average yield jevel of 45.3 ksi (312 MPa)
and a tensile strength of 68.6 ksi {473 MPa). The 1 in. (254 rmm) thick flanges, web
attachments and cover plates had an average yield level of 38.6 ksi {266 MPa) and
a tensile strength of 68.9 ksi {475 MPa). Each girder was 26 ft. (8 m) long, and they
were tested in identical pairs on a 25 ft. (7.6 m) span under four-point loading.
Schematics of the test girders are shown in Figure 1. The girders were 36 in. (914
mm) deep with 1 x 12 in. (25 x 305 mm) flanges and a 3/8 in. (3.5 mm) thick web
plate. Three detail types were fillet welded to the girders: partial length cover plates,
web attachments, and transverse web stiffeners. The cover plates were 1x9in. (25
x 228 mm) plates, either with or without transverse end welds. Girder Pair 1 had
transverse end welds and the shortest length cover plates. Girder Pair 3 had cover
plates with and without end welds and short length cover plates. Girder pairs 2 and
4 had cover plates with no end welds which overiapped by 5 in. (127 mm) the web
attachments nearest the end supports. The cover plate details provide a Category E’
classification since the flange thickness is greater than 0.8 in. {20 mm). The web
attachments all consist of 1.0 in. {25 mm} thick by 12 in. (305 mm} long plates with
longitudinal fillet welds only. These are also Category E’ details due to their thickness
and length. As can be seen in Figure 1, all six web attachments were located in the
same positions on all eight test girders. The 3/8 x 3.0 in. (8.5 x 76 mm) transverse
web stiffeners (Category C) were cut short of the tension flange with a 1-1/2 in. (38
mm) web gap on Girder Pairs 1, 3 and 4. Each test girder has seventeen possibie

fatigue crack locations.

In addition to the three detail types used to study in-plane fatigue behavior,
each plate girder contained a diaphragm connection plate detail at midspan. The
connection plate was cut short of the tension flange by either 1-1/2 in. {38 mm} or
4-1/2 in. (114 mm) on girder pair 2 in order to provide an unstiffened web gap that
could be subjected to out-of-plane distortion under variable amplitude load conditions.

A wide band Rayleigh-type stress range spectrum was used. The variable
amplitude stress spectrum for Girder Pairs 1 and 2 was generated by repeatedly
applying a block of 1001 randomized loads of eleven different magnitudes shown
schematically in Figure 2. The details were arranged on the girder so that each type
of detail would develop fatigue cracks during the experimental studies. Table 1
provides a summary of the minimum, maximum and effective stress range for each
detail on the eight test girders. Also provided is the frequency, ¥, that each detail
exceeded its constant amplitude fatigue limit. The magnitude and frequency of the
stress range block at each of the seventeen details on Girder Pairs 1 and 2 are given
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in Tables A1 and A2. Only cover plate details 1 (17) and stiffener detail 9 had stress
range levels that differed other than the maximum overload cycle (because of change
in cover piate length and web gap}. The tenth highest load in the spectrum was close
to the fatigue limit of the web and stiffener details. A single overioad was included in
the spectrum at set exceedance rates corresponding to the block length. For the first
and second pairs of girders, this rate was 0.1 percent of the variable cycles.

The third pair of girders was subjected to a variable amplitude stress spectra
generated by repeatedly applying a block of 10,001 randomized ioads at 16 different
magnitudes, as shown in Figure 3. The fourth pair of girders had the lowest six blocks
of stress range truncated from the wide band Rayleigh-type spectrum. The resulting
skewed spectrum is shown in Figure 4. Tables A3, A4 and A5 show the magnitude
and frequency of the stress range blocks used for the seventeen details on Girder Pairs
3 and 4. This resulted in a single overload for Girder Pair 3 at an exceedance rate of
0.01 percent. The truncated exceedance rate for Girder Pair 4 increased to 0.05

percent.

All specimens were designed to crack first at the web attachment details,
second at the stiffeners and finally at the cover plates. This would permit the web
cracks to be arrested without expensive repair procedures, so that the test could

continue.

TEST PROCEDURES

All girders were tested in four point bending, as illustrated in Figure 1. The test
setup for pair 3 is shown in Figure 5. The setups for the tests were all similar. Girder
Pairs 1 and 2 were tested on the dynamic test bed in Fritz Engineering Laboratory.
Girder Pairs 3 and 4 were tested in the multidirectional loading laboratory of the NSF
Engineering Research Center for Advanced Technology for Large Structural Systems
(ATLSS). All the test setups distributed the jack ioad to the test girder with a spreader

beam.

For Girder Pair 1, a diaphragm consisting of W14X22 rolled section was bolted
to the connection plate with its free end supported against vertical motion at the test
frame column during cyclic loading of the test specimens. This configuration can be
seen in Figure 6. The bottom flange of the test girder was restrained against rotation
by means of a rolled section strut, simuiating a flange embedded in a concrete deck
or the restraint found at a support. The in-plane vertical deflection of the girder from
the applied loads causes the connection plate to be forced out-of-plane by the
resisting moment developed at the diaphragm connection. This setup modeis the
differential displacement of adjacent bridge girders and the resulting distortion at dia-
phragm locations in the negative moment region and at supports.



The W14X22 diaphragm created large cyclic stresses in the web gap and early
cracking. As aresult, small turnbuckles were used on the second pair to obtain smaller
stresses in the web gap. Figure 7 shows the two out-of-plane test setups. The two
pairs that were used for out-of-plane testing had one strain gauge located at detail No.
8 controlling the horizontal strains. Four more strain gauges were located in the web
gap to determine the strain distribution in the gap created by the out-of-plane
distortion. The third and fourth pairs of girders had two strain gauges located at the
midspan of the girder, 3 in. off the centerline on the bottom flange. Servo-hydraulic
actuators and controliers were used to produce the random variable loading. For Girder
Pairs 1 and 2, the system was automated by an MTS 4021 controller, using a triangu-
jar waveform and the internal program, to control the actuator displacements.

The pairs tested in the multidirectional laboratory used the Vickers control
system with digital servo values to produce & haversine waveform. Control was

provided by a personal computer.

Static calibration tests were carried out on all girders. This provided the
relationship between strain and displacement. Measurements of the response wave
amplitude was obtained with a Nicollet waveform storage oscilloscope 1o provide
dynamic calibrations. Short programs of constant amplitude stress were generated to
determine the necessary response time of the actuators, and to achieve the required
strain range and the maximum frequency the system could handle without altering the
waveform. The fatigue tests for pairs 1 and 2 were conducted at an average
frequency of 2.7 Hz. The third and fourth pairs were tested at average frequencies

between 4 and 5 Hz.

RETROFITTING PROCEDURES

The fatigue cracks that formed at the various details always developed at a
weld toe or ground region as surface cracks. With the exception of Girder Pair 1
which was subjected to out-of-plane distortion at the center stiffener (No. 9) web gap,
cracks were first detected at the web attachments. Generally, the cracks were
between 0.5 and 1 in. (12 t0 25 mm) long at the time of detection. Initially, 1 in. (25
mm) holes were drilled at the lower crack tip after the crack extended through the
web thickness. This arrested the crack extension toward the tension flange. If the
crack reinitiated from the crack arrest hole, a larger hole was installed often including

the original hole.

The cracks that formed at the center stiffener of Girder Pair 1 occurred quickly
and were detected after about 50,000 cycles of random load. Holes were initially
drilled to arrest the crack growth at about 260,000 cycles. The cracks reinitiated
several times and were drilied again to arrest crack growth. It was finally necessary
to remove the diaphragms to prevent out-of-plane movement. One stiffener detail on
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propagated into the tension flange. It was necessary

beam 2N developed a crack that
s well as drill a hole in order to prevent further crack

to add splice plates and clamps a
growth.

No cracks were detected during the test at cover plates with transverse end
welds (Girders 1 and 3). One small crack was detected at the unwelded cover plate
on beam 3E after the test was completed and the detail was examined destructively.
The girders with longer cover plates and with no end welds formed cracks at one of
both longitudinal weld terminations where the cyclic stress was high. These cracks

were not arrested during the tests.



CHAPTER TWO

FINDINGS

The findings of NCHRP Project 12-15(5) are summarized in this chapter. A
detailed evaluation and documentation of the test results is given in Chapter Three.
A detailed review and evaluation of availabie test data on full scale, welded steel
specimens subjected to either constant cycle or random variable loading was provided
in NCHRP Report 286 (5} and will not be repeated here. Since publication of that
report in 1986, a study was also commenced by FHWA at the University of
Pittsburgh, the University of Maryland and at Turner-Fairbanks Highway Research
Center on Variable Amplitude Load Fatigue (DTFH61-86-C-00036). That study s still
underway. It involves small specimen tests on stiffener {non-load carrying fillet welds)
details; and on full size beam tests on Category C stiffener details, Category D
attachments, Category E web gusset plates, and Category E’ cover plates. None of
those test results are reported herein. A review of available variable loading test data

is provided in Ref. 15.

FATIGUE BEHAVIOR OF WEB ATTACHMENTS

Of the forty-eight welded web attachments with each having two possible
crack initiation sites {and on both sides of the web), thirty-five different fatigue cracks
developed. The effective stress range at the cracked details considering all stress
cycles varied from a low value of 1.36 ksi (9.4 MPa) to a high value of 3.05 ksi (21
MPa). The highest S,, occurred on Girder Pair 4 where the lowest stress cycles were
truncated from the spectrum (see Figure 4). Except for three details, the fatigue
resistance equaled or exceeded the fatigue resistance provided by a direct extension
of the Category E’ fatigue curve plotted as a iog-log relationship {(exponential model).

Using the Category E’ constant cycle fatigue limit of 2.6 ksi (17.9 MPa) as
reference, these cracks developed when the peak stress range exceeded this level at
frequencies between 0.01% and 70% (@ = 0.0001 and 0.70). Hence, web
attachment Category E’ details are likely to experience fatigue cracking when
subjected to infrequent large stress cycles in long life fatigue loading {near 10°
cycles). The test results continued to confirm the observations made in NCHRP Report
267 that all stress cycles contribute to fatigue damage when the constant cycle
fatigue limit is exceeded. A straight line extension of the Category E’ fatigue
resistance curve below the fatigue limit was a reasonable lower bound to the fatigue

test data.



One detail (4E16) was found to have a very low fatigue resistance with fatigue
cracking detected after 14 x 10° cycles at an effective stress range of 1.71 ksi {11.8
MPa). Examination of the crack surface showed that an unusually large initial weid toe
defect existed as a gouge. The defect was about 0.13in. (3.3 mm} deep. The defect
in question was unusual as it appeared to be related to an undercut in the web plate
and overlap of the weld. The size of the defect is about an order of magnitude larger
than normal at a weld toe. It appeared to be an extreme condition not normally
present in fabricated structures. One other web attachment detail (2N02) was below
the Category E’ resistance curve at an effective stress range of 1.36 ksi {9.4 MPa).

it was retrofitted at 94.3 million cycles.

FATIGUE BEHAVIOR OF TRANSVERSE STIFFENERS AND
CONNECTION PLATES

Of the twenty details subjected to long life random variable loading (104 to 120
million cycles for Girder Pairs 1 through 3 and the truncated stress range spectrum
with 34.7 million cycles for Girder Pair 4) only four developed fatigue cracks when the
effective stress range was below the constant cycle fatigue limit. Two cracks
occurred in Beam 2N at detail 8 and ten under variable loading. The other two cracks
on Beam 3E developed during five million cycies of constant amplitude stress range
at 12.5 ksi {86 MPa), which was applied after 104 million variable amplitude cycles.
During the variable amplitude loading of beam 3E, only 11000 cycies had exceeded
the constant amplitude fatigue limit of 12 ksi (83 MPa).

The test results suggest that stiffeners are not likely to experience fatigue
cracking in highway bridge structures when few cycles (< 0.1%) exceed the fatigue
limit. When cracks did form under the variable loading all test data equaled or
exceeded the fatigue resistance provided by an extension of the Category B line at a

slope of three to one on a log-log plot.

Two midspan stiffeners on the first pair of beams were subjected to out-of-
plane distortion which resulted in large web gap stresses which exceeded the yield
strength of the web plate. This resulted in cracks forming under variable amplitude
loading at approximately 50,000 random load cycles. The second pair of girders with
the larger web gap {4-1/2 in. {114 mmj}} were subjected to 20 million cycles of
variable loading and out-of-plane distortion. Two small cracks were detected at the

distorted stiffener.

The results demonstrated that out-of-plane distortion can result in cracking that
in turn is deleterious to the fatigue strength of the stiffener. The results were
consistent with the experimental data reported in NCHRP Report 336 (6).



FATIGUE BEHAVIOR OF COVER PLATES

The cover-plate details had two end weld conditions: one where the welds were
wrapped completely around the cover plate end {Girder Pairs 1 and 3) and the other
condition where the two longitudinal welds were terminated (Girders Pairs 2, 3 and
4). Several of the longitudinal welds had the end weld termination ground at their
fabrication. All end welded details had an effective stress range below the estimated
constant cycle fatigue limit of 2.6 ksi (17.9 MPa). Only the unwelded details on Girder
Pair 3 had an effective stress range below 2.6 ksi (17.9 MPa). One small crack was
detected at one of these unwelded details = 1/8 in. {3 mm) after 104 million cycles.
All test data exceeded the lower bound resistance provided by the Category E’line
extended using a slope of three to one on a log-log plot.

At cover plates with no end welds {Girders 2 and 4}, all eight details developed
fatigue cracks as the effective stress range was above the estimated constant cycle
fatigue limit {3.25 ksi and 4.09 ksi {22.4 MPa and 28 MPa}}.

RETROFITTING PROCEDURES DURING THIS STUDY

Placement of hales at the crack tips in the girder web was an effective means
of arresting fatigue cracks originating at a weld toe on the web plate. It was observed
that the peak stress range in the cycle must satisfy the relationship AK/ Jp = 4 Vo,
if the hole was to prevent the crack from reinitiating. In this relationship AK is the
stress intensity factor range for a through thickness crack, p is the radius of the drilled
hole and o, is the yield stress of the web plate.

At the transverse connection plate that was deformed out-of-plane, holes could
not prevent the crack from reinitiation.
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CHAPTER THREE

INTERPRETATION, APPRAISAL AND APPLICATION

This chapter contains a summary description, interpretation, and appraisal of
the analytical studies and laboratory experiments. The fatigue characteristics of three
types of welded details were examined under random variable loading. One detail was
the transverse stiffener. Limited information was also obtained on & transverse
connection plate at midspan which simulated diaphragm connection plates. The
second detail evaluated was the web gusset plate fillet welded to the girder web. The
attachment geometry (1 in. x 12 in.) resulted in the gusset being classified as a
Category E’ detail. The third detail was the cover plate which also was classified as
a Category E’ detail as the flange thickness exceeded 0.8 in. {20 mm).

Each of the test details was subjected to a random variable amplitude loading
that resulted in some cycles exceeding the constant amplitude fatigue limit (CAFL).
The three details were installed on girders such that different stress range leveis could
be achieved from the geometry. The web attachment details were located such that
several would develop fatigue cracks before the cover plate details. This would allow
the web cracks to be quickly retrofitted so that the long life testing could resume. In
this manner a single beam could ideally provide experimental data on up to seventeen
details. This was highly desirable considering the test time to achieve 100 million

cycles.

The primary procedure used to arrest crack growth and extend the fatigue life of
a detail was to install drilled holes at the crack tips. On the first pair of girders which
developed early cracking at the diaphragm connection plate detail other supplementary
procedures were also carried out. This included peening the weld toe and grinding.

ANALYTICAL ASSESSMENT

Linear-elastic fracture mechanics has become a recognized tool 10 assess
fatigue crack growth at welded details.

The Paris Power Law is generally used to relate fatigue crack extension, da/dN, to
the range of stress intensity factor, AK, and is given by:
4a _ ¢ Ak* (1
dN
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The best estimate for the upper bound for fatigue crack growth rate in bridge steels

and weldments is given by:

= 8.6 x 10710 AK3® (2)

S

where the units at a and K are inches and ksi +/in. respectively. This relationship will
be used in the fatigue crack growth model. The assumption is made that cycle
interaction does not occur. This implies that crack growth acceleration or retardation
does not result from cycle overioads or underloads to the degree that the crack
growth rate changes significantly from the assumed values over the life of the detail.
The experiments to be modeled have load cycles applied from a constant minimum
load level and as individual load cycles. No cycle addition or superposition of smaller
stress cycles occurred. In addition, the load cycles were classified in a random fashion

over the spectrum.

The calculation of the stress intensity range, AK, for welded bridge details, such
as cover plate terminations and web attachments, can be related to the idealized case
of a gentral through crack in an infinite plate by the application of appropriate stress
field correction factors (7, 8, 9). The generalized stress intensity range is given by:

AK = F(a) S, na (3)

where F(a) is the product of all applicable correction factors as a function of crack
length, a, and is given by: :

Fl@) = F,F,F,F, (4)

where:

F elliptical crack shape correction
F free surface correction
F,, = finite width correction
F_ = stress concentration correction

s

g 1
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The general approximation for the stress gradient correction factor, Fy, that was
used for the three details was of the form (1, 10, 11}

F, = —m (5)
1 + GaP

where G and 8 are dimensionless constants, @ is the ratio of crack size to the web
plate (stiffener and gusset) thickness or flange plate (cover plate), a/t, and K, is the
maximum stress concentration factor at the weld toe.

Fatigue crack propagation under variable amplitude loading was simutated using
- the crack growth models in a step-wise fashion, as governed by the crack growth
threshold. For each stress cycle in the spectrum, the threshold crack size was
determined. Figure 8 shows the spectrum used for a typical detail. As the magnitude
of the stress cycle increases, the threshold crack size decreases. The effective stress
range (RMC) was then calcuiated from the stress cycles in the spectrum that had a
crack threshold size below the assumed initial crack size (0.03 in., 0.75 mm) for each
detail (8, 14). Crack propagation calculations were made with this effective stress
range by integrating from the initial crack size to the threshold crack size of the next
lowest stress cycle in the spectrum. This gave the number of cycles required 1o
propagate the crack to the next lowest non-contributing stress cycle. A new crack
growth calculation was made with a lower effective stress range value determined
from a new stress spectrum that included the next lowest stress cycie. The
integration was performed from the crack threshold size of the smaliest stress cycle
in the new truncated spectrum to the threshold crack size of the next lowest stress
cycle. This procedure was repeated until the crack penetrated the plate thickness.

Although the full stress range spectrum is continuously applied to the detail, for
the purpose of this study it is assumed that only a portion of the stress cycies in the
spectrum may actually contribute to crack growth in the high cycle, long life regime
as governed by the crack threshoid. By integrating the crack growth model in
increments, the number and distribution of stress cycles that contribute to crack
propagation during the total life of the welded detail can be determined. The total
number of contributing cycles is referred to as the effective cycle life, N/, The value
of the effective cycle life is always less than the nominal cycle life, N, determined by
the full spectrum. In addition, the effective stress range for the truncated spectrum

results in a higher value, S,

The crack growth simulation was performed on the web attachments and cover
plate details. Figure 9 shows the results obtained for the web attachments using a
stress concentration, K,,, = 7, an initial crack size a, = 0.03 in. (0.75 mm) and a
crack growth threshold of 2.75 ksi +fin. (3.0 MPa 4/mj}. The predicted results for the
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fatigue crack growth model considering only contributing stress cycles is shown as
the short-dashed line. The predicted result using all stress cycles and ignoring the
crack growth threshold is shown as the long-dashed lines in Figs. 9a and 9b. Both
predicted relationships shown in Figure 9b are bounded by the Category E and E’
resistance curves. The spectrum corresponding to these two conditions is shown in
Figure 8, where the contributing stress cycles, are shown by the cross-hatched areas.

The predicted results indicate that the smaller stress cycles contribution to
fatigue damage is dependent on the crack growth threshoid. In general the analysis
indicates that including the noncontributing stress cycles in the fatigue life estimate

is a conservative procedure.

EXPERIMENTAL RESULTS ON WEB GUSSET PLATES

The experiments were carried out with paired girders, as illustrated in Figure 5.
Each girder was independently joaded with a single jack which was distributed to the
girder with a spreader beam. Al of the welded details attached to the web plate
provided visual indication of the residual stress fields introduced by the fabrication
process. Figure 10 shows yield lines that developed when the stiffeners and gusset
plates were welded to the girder web. It is apparent that yield level residual stresses
are introduced at the weld toe of these attachments.

The gusset plate details were all located in the shear spans and were subjected
to cyclic in-plane stresses. The applied stresses were measured by strain gages and
correlated by bending theory. Tables 2 and 3 summarize the experimental data for all
the details. Table 2 shows the cumulative cycles to first detected crack at a detail
initiation site. A dash indicates that no cracks developed during the test. Table 3
shows the cycles corresponding to a through thickness crack in the web plate which
was defined as failure. When the symbol, >, is shown it indicates that the crack had
not extended through the web thickness so that additional cycles were possible.

Fatigue Behavior of Gusset Plates

During the variable cycle loading, cracking was observed to initiate at the end
of the longitudinal weid, as illustrated in Figure 11. As noted earlier, several of the
details had the weld end smooth-ground at the time of fabrication. Figure 12 shows
the crack that initiated at detail 11 of Beam 1S. The initiation site is at the longitudinal
weld root. This was typical of most smooth-g round weld terminations. Figures 13 and
14 show the crack surfaces of two details. Figure 13 is a view of semielliptical crack
- with residual life, since the crack has not penetrated through the web thickness.
Figure 14 shows a through thickness crack which was defined as failure.
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Detail 16 on beam 4E experienced premature cracking at a low effective stress
range. This was a result of a large initial defect at the weld toe. This can be seen in
Figure 15. Close examination of the web showed that the surface was ground.
Subsequent examination indicated that the detail weld was slightly over a small gouge
area, as illustrated in Figure 16. Apparently, this repair was the origin of the crack.
The gusset plate weids terminated at this defect which extended about 0.06 in. {1.5

mm) into the web at the weld toe.

All of the experimental data from the earlier studies {5} and this program are
summarized in Figs. 17 and 18. The test results are compared with the Category E’
fatigue resistance curve applicable to this detail. Several cracks were detected below
the fatigue resistance curve. The detail with the large initial defect from beam 4E is
readily apparent. Most details that developed cracks below the fatigue resistance
curve failed near or slightly above the straight line extension of Category E' below the
estimated constant cycle fatigue limit on the plot of effective stress range.

The exceedance levels of the web attachments, their minimum, maximum, and
effective stress range values are shownin Table 1. The exceedance values correspond
to the value of 2.6 ksi (18 MPa) assigned to Category E'. This value is based on a
fracture mechanics model of a cover-plated beam and appears 1o be satisfactory for
the web gusset detail {14). It can also be seen from Tables 2 and 3 that large
numbers of cracks developed in Girder Pair 2 compared with Girder Pair 1. Both were
subjected to identical exceedance rates for the web details. The primary difference is
the level of the peak stress range cycle, S This value was about 29% higher in

beam set 2 than the peak value in beam set 1.

The results also indicate that low exceedance levels will result in fatigue crack
growth when the effective stress range is below the constant amplitude fatigue limit,
The magnitude of the peak stress range appears to be a major contributor. For Girder
Pair 2, one or both details at all exceedance levels experienced cracking (y = 0.1t
29%). For Girder Pairs 1 and 3E, the exceedance level y exceeded 0.7% before
cracking was observed. For Girder Pair 4, the exceedance was 0.05%. The resuits
indicate that the peak stress range at the low exceedance levels needs to exceed the
constant cycle fatigue limit by about 30% if fatigue cracks are 10 develop. This is
likely due to the variability between details on their fatigue limit.

Retrofit of Gusset Plate Web Cracks

Retrofit holes were instalied at one or both tips of the gusset plate crack after
the cracks were through the web thickness. Figure 19 shows the upper drilied hole
installed at detail 12, beam 3W, after 67 million cycles. This beam sustained an
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additional 37 million cycles without additional corrective action. Figure 20 shows the
multiple holes installed at detail 7 beam 3W. The initial pair of 1 in. (25 mm) holes
were installed after 38 million cycles. The crack reinitiated after 11.7 million cycles
and a 2 in. (51 mm) hole was drilled. This was adequate to the end of the test.

The retrofit holes were initially sized to satisfy the relationship {12)

_A‘/é <4 s, (for o, in ksi, p in inches and AK in ksi /in.) (6a)
p

%{-‘ < 105 /3, (for o, in MPa, p in meters and AK in MPa Jm)  (6b)
p

where the hole radius is o and the stress intensity factor AK was taken as S, v/7a,
where a, is defined in Figure 21, and the stress range was taken as S, Sometimes
only a single hole was installed at the bottom end. Once the crack reinitiated from the
hole, a second larger hole was installed, as illustrated in Figure 20. Figure 22 shows
one of the larger holes cut in the web for Beam 2D at detail 11. This 4.25 in. (105
mm) hole was able to sustain 2 miliion cycles at S, without reinitiation. The
effective crack length was 9 in. (229 mm) for this retrofit condition.

The test results for all retrofit holes from earlier studies and this program are
plotted in Figure 23. Details of the individual gusset plate results are given in Table
4. The best correlation of the test data was achieved when the maximum stress range

in the variable load spectrum was used 10 assess the resistance to crack reinitiation
at the retrofit holes.

EXPERIMENTAL RESULTS OF TRANSVERSE STIFFENERS

Very little experimental data on stiffener details is available from variable load
tests (5). Only two data points were available from variable amplitude loading where
the effective stress range was below the constant amplitude fatigue limit used for

stiffeners (13).
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Of the 24 stiffener details in this study, four were subjected to out-of-plane
distortion (Detail 9 on Girder Pairs 1 and 2), and were not included in the assessment
of fatigue resistance. All of the stiffener details were located between the jack load
points in a constant moment region. Tables 2 and 3 summarize the stiffener test data
for details 8, 9 and 10. Table 2 shows the cumulative cycles at the time the crack
was first detected. No cracks developed where a dash mark is shown.

In the case of Girder Pair 1, cracks were detected after only 50,000 variable
load cycles as a result of the out-of-plane distortion. For Girder Pair 2 the out-of-plane
distortion was not introduced until after the girders were first subjected to 100 million
cycles of in-plane variable loading. Details of the variable load spectrum are provided

in Appendix A.

Fatigue Behavior of Transverse Stiffeners

The stiffener details were only subjected to the overload stress cycle under the
maximum load in the variable spectrum (See Figs. 2, 3 and 4). Four of the stiffeners
on Beams 2N and 3E developed fatigue cracks during the test. in the case of Beam
3E, 5,000,000 constant load cycles at the maximum load level were added after the
two girders were subjected to 104 million variable load cycles.

Figure 24 shows the first crack that formed in Girder 2N after 89.5 million
cycles. A retrofit hole was drilled to prevent the crack from entering the flange. Only
89,500 cycles exceeded the fatigue limit of this detail during the test for an
exceedance of 0.1%. The cracks that formed at the other three stiffener details are
shown in Figures 25 to 27. The fatigue crack surfaces for details 2N10, 3E08 and
3E09 were exposed after the tests by cooling the segments in liquid nitrogen. Small
semielliptical cracks can be seen to have formed and propagated in both of these
details about 0.5 in. {12 mm} above the end of the vertical weld.

The test results are summarized in Figure 28. The test data for the four details
which developed cracks are plotted two ways. The data are plotted as "2" symbol
considering only the maximum stress cycie in the variable spectrum. For details 3E08
and 3E09, the test result is in good agreement with the constant cycle data,
However, for details 2NO8 and 2N10, there is no correlation with the constant cycle
test data. All stress cycles in the variable load spectrum when plotted at the effective
stress range are in reasonable agreement with the extension of the fatigue resistance
curve for Category C. The test data for all test points below the assumed constant
cycle stress range of 12 ksi (84 MPa}, are all well beyond the lower hound fatigue

registance curve.
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Only one stiffener detail required retrofitting, as shown in Figure 24, A 1 in.
hole was initially drilled at the web flange weld. In order to minimize reinitiation of the
crack into the flange, splice plates were also clamped to the bottomn flange (see Figure

24).

It is apparent from the test results that the magnitude of the peak stress cycle
was a contributing factor in the development of the stiffener cracks. Girder 2N was
subjected to a peak overload stress range of 18 ksi (126 MPa) at the stiffeners. Girder
3E which also developed cracks was subjected to a peak stress range of 12.5 ksi (87
MPa) just above the fatigue limit. Altogether, 5,001,700 of these stress cycles were
applied. The final crack dimensions are given in Appendix B. -

Distortion Induced Fatigue Cracking

As a secondary study, distortion induced fatigue cracking at the center
connection plate web gap detail was examined under variable amplitude loading. The
test program provided an opportunity to examine and evaluate this type of fatigue
cracking and possible retrofit methods under long life conditions.

Figures 6 and 7 show the test girder and diaphragm at midspan. The connection
plate was cut short of the tension flange by 1-1/2 in. for Girder Pair 1. A diaphragm
consisting of W14X22 rolled section was bolted to the connection plate with its free
end supported against vertical motion at the test frame column. This configuration is
shown schematically in Figure 7. The bottomn flange of the test girder is restrained
against rotation by means of a rolled section strut, simulating a flange embedded in
a concrete deck or at a support. The in-plane vertical deflection of the girder from the
applied loads causes the connection plate to be forced out-of-plane by the resisting

moment developed at the diaphragm connection.

Strain measurements taken during static tests, prior to the variable amplitude
loading, indicated that the vertical web gap membrane stresses were high. At a static
load that produced an in-plane stress of 12 ksi {84 MPa) at the connection plate end
equivalent to the constant amplitude fatigue limit, a strain corresponding to 43 ksi
(300 MPa) was measured. This distortion induced stress was approximately 20
percent above the nominal yield stress of the steel. Varying the vertical holted position
of the diaphragm resuited in no significant changes in the measured web gap stress.

Variable amplitude loading fatigue cracks developed quickly in the web gaps.
The initial cracking was first detected at approximately 50,000 cycles, with extensive
cracking at 100,000 cycies. The distortion induced fatigue cracks developed at both
the toe of the web-to-flange filiet weld and at the connection plates end, as shown

in Figure 29.
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At approximately one million random variable load cycles the web gap cracking
was retrofitted by means of drilled holes at the crack tips. Figure 30 shows the
progression of fatigue cracking in stages at one of the web gap details. One and one-
half inch diameter holes were used to core out the cracking at the connection plate
end, and 3/4 in. diameter drilled holes were used at the tips of the web-to-flange
cracks (Stage I). Within 500,000 cycles crack reinitiation occurred at the toe of both
the connection plate weld and the web-to-flange weld. The crack tips were again
arrested by drilling holes, as shown in Figure 31 and testing resumed (Stage 11}, At
2.1 x 108 cycles {Stage lll) and again at 2.9 x 10° cycles (Stage 1V) a crack reinitiated

at the drilled hole along the stiffener fillet weld toe.

At this point in the test the diaphragms were permanently removed from the
test girders to prevent further fatigue damage and avoid the possibie loss of the
girders due to fracture at the connection plate detail. Strain measurements taken at
the top of the uppermost hole (at Stage IV) indicated that the in-plane web stresses
were elevated 10 percent due to the presence of the web cracks {which reduced the
section). Subsequently, a crack reinitiated at the perimeter of the drilied hole at 2.4
x 10° cycles (Stage V). The test was run an additional 20 million cycles before a toe
crack reinitiated at the top hole (Stage VI}. The crack tip was drilled out, and the toe
of the vertical fillet welded was peened to help prevent additional cracking. At 47 x
10® cycles {Stage Vi) fatigue cracks initiated at the perimeter of the uppermast hole
and at one of the web-to-flange holes. The second crack represented a situation that
would eventually jeopardize the test. Strain measurements on the flange plate gave
an increase of 12 percent over the nominal stress based on the gross section. The
crack front was drilled on both sides of the web plate and the flange plate clamped
to help reduce the level of stress in the flange, minimizing the probability of continued

cracking.

Retrofitting web gap cracking when it is induced by high leveis of out-of-plane
deformation is difficult (6). Even though holes were drilled at the crack tips, the level
of stress from the out-of-plane motion of the diaphragm remained at such an elevated
state that cracks quickly reinitiated. When the diaphragms were removed and the in-
plane loading continued, the detail had previously sustained such a large magnitude
of damage that cracks continued to develop and propagate. Eventualiy, the web
cracks caused the stresses in both the web and flange plates to increase enough to
initiate cracking at the perimeter of the holes. Peening stopped the crack from

initiating at the weid toe.

Out-of-plane distortion on the second pair of girders was not introduced until
after 100 million variable load cycles. At that time distortion was introduced with a
softer more controllable system, as illustrated in Figure 32. The web gap in Girder Pair

2 was increased to 4-1/2 in. (100 mmj.
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After an additional 20 million variable load cycles, small cracks were detected
destructively at both transverse connection plates. Figure 33 shows the small crack

that formed at detail 2NO9.

EXPERIMENTAL RESULTS OF COVER-PLATED GIRDER FLANGES

The shear spans of each test girder provided Category E’ cover plate details.
The applied stresses were based on the strain gage measurements and bending
theory. Table 1 provides a summary of the stress range conditions at the cover plates
identified as details 1 and 17. Appendix A provides greater detai! on the individual

stress cycles.

Girder Pair 1 was provided with end welded cover plates and were subjected
to the lowest stress cycles. Girder Pair 3 had end welded details on one end (detail
1) and no end welds on the other end (detail 17). As can be seen from the test data
summary provided in Tables 2 and 3, no fatigue cracks formed at the weld toe of any

test girder cover plate with end welds.

Fatigue cracks formed at all the cover plate details on Girder Pairs 2 and 4 with
the longer cover plates. Only one crack formed on Girder Pairs 1 and 3 at detail
3W17, which was a short cover plate with no end welds and with its effective stress

range below the constant amplitude fatigue limit.

It was also noted that several of the cover plate details with no end welds had
one or both longitudinal weld ends ground. Figure 34 compares the two types of weld
ends. The ground end welds did not prevent cracks from developing at the weld
termination. It did appear to slightly increase the fatigue life.

Fatigue Behavior of Cover-Plated Details

The cover-plated beam details were subjected to variable stress cycles above
the Category E’ fatigue limit by frequencies between 0.3 to 100% (see Table 1). No
fatigue cracks developed in the end welded details on Girder Pair 1 and on Girder Pair
3 (detail 1). The exceedance frequency varied from 0.3 to 6.4% on these details.
Table 3 shows the total cycies each of these girders was subjected to. At the details
with no end welds, cracks developed when the exceedance varied from 4.3% to

100%. The final crack dimensions are given in Appendix B.

Figure 35 shows the crack that formed at detail 2NO1 after 120 million variable
load cycles. It can be seen that a semielliptical surface crack developed at the weld
end and nearly propagated through the flange thickness. Figures 36 and 37 show two
other fatigue crack surfaces. One with an as-welded detail 4E17 and one with a
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ground weld end {detail AW17). Both of these details were subjected to 34.7 million
variable load cycles. It is apparent that the as-welded detail experienced more crack

extension than the ground weid end.

The test results for the end welded details are summarized in Figure 38. None
of the test beams from pairs 1 and 3 with end welds (six details) developed detectable
cracks during this study. The test results from Ref. 2 on Category E details with an
exceedance frequency between 0.1% and 10.2% fall below or near an extension of
the Category E fatigue resistance curve. This was true for effective stress range levels
above as well as below the constant amplitude fatigue limit for Category E.

The test results for the cover plate details without end welds are plotted in
Figure 39. Nine of the ten details developed fatigue cracks during the course of the
variable loading (Beams 2, 4 and 3W). Fatigue cracks.develsped at exceedance
frequencies between 4.3 and 100% for Category E’. The test results show that
cracks were first detected near the Category E fatigue resistance curve. This was true
for effective stress range values below and above the constant cycle fatigue limit for

Category E’.

Hence, the full size cover-plated beams with out end welds at the cover plate
termination provide a lower bound fatigue resistance similar to the web attachment
details. A straight line extension of the fatigue resistance curve below the constant
cycle fatigue limit provides a lower bound to the fatigue data.

APPLICATION OF RESULTS

The findings from this study should be of value to structural engineers involved
in the design and damage assessment of welded steel members, researchers working
in the subject area and to members of specification writing bodies. The findings
support the conservative design assumption that a straight line extension of the
fatigue resistance curves for Category E and E’ details, largely developed from
constant amplitude loading can be used to predict the fatigue life of details subjected
to variable life loading. The experimental work of this study augments the studies
reported in NCHRP Report 267 and supports the field experience in bridge structures

with Category E’ details.

Fatigue Behavior of Web Gusset Plates

The study on welded web gusset plates demonstrated that fatigue cracking
developed when the exceedance was greater than 0.05% above the constant cycle
fatigue limit. This extended the test data from NCHRP Report 267 where the
cumulative frequency exceedance for Category E’ details exceeded 13.9%.
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These tests further support the hypothesis that stress cycles below the
constant cycle fatigue limit will contribute to crack growth more than predicted from
modeling. Cracking developed when the effective stress range was below the

constant cycle fatigue limit.

The study also confirmed that care must be exercised at weld toe terminations
to insure that large initial defects (undercuts, gouges, etc.) do not reside at the weld
toe. This resulted in premature cracking at a low effective stress range and a

significant reduction in fatigue life.

Grinding the weld end did not have a significant effect on the test results as
few of the details had the end weld termination ground on each side of the web.

Fatigue Behavior of Stiffeners

Of the twenty stiffener details not subjected to out-of-plane distortion, only four
developed fatigue cracks in this study. Two of these cracks could be accounted for
by considering only the maximum stress range in the variable spectrum (3E08, 3E09).
They correlated with the fatigue resistance provided by constant cycle data, and
stress cycles below the constant cycle fatigue limit did not appear to contribute to the
fatigue damage. However, two other details (2NO8, 2N10) subjected to only 89,500
and 120,000 cycles above the constant cycle fatigue limit developed fatigue cracks.
These details could only be correlated with the fatigue resistance curve when all
cycles in the variable load spectrum were considered. The test data with effective
stress range below the constant cycle fatigue limit all plotted well beyond the
extension of the Category C fatigue resistance curve.

The test results suggest that fatigue cracks are not likely to develop at
transverse stiffener details in actual bridge structures uniess out-of-plane distortion

develops.

The studies on out-of-plane distortion of transverse connection plates confirmed
the findings given in NCHRP Report 336. Rigid connections of the plate to the top and
bottom flanges by bolted or welded connections are needed to prevent fatigue cracks

from out-of-plane deformation.

Fatigue Behavior of Cover Plates

The test results on Category E’ cover-plated beams (t; > 0.8 in.), provided
behavior similar to the results reported in NCHRP Report 267 on Category E cover
plate details. Variable stress spectrums with cumulative exceedance frequencies
greater than 4.3% resulted in fatigue cracks when the effective stress range was

below the constant cycle fatigue limit.
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No cracks were detected at cover-plated details with transverse end welds
when the cumulative exceedance was helow 6.4%. In those tests the maximum
stress range was between 3.7 ksi {25.5 MPa) and 4.4 ksi (30 MPa). The girder
subjected to 3.7 ksi (25.5 MPa) was subjected t0 just over b x 108 cycles at that

siress range.

23



CHAPTER FOUR

CONCLUSIONS AND SUGGESTED RESEARCH

The conclusions in this chapter are based on an analysis and evaluation of the
test data acquired during this experimental study, and on the results of other
experimental studies on large scale specimens. :

FATIGUE BEHAVIOR OF WEB GUSSET PLATES

This experimental study provided test results compatible with the results
reported in NCHRP Report 267. Category E’ was verified to be the applicable fatigue
resistance curve. These tests demonstrated that low levels of exceedance of the
constant amplitude fatigue limit (CAFL) resulted in fatigue cracking even when the
effective stress range was below the CAFL. The current practice of using a straight
line extension of the sloping portion of the constant amplitude S-N curve to determine

fatigue life shouid be retained.

A small gouge or undercut at the weld toe was found to significantly reduce the
fatigue resistance of the web gusset plate detail. Cracking developed below the
Category E’ fatigue resistance curve when this type of defect was present.

FATIGUE BEHAVIOR OF TRANSVERSE STIFFENERS

The tests on transverse stiffeners and connection plates demonstrated that the
stiffener details were not as susceptible to fatigue cracking at low levels of
exceedance {0.01 to 0.1%) when the peak stress range was less than 16 ksi. When
cracks did develop, the test data was found to plot well beyond the straight line
extension of the Category C fatigue resistance curve. Cracks also developed in Girder
3F subjected to 5 x 10? cycles of constant cycle loading at the peak stress range of
12.5 ksi (86 MPa) which is just slightly above the estimated CAFL, This verified the
applicability of the constant amplitude fatigue limit for stiffener details.

The test results suggest that stiffener details are not likely to develop fatigue
cracks in service. Available field test data indicate that the constant amplitude fatigue
limit will not be exceeded enough to cause significant fatigue damage of in-service

structures.

The girders with transverse connecting plates subjected to out-of-plane
distortion provided test results that were compatible with the findings provided in
NCHRP Report 336. Small web gaps were found to be very susceptibie to fatigue
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cracking. An increased gap length of 4-1/2 in. (100 mm) reduced the sensitivity to
fatigue cracking for moderate levels of out-of-plane movement.

FATIGUE BEHAVIOR OF COVER PLATE DETAILS

The limited data on large scale cover-plated beams corresponding to Category
E’ demonstrated that fatigue cracks formed at cover plates without transverse end
welds when the constant amplitude fatigue limit (CAFL) was exceeded by 4.3% or
more of the variabie amplitude cycles. The effective stress range was below the CAFL

for this load spectrum.

Therefore, for fatigue analysis of details subjected to variable amplitude loading,
all stress cycles above 50% of the constant amplitude fatigue limit for the appropriate
detail should be considered to cause fatigue damage.

This observation is based on the analytical studies summarized in Chapter 3 and
experience with actual bridge structures. An example can be seen from the stress
range spectrum shown in Fig. 8 and the corresponding analytical results plotted in Fig.

9b.

RETROFITTING WEB CRACKS

The variable amplitude loading verified the adequacy of arresting fatigue crack
extension in girder webs by holes placed at the tips of the cracks. Fatigue cracks were
arrested when the following relationship was satisfied:

A
Emex < 4 Jo, (for o, in ksi) (6a)
Vo
AK
mX < 10.5 fo, (for o, in MPa) (6b)

Vo

AK, . was defined by the largest stress cycle in the variable load spectrum.
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Equation 6a or 6b can be put into a more usable form by letting L be equal to
the total length of the retrofitted crack 2a and ¢ equal to the hole diameter 2p with
appropriate substitutions a minimum hole diameter can be expressed as:

2

b 2 5L (for o, in ksi) (7a)
5a,
S;L .

¢ > (for o, in MPa) (7b)
350, ¥

Strain measurements of in-service bridges have indicated that the stress range
seldom exceeds 6.0 ksi (41 MPa). Therefore, for plates having yield stress of 36 ksi
(248 MPa), a diameter between 3/4-in. {19mm) and 1.0-in. (25mm) is usually

sufficient.

A factor not considered in the development of Eq. (6) was the method of hole
preparation and degree of finish given to the hole. If burrs or rough edges remain after
the drilling operation, crack initiation may occur due to the stress risers. All drilled
holes should be ground to a polished finish. Dye penetrant inspection should be
performed upon completion 10 insure that the hole circumference is free of defects
and that the crack tip has been properly located and removed.

Only limited data was obtained on the transverse connection plate details.
Large out-of-plane deformation that resulted in fatigue cracks in girder webs made the
cracks difficult to arrest. It was necessary to minimize the out-of-plane deformation

pefore the cracks could be arrested.

RECOMMENDATIONS FOR FURTHER RESEARCH

1. The laboratory fatigue tests provided in this report, other tests available from prior
studies, and other current ongoing work indicate that additional tests are desirable
under extreme life conditions. The data on stiffener details remains sparse in the high
cycle region. The indication is that Category C details (stiffeners and transverse
connection plates) will not be susceptible to fatigue damage in actual bridge structures
if out-of-plane distortions are limited. Additional experimental data would help 1o

solidify the validity of this common detail condition.
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2. Variable load tests are needed on riveted bridge members. No significant variable
load data is available on the class of joint. Existing experimental data has
demonstrated that Category C is a good estimate of fatigue strength for riveted
details. Variable cycle data on this detail would provide damage criteria for use on

many thousands of older bridge structures.

3. Variable load tests are needed on Category D welded details in the extreme life
region. The limited number of tests on this class of detail is insufficient to properly

assess its fatigue behavior in this region of fatigue life.
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Table 1: Summary of stress range characteristics for the welded details

Girder(s) Cover Web Attachments Stiffeners
Plate
1 2 3 4 5 6 7 8 9
17 16 15 14 13 12 11 10

Pair #1 Symin [ksi] | 1.30 085 1.08 1.10 1.29 134 1.51}14.37 4.37
Symax [ksil| 4.15 271 3.47 3.52 4.14 4.29 4.84 14.0 14.0
Sre [ksi] 2071136 1.74 176 2.08 2.15 2.4217.02 7.02
Y % 64 101 08 08 64 147 20310.1 0.1

Pair #2 Symin [ksi] | 2.03 085 1.08 1.10 1.29 1.34 1.51]4.37 3.52
Symax [ksi]} 8.34 349 4.46 452 532 551 6.22 18.0 14.52
Sre [ksi] 3251136 1.74 1.76 2.08 2.15 2.42]7.02 5.66
Y % 737101 08 08 64 147 20.310.1 0.1

Girder 3W | Symin [ksi] | 1.38 091 1.16 1.18 1.38 1.43 1.62 469 4.69
Symax [ksi]j 4.44 290 3.71 3.77 443 459 5138 15.0 15.0
Sy [ksi] | 199|129 166 169 198 205 231|670 6.70
Y % 43 |loo1 03 03 43 43 13.2] 0.01 0.01

Girder 3E | S;min [ksi] | 1.16 076 0.97 098 1.16 1.20 1.35}3.91 3.91
Spmax [ksi]j 3.70 242 3.09 3.14 370 3.83 4.32 12.5 12.5
Sre [ksi] 16611.08 1.38 141 165 1.71 1.9315.59 5.59
Y % 03 |0 0.01 001 03 0.7 23 |0.01 0.01

Pair #4 Symin [ksi] | 3.71 155 1.98 201 237 245 2.77]8.00 8.00
Symax [ksil] 7.41 3.10 3.96 4.02 473 490 5353 16.0 16.0
Sre [ksi] 4001171 218 222 261 270 3.05 8.83 8.83
Y % 100 10.05 3.4 65 365 36.5 100 0.05 0.05

v = percentage of CAFL exceedance
Cracks developed at one or both of these details when Bold Faced.
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Table 2: Number of cycles to first detected crack

Girder IN |18 [2N | 28 |3W [3E |4W | 4E
Total Cycles 107.21107.2] 120 | 120 | 104 |109 | 34.7 | 34.7
Detail
Coverplate 1 - - 78,57 72.1F| - - | 20.9%20.9*
1 - - 172.3%72.3%1 - - - -
2 - - 729 {72.1 | - - - -
3 - 1100.7{ - |758 | - - - -
Web 4 - - - 1967 | - - - -
attachment 5 - - |88.5 1695 | - - - |19.6
6 - |81.7 |86.9 {120.0] - - - {19.6
7 - - |78.5 {653 [37.8 {9851 - -
Stiffener 8 - - 18951 - - 1109 - -
9 0.05*]0.05*%1120* {120* | - 109 - -
10 - - 120 - - - - -
11 _ 1436 |66.7 721 | - [109 | 196 | -
12 - - {7231 - 409 (109 |265 | -
Web 13 - - |80.7 172.1 | - - 1123 119.6
attachment 14 - - - - - - 1140 -
15 - - |88.5199.6 | - - - -
16 - - |88.5 {823 | - - - 1140
17 - T [72.3%88.1t 1047 - |20.97|17.47
Coverplate 17 - - | - 8127 - - | 20.9%|20.9"

* = Distortion induced cracking
- = No crack detected
* = Coverplates without end welds
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Table 3: Number of cycles to maximum size cracking criteria
(i.e. through thickness or one inch long)

Girder IN 1S | 2N |28 |3wW]| 3E | 4W | 4E
Total Cycles 1072 [107.21 120 | 120 | 104|109 | 34.7| 34.7
Detail
Coverplate 1 - - {120 120 | - - 1347 134.7
1 - - {120 120 | - - - -
2 - - 1943 |120 | - - - -
3 - 107.2} - 120 | - - - -
Web 4 - - - 1>120] - - - -
attachment 5 - - |>120 [>120] - - - |>34.7
6 - |86.0 >120 |>120| - - - 132.0
7 - - {120 [69.5 |37.8] 104 - -
Stiffener 8 - - {895 - - 1109 - -
9 0.26%10.26*%|>120%>120% - |[>109| - -
10 - - {120 - - - - -
11 - 143.6 |71.9 (120 | - [>109(22.6 | -
12 - - {120 - 167.2{>109|33.0 | -
Web 13 - - 120 996 | - - |18.6 |>34.7
Attachment 14 - - - - - - 1330 -
15 - - |>120 |>120] - - - -
16 - - |>120 |>1201 - - - 1174
17 - - 1>120 |>1201104 | - |>34.732.0
Coverplate 17 - - - |>120] - - |>34.7>34.7

* = Distortion induced cracking
- = No crack detected

> = Crack that did not reach the maximum size cracking criteria.
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Table 4: Retrofitted web details; Crack size, hole diameter and cycle data.

Detail N°| 2a | Hole Dia.] Cyclesto Variable Cycles] Cycles of
[in.] fin.] Retrofit to Reinitiation Srmax
[x 109 [x 10°] (x 10%]
1S09* | 5.0 1.00 1.03 1.68 1.68
1S09 3.0 1.50 1.03 1.68 1.68
1s11. | 5.0 2.00 43.6 >107.20 >63.6
INO9* | 2.0 1.00 1.03 6.26 5.23
1N09 2.0 1.50 1.03 6.26 523
2807 40 | 1.25 91.1 - >120.00 >28.90
2507 4.0 0.75 91.1 >120.00 >28.90
2NO8 8.9 1.00 o1.1% 108.00° 16.90
2N11 9.0 4.25 91.1 >120.00 >28.90
2N11 9.0 1.00 91.1 >120.00 >28.90
3W12 5.0 1.00 - 61.3 >104.00 >4.27
3W12 | 5.0 1.00 61.3 >104.00 >4.27
3W07 | 4.0 1.00 37.9 49.60 1.17
3w07 | 8.0 1.00 51.2 82.80 3.16
3W07 12.0 | 2.00 51.2 104.00 5.28
3E07 6.0 2.00 105.5 107.10 1600.0
3E07 9.5 6.00 107.1 >109.00 >1900.0
3E07 6.0 2.00 105.5 108.40 2900.0
3R07 13.5 | 2.00 108.4 >109.00 >600.0
4E16 5.0 1.00 22.4 >34.70 . >6.15
4E16 5.0 1.00 22.4 >34.70 >6.15
4W11 6.0 2.00 25.9 >34.70 >4.40
4W11 6.0 1.00 25.9 >34.70 >4.40
4W13 | 7.0 1.00 22.4 24.70 1.15
4W13 | 8.5 2.00 25.9 >34.70 >4.40
4awi3 | 7.0 1.00 22.4 28.00 2.80
4W13 11.5 | 1.00 28.5 >34.70 >3.10

* = Crack in the direction of primary stresses
* = Crack tip was not drilled
° = Splice plates added to flange
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Fig. 2: Stress Range Spectrum at Stiffener Details 8 and 10 for Girder Pairs 1 and 2, v = 0.001
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Fig. 3: Stress Range Spectrum at Stiffeners 8, 9 and 10 for Girder 3, v=0.0001
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Fig. 4: Stress Range Spectrum at Stiffeners 8, 9 and 10 for Girder Pair 4, ¥=0.0005



Fig. 5: Test sétup.



Fig. 6: Diaphragm for distortion induced tests.



Diaphragm

Test Setup for Distortion in Girder Pair 2

Fig. 7: Test Setup for Distortion Induced Web Gap Cracking for Girder Pairs 1 and 2
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Fig. 8: Web attachment cycle life, detail 3
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(b) Comparison of predicted fatigue resistance
under variable loading with test data.

Fig. 9: Predicted fatigue resistance compared with design resistance curves and test

data for web attachments.
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(b) Web gusset detail showing yield lines after welding.

Fig. 10: Yield lines in mill scale adjacent to welded details confirm
existence of residual stresses.



Fig.12: Crack initiated at ground end of gusset plate weld, detail 11, girder 1S.



Fig. 13: Semi-elliptical crack at web gusset.
(note crack can exceed web thickness as a result of weld on back surface)

Fig. 14: Typical through thickness crack arrested by retrofit holes.
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s,

Fig. 20: Retrofit holes at detail 7 Beam 3W.
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2ay

Fig. 21: Schematic showing retrofit holes and effective crack length.



"

(a) Large retrofit hole in girder 2N, detail 11; crack reinitated at top hole.

s

St

(b) Close-up view of crack at top hole.

Fig. 22: Retrofit holes at detail 11, 2N showing large hole after 2nd retrofit.
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25: Fatigue crack at detail 10, girder 2N.



Fig. 26: Crack surface at detail 3E08.

Fig. 27: Small fatigue crack at detail 3E09.
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Fatigue cracks at web gap of 1NO9
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Schematic history of web gap fatigue cracking.

Fig. 31:
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]

Fig. 33: Small crackin girder 2N web after distortion induced stresses.



(b) Ground coverplate weld termination at detail 4W17.

Fig. 34: Typical coverplate weld terminations.



(a) Fatigue crack at weld termination.

(b) Fatigue crack surface.

Fig. 35: Fatigue crack at detail 2NO1 at end of test.



Fig. 36: Fatigue crack at coverplate end weld detail 4E17.

Fig. 37: Fatigue crack at ground weld end detail 4W17.
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APPENDIX A

Frequency and Stress Range Data for Test Beams

Appendix A provides details of the stress range levels and their frequency of
occurrence for each test girder details, The first column of each Table provides the
jack load level as a percent of the maximum cyclic load in the variable load spectrum.
The stress range corresponding to the cyclic load for each detail is tabulated in ksi.
The bold underline indicates the boundary between stress cycles below and above the
constant cycle fatigue limit used in the specifications. The last column shows the

frequency of occurrence, a, of the stress cycles.
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Table Al: Stress Ranges for Details of Girder Pair 1

STRESS RANGE S;;, FOR DETAILS (ksi)

Type (;’(;:tzr Web Attachment Stiff. Flz::i'

Detail| 1 | 2 |3 |4 |5 |6 |7]|8 ]| 0O
toaN\Nl & | &l & | & | & ] & &9
Level 171 161 15 14| 13] 12| 1| 10
312% | 1.30] 0.85 1.08] 1.10] 1.29| 1.34| 1.51| 4.37//0.073
76% | 1.56] 1.02 1.30] 1.32] 1.55| 1.61] 1.82| 5.26{/0.19
4349 | 1.80| 1.18| 1.51 1.53| 1.80] 1.86| 2.10] 6.08 ||0.237
495% | 2.05| 1.34] 1.72| 174 2.05| 2.12| 2.40| 6.93|/0.207
55.6% | 2.31] 1.51] 1.93| 1.95 7.78/0.146
617% | 2.56| 167 2.14| 217 2 0.65] 2.99| 8.64//0.083
s78% | 2.81] 1.84] 2.35| 2.38] 2.81| 2.91] 3.28| 9.49| 0.04
736% | 3.05|2.00] 25| 2.59] 3.05| 3.16| 3.57|10.31)0.016
107% | 3.31] 2.16| 2.76| 2.81| 3.30| 3.42| 3.86|11.16/|0.005
85.7% | 3.56| 2.32| 2.97| 3.02| 3.55| 3.68] 4.15| 12.0//0.002
100% 15| 2.71] 3.47| 3.52| 4.14| 4.29] 4.84] 14.0]|0.001

(Rf@}:) 207 |1.36] 1.74 | 1.76 | 2.08 | 2.15 | 2.42 | 7.02
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Table A2: Stress Ranges for Details of Girder Pair 2

STRESS RANGE S;;, FOR DETAILS (ksi)

Type (133(1);: Web Attachment Stiff. F1(';: 1q

De§312345'6789(x
e\ ol ol &l &l &| &| &| &
Level 7116l 15] 14| 13] 12) 1] 10 |
a7 | 2.03] 0.85] 1.08] 1.10] 1.29] 1.34| 1.51| 4.37| 3.53 ||0.073
290% | 2.44] 102] 130] 132] 15| 1.61| 182 5:26| 4.24||0.19
38% | 282| 1.18| 1.51] 1.53] 1.80| 1.86| 2.10| 6.08| 4.91 ||0.237
5% | 321] 1.34] 1.72| 1.74] 2.05| 2.12| 2.40| 6.93| 5.59 ||0.207
mom | 360l 151 193] 1.95| 2.30] 2.38] 2.69] 7.78] 6.27 |0.146

i B

230% | 200 L67] 2.14| 2.17] 2.55] 2.65| 2.99| 8.64| 6.97 |}0.083
7% | 439| 1.84| 2.35| 2.38| 2.81| 2.91| 3.28| 9.49| 7.65 ||0.04
3% | 478| 2.00| 2.55| 2.59] 3.05| 3.16 3.57|10.31| 8.32 ||0.016
20% | 5171 2.16| 2.76| 2.81 3.30| 3.42| 3.8611.16| 9.00 ||0.005
e67% | 5.56] 2.32| 2.97| 3.02| 3.55| 3.68| 4.15| 12.0{ 9.68 [0.002
oo | 834l 3.49] 46| 4.52] 5.32| 5.51| 6.22| 18.0]14.52||0.001

e | 32| 1.36] 174| 176 | 2.08| 25| 242| 7.02] 566
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Table A3: Stress Ranges for Details of Girder 3W

STRESS RANGE S, FOR DETAILS (ksi)

Type %}2’5 Web Attachment Stiff. Fiiq'

Detail| 1 | 2 | 3 {4 |5 |6 |7 |8 ]| Q
toad\! & | & | & | & | &| &| & | 9
Level 171 16| 15| 14| 13) 12 11] 10
313% | 1.38] 0.91] 1.16] 1.18] 1.38] 1.43] 1.62| 4.69|/0.017
3449 | 1.53] 1.00| 1.28] 1.20] 1.53] 1.58| 1.78] 5.16|0.12
3759 | 1.67] 1.09] 1.40] 1.42] 1.66] 1.73| 1.94] 5.63[{0.17
106% | 1.81] 1.18] 1.51] 1.53| 1.80| 1.87| 2.11] 6.09{0.19
438% | 1.95] 1.28] 1.63] 1.65| 1.94| 2.02| 2.27| 6.56|/0.16
469% | 2.08] 1.36] 174 1.77| 2.08| 2.16| 2.43| 7.03|/0.13
500% | 222| 1.45] 1.86| 18| 2.22| 2.30] 2.60| 7.50/ 0.08
5319% | 2.36] 1.54] 1.97| 2.00| 2.35| 2.44] 2.76| 7.970.06
56.3% | 2.50| 1.63] 2.09| 2.12| 2.49] 2.59| 2.92| 8.44||0.03
594% | 2.64] 1.73| 2.20| 2.24| 2.63 2.73| 3.08] 8.90|0.02
62.5% | 2.77| 1.82] 2.33| 2.35| 278 2.87| 3.24| 9.38|0.01
65.6% | 2.92| 1.90| 2.44| 2.48| 2.91] 3.00{ 3.40| 9.841|0.006
68.8% | 3.06| 2.00| 2.56] 2.60] 3.06| 3.16| 3.57|10.31||0.004
11.9% | 3.20] 2.09] 2.67] 2.71| 3.19] 3.30| 3.73] 10.78{| 0.002
75.0% | 3.34| 2.18| 2.78| 2.83| 3.33| 3.45| 3.89|11.25 0.001
100% | 4.44] 2.90| 3.71| 3.77| 4.43] 4.59] 5.18]15.00]] 0.0001
<R§&%> 1.99| 1.29] 1.66| 1.69| 1.98| 2.05| 2.31 6.70
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Table Ad: Stress Ranges for Details of Girder 3E

STRESS RANGE S;;, FOR DETAILS (ksi)

Type' (I:’{I;zr Web Attachment Stiff. FI:?'
Detail| { | 2 | 3 | 4|56 |7 |8/ ¢
Loan\Yo-| & | &l &| &| &| &| &9
Level 171 16| 15] 14| 13 12| 11} 10
113% | 1.16]0.76] 0.97| 098] 1.16| 1.20| 1.35| 3.91|/0.017
{3449 | 127]|084] 1.06] 1.08| 1.27] 1.32| 1.48} 4.30 ||0.12
3750 | 1.39] 0091 1.16] 1.18] 1.38] 1.44| 1.62| 4.69 |0.17
106% | 1.511098| 1.26| 1.27| 1.50| 1.55| 1.76| 5.08 ||0.19
438% | 1.631 1.06| 1.36| 1.38| 1.62| 1.68| 1.89| 5.47|0.16
46.9% | 1731 1.13] 1.45] 1.48] 1.73]| 1.80| 2.02| 5.86||0.13
50.0% 185] 1211 1.55] 1.57] 1.85| 1.91] 2.16 6.25]/0.08
s3.1% | 1.97]1.28] 1.64| 1.67| 1.96| 2.03| 2.30| 6.64 |/0.06
s63% | 2.09] 1.36| 1.74] 1.77| 2.08 2.16| 2.43| 7.03|0.03
59.4% | 2.20| 1.44| 1.84| 1.87| 2.20| 2.27) 2.57| 742 ||0.02
62.5% | 2.3111.52| 1.94| 1.96| 2.31| 2.39| 2.70| 7.81}|0.01
65.6% | 2.43|159| 2.03| 2.06| 242| 2.51| 2.84) 8.20/0.006
68.8% | 2.55]1.66| 2.13| 2.16| 255 2.63| 2.98 8.59 ||0.004
711.9% | 2.66| 1.74| 2.23| 2.26| 2.66| 2.75| 3.11| 8.98 |10.002
75.0% | 2.78| 1.81| 2.32] 2.36] 2.77| 2.88| 3.24| 938 /0.001
100% 3.70 | 2.42| 3.09| 3.14] 3.70| 3.83| 4.32| 12.5]{0.0001
(RSMm@ 166 1.08| 1.38] 1.41] 1.65| 1.71] 1.93] 5.59




91-A007-15

Table AS: Stress Ranges for Details of Girder Pair 4

STRESS RANGE S, FOR DETAILS (ksi)

Typé (;(1);7;1’ Web Attachment Stiff. F;Zq'

Detailf | | o 3 |4 |5 |6 |78 | o
Load\Y| & | & | & | & | &| &| &9
Level 17 16| 15 14| 13| 12| 11| 10
50.0% | 3.71|1.55| 1.98] 2.01| 2.37| 2.45| 2.77| 8.0 -||0.335
53.1% | 394164210 2.14|251| 2.60] 2.94| 8.5 |03
563% | 4.17| 174|223 | 226 | 2.66] 2.76] 3.11] 90 |0.15
50.49% | 4.40|1.84]235]239|2.81]291] 329/ 9.5 {/0.10
62.5% | 4.63|1.94]2.48|2.51|2.96] 3.06| 3.46| 10.0{,0.05
65.6% | 4.86|2.03 2.64 | 3.10| 3.21| 3.63| 10.5{/0.03
688% | 5.10|2.13| 2.73] 2.77| 3.26| 3.37| 3.81] 11.0 |[0.02
| 71.9% | 533|223 285|2.89]3.40( 3.52| 3.98] 11.5|0.01
750% | 5.56|2.32|2.97] 3.02] 3.55| 3.68] 4.15] 12.0|/0.005
100% 741 3.10 3.96| 4.02| 4.73| 4.90] 5.53] 16.0][0.0005

(Riffc) 4.09|1.71 | 2.18 | 2.22| 2.61] 2.70| 3.05| 8.83




APPENDIX B

Final Crack Sizes

Appendix B provides a tabulation of the final crack sizes observed at each cracked
detail. Table B1 provides the depth, a, of surface cracks or the half iength of through
cracks. All dimensions are provided in inches. Table 2 provides the length 2C of all the
surface cracks that are not through thickness. Through-thickness cracks are
designated as Th. Sketches are provided with each table to assist with the crack

definition.



Table B1: Final crack sizes, depth or length a [in] at end of test or at time of retrofit

Girder | IN | 1S | 2N | 28 |3W [3E [4W |4E
Total Cycles 107.2 1107.2] 120 | 120 | 104 | 109 | 347 34.7
Detail
Coverplate 1 - - 10.43 1046 | - - 10.71 10.65
1 - - 1250 10.63 | - - - -
2 - - 11.30 {048 | - - - -
3 - 11.00| - (035} - - - -
Web 4 - - - (015 ] - - - -
attachment 5 - - 1012 {115 | - - - 10.20
6 - | 1.50(0.15 [0.16%] - - - |1.50
7 - - [2.50 1,25 {1.75 11.25 | - -
Stiffener 8 - - 1445 | - - 1225 - -
9 1.50 {1.00 [0.06*[0.08*%| - |0.06*| - -
10 - - 10.14*] - - - - -
11 - 12251362 [3.25 ) - |0.16%{2.50 | -
12 . - 1050 | - }2.25 {0.06*%|1.25 | -
Web 13 | - - 10.50 2.37 | - - 12.20 10.30
Attachment 14 | - - - - |- [035] -
15 - - 10.16 |0.10 | - - - -
16 - - 10.16 {0.20 | - - - 1175
17 - - 10.65 |0.33 {0.04*} - [0.35 |0.88
Coverplate 17 - - - 1035} - - 10.28 10.34
* = Detected by destructive examination
, 2a
P !
la
~ ~ <
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Table B2: Final crack sizes, length 2c¢ [in] at end of test or at time of first retrofit

Girder IN | 1S | 2N | 2S |3W | 3E |4W | 4E
Total Cycles 107.2 [107.2] 120 | 120 {104 [ 109 | 34.7| 34.7
Detail
Coverplate 1 - - 11.06 [1.16 | - - 12.15 [1.60
1 - - {Th. {1.75 ] - - - -
2 - - |Th. [1.10 | - - - -
3 - Th. | - 11.20 | - - - -
Web 4 - - - 1025 | - - - -
attachment 5 - - 10.25 |Th. - - - 10.50
6 - Th. [0.30 {0.37*} - - - | Th.
7 - - {Th. |Th. |Th. |Th. - -
Stiffener 8 - - |Th. - - {Th. - -
9 Th. |Th. [0.18*[0.20% - 0.19*% - -
10 - - 11.50* - - - - -
11 - |Th. |Th. |Th. - 10.75%|Th. -
12 - - |Th. - |Th. [0.09%{Th. -
Web 13 - - |Th. |[Th. - - |Th. 10.75
attachment 14 - - - - - - 11251 -
15 - - 1040 {0.20 | - - - -
16 - - 10.40 {050 | - - - {Th.
17 - - |1.70 [0.73 {0.12*%} - ]0.92 {242
Coverplate 17 - - - 068 | - - 10.30 |0.75

* = Detected by destructive examination
Th. = Through-thickness crack (see Table B1)

e 2c ,
™ I
IR
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