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FORE VVO  RD 	This report contains the findings of a laboratory evaluation of the fatigue behavior 
of welded steel bridge members. The findings will be of interest to engineers, re-

By Staff searchers, members of specification writing bodies, and others concerned with the 
Transportation design, construction, and maintenance of steel structures. 

Research Board 

Significant reductions in fatigue strength of many welded details occur when 
cracks initiate and grow from the micro-sized defects that exist at the weld periphery. 
This behavior has been demonstrated by studies on cover-plated beams and other 
structural details, and has been reported in NCHRP Report 102, "Effect of Weldments 
on the Fatigue Strength of Steel Beams"; NCHRP Report 147, "Fatigue Strength of 
Steel Beams with Welded Stiffeners and Attachments"; NCHRP Report 188, "Welded 
Steel Bridge Members Under Variable-Cycle Fatigue Loadings"; NCHRP Report 206, 
"Detection and Repair of Fatigue Damage in Welded Highway Bridges"; and NCHRP 
Report 227, "Fatigue Behavior of Full-Scale Welded Bridge Attachments." 

Recently, 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 AASH-
TO's Category E'. 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 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. 

This report contains the findings of NCHRP Project 12-15(4), "Steel Bridge 
Members Under Variable-Amplitude, Long-Life Fatigue Loading." The objective of 
this study was to provide 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 center-crack specimens, 
cruciform specimens, and 8 full-scale welded beams with web attachments and cover 
plates. 

The currently available test data in this region of behavior are very sparse and 
do not provide an adequate basis on which to assess this problem. The findings of 
this study indicate that although the vast majority of bridge loadings might produce 
cycles of stress range below the fatigue limit, occasional heavier loads resulting in 
cycles above the fatigue limit can cause the entire loading spectrum to contribute to 
fatigue crack growth. 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. 

Additional NCHRP research is in progress at Lehigh University under Project 
12-15(5), "Fatigue Behavior of Variable Loaded Bridge Details Near the Fatigue 
Limit." The results of this study will extend the findings of Project 12-15(4) by 



providing further information on fatigue crack growth behavior of steel bridge members 
under randomly applied variable-amplitude loadings in the fatigue-limit, extreme-life 
region. The findings of NCHRP Project 12-15(5) are scheduled to become available 
late in 1987. 
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STEEL BRIDGE MEMBERS UNDER 
VARIABLE AMPLITUDE LONG LIFE 

FATIGUE LOADING 

SUMMARY 	The research described in this report is the result of studies performed under 
NCHRP Project 12-15(4). It is intended to provide information on evaluating the 
fatigue resistance of welded attachments subjected to variable amplitude fatigue load-
ing. The main portion of the research consisted of laboratory studies of welded 
attachments under random variable amplitude load spectra defined by a Rayleigh-
type distribution with most stress-cycles below the constant amplitude fatigue limit. 
(Some stress cycles exceeded this limit.) Eight full-size beams with web attachments 
and cover plates were tested during the program. 

Fatigue crack growth data were generated using random block variable amplitude 
stress spectra defined by a Rayleigh-type distribution. The intent was to extend the 
existing data into the region below the constant amplitude crack growth threshold. 
Also, nonload-carrying fillet-welded cruciform-type specimens were tested under sim-
ple bending using a random variable amplitude block loading to supplement the existing 
shorter life studies carried out on stiffener details. 

The results obtained from these variable amplitude tests are consistent with the 
previously reported constant amplitude test. However, the existence of a fatigue limit 
below which no fatigue cracks propagate is assured only if none of the stress range 
cycles exceed this constant amplitude fatigue limit. If any of the stress range cycles 
(as few as one per thousand cycles) exceed the limit, fatigue crack propagation will 

likely occur. 
The random variable test data from the beam specimens generally fell between 

the upper and lower confidence limits projected from constant cycle data. The smaller 
simulated details generally resulted in the random variable test data falling near the 
upper confidence limit of constant amplitude test results. 



CHAPTER ONE 

INTRODUCTION AND RESEARCH APPROACH 

BACKGROUND 

Existing test data for specimens subjected to random variable 
amplitude loading with most stress cycles below the constant 
amplitude fatigue limit (some stress cycles exceeding this limit) 
are sparse. This region of behavior is illustrated in Figure 1. 
Three cover-plated beams reported in NCHRP Report 188 (1) 
and a few tests on simple tensile specimens with nonload-car-
rying fillet welds reported by Albrecht (2) indicate that fatigue 
cracks develop even though the effective stress range is well 
below the crack growth threshold or fatigue limit. 

In the NCHRP Project 12-12 study about 8 percent of the 
variable stress cycles exceeded the constant amplitude fatigue 
limit. In the University of Maryland study the three specimens 
tested near the fatigue limit had about 2.8 percent of the stress 
cycles exceeding the constant amplitude fatigue limit for Cate-
gory C. Other specimens exceeded this limit by 15.6 percent to 
100 percent. 

The cover-plated beams at Yellow Mill Pond have developed 
cracking at a large number of cover plate ends (3). These cracks 
have developed in beams that were only infrequently subjected 
to stress ranges that exceeded the constant amplitude fatigue 
limit of the Category E'. For example, small cracks were detected 
in several beams where only 0. 1 percent of the measured stress 
cycles exceeded the estimated fatigue limit for Category F. 
Hence, observed field behavior suggests that the conditions of 

Category E and E' details may become more serious if increased 
loads use bridge structures in the future. The consequences of 
occasional overloads from permits and other sources may be 
more critical than previously assumed. 

Tilly and Nunn (4) have investigated the low stress fatigue 
behavior of small-scale welded steel joints subjected to random 
variable amplitude loading. The percentage of cycles exceeding 
the constant amplitude fatigue limit varied from 0.24 percent 
to 85.0 percent. Figure 2 shows the two classes (Classes F and 
G in the British Standard for Bridge Design; Category E in the 
AASHTO Specifications) of specimens tested. Two types of 
stress spectra were used to simulate random variable amplitude 
loads. These are shown in Figure 3. The Class F connections 
have nonload-carrying fillet-welded attachments on the plate 
surfaces and were subjected to the Rayleigh spectrum and the 
axle spectrum. The Class G connections were axial specimens 
having attachments welded to their edges. These specimens were 
subjected to the axle spectrum only in order to ascertain the 
effect of spectrum versus joint type on the behavior. The con-
clusions drawn from the tests subjected to the Rayleigh spectra 
were that if the stresses below the constant amplitude fatigue 
limit are ignored, calculated fatigue lives can be too optimistic. 
From the axle spectra tests, Tilly and Nunn found that fatigue 
life was enhanced because of retardation of the crack propa-
gation rate due to extremely small numbers of high stresses. 

Additional fatigue tests are needed on details subjected to 
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Figure 1. Variable amplitude stress range spectrum superimposed over a constant amplitude S-N curve. 
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Figure 2. Tilly and Nunn test specimens. 

random variable amplitude loading to determine the conse-
quences of cycles exceeding the constant amplitude fatigue limit. 
Existing data do not provide an indication of the frequency of 
occurrence necessary to initiate and sustain fatigue crack 
growth. The three known test series had between 0.24 percent 
and 100 percent of their stress cycles exceeding the constant 
amplitude fatigue limit, but little or no replication of data was 
obtained. For the stiffener detail which is a Category C detail, 
the peak stress range in the spectrum was 16 ksi (110 MPa) 
which was 33 percent above the constant amplitude fatigue limit 
of 12 ksi (83 MPa). For the Category E cover-plated beam in 
which 8 percent of the stress cycles exceeded 5 ksi (34 MPa) 
the peak stress range was 6 ksi (41 MPa) or 20 percent above 
the constant amplitude fatigue limit. 

OBJECTIVES AND SCOPE 

The principal objective of this project is to expand the current 
knowledge of the behavior of welded bridge details subjected to 
variable-amplitude loading with a relatively small frequency of 
occurrence of stress cycles above the constant amplitude fatigue 
limit. To accomplish this objective, full-scale beams were tested 
with welded cover plates and web attachments so that these 
results could be compared to smaller scale test specimens. In 
addition, small-scale specimens were tested to expand this avail-
able data base. 

In the accomplishment of these objectives the following three 
tasks were established: 

To evaluate the fatigue strength of beams with web and 
flange Category E or E' attachment details and to investigate 
the adequacy of drilling holes as a retrofit technique to arrest 
crack growth and prevent further cracking. 

To extend the variable amplitude crack growth data and 
effective stress intensity range developed by Barsom and Novak 
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Figure 3. Tilly and Nunn stress range spectra. 

(5) into the region below the constant amplitude crack growth 
threshold. Basic fatigue crack growth specimens tested under 
random variable amplitude block loading were to be used for 
this study. 

To supplement the shorter life studies carried out by Al-
brecht (2) on a stiffener (Category C) detail by testing nonload-
carrying fillet-welded cruciform-type specimens under simple 
bending using a random variable amplitude block loading. These 
tests would provide longer life data. 

RESEARCH APPROACH 

Full-Scale As-Welded Beam Tests 

Because welded details have complex initial discontinuities 
and variable stress concentration conditions, the primary study 
was carried out on rolled beam sections with as-welded details 
as opposed to small-scale test specimens. Two basic parameters 
were examined for the random variable stress spectrum. One 
was the frequency of occurrence of stress cycles above the con- 



stant amplitude fatigue limit. The second condition is the mag-
nitude of the peak stress range in the stress spectrum. In order 
to provide adequate levels of replication for the test details, three 
web gussets were attached to the test beams in the constant 
moment region. Cover plates were attached to the flanges in 
the shear spans. The stress range at the end of the cover plates 
was made equal to about 95 percent of the stress range at the 
ends of the web gusset plates. Hence, each test beam provided 
eight distinct weld ends for crack development as illustrated in 
Figure 4. 

The eight full-size as-welded beams tested during the course 
of this project were rolled W18X50 beams of A588 steel. The 
welded attachments were fabricated from A36 steel. 

The beams were 16 ft (4.9 m) long and tested on a 15-ft (4.6 
m) span under four-point loading, as shown in Figure 4. Each 
beam had three 1-in. (25.4 mm) thick, 4-in, wide (102 mm), 12-
in. (305 mm) long gusset plates fillet welded in the 5-ft (1.5 m) 
constant moment region (see Fig. 5). Some of the %-in. (16 mm) 
fillet welds wrapped completely around the gusset plates, while 
others consisted of longitudinal welds alone. The beams also 
had 1-in. (25.4 mm) thick cover plates welded to each flange 
located in the two shear spans, so as to have approximately 95 
percent of the stress at the web details at the cover-plate ends. 
Some of the cover plates had transverse end welds and longi-
tudinal fillet welds, while others were attached with longitudinal 
fillet welds alone. 

Coupon tension specimens taken from the girder flanges 
(ASTM - A370) gave an average yield point of 65 ksi (449 
MPa). The average ultimate tensile strength was 77.9 ksi (537 
MPA). The average elongation of the specimens was 22.2 per-
cent. 

A wideband Rayleigh-type stress spectrum was used for this 
test program. This type of distribution is shown in Figure 6. 
The control variables for the experiment were: 

The effective stress range, S,RMC  = [I a,S 1] 
113.  

The frequency of exceedance of the constant amplitude 
fatigue limit, 

The values of 5rRMC  are given in Table 1 for each test beam. 
Seven different exceedances were investigated for the web and 
flange details ranging from 0.0 to 10.16 percent. As shown in 
Table 1, the width of the Rayleigh distribution, W (see Fig. 6), 
used for the four pairs of tests was 3.75, 4.0, 4.75, and 4.75, 
respectively. 

All beams were fabricated by a bridge fabrication shop in the 
Bethlehem, Pennsylvania, area. The fabricator was instructed 
to use normal fabrication and inspection procedures. All rolled 
sections were produced from the same heat. 

All beams were tested on the dynamic test bed in the Fritz 
Engineering Laboratory at Lehigh University (see Fig. 7). Two 
beams were tested simultaneously in order to maximize the test 
data acquired over the relatively long period required to com-
plete each test. This configuration is shown in Figure 8. 

The variable amplitude cyclical load was applied with an MTS 
system consisting of two hydraulic jacks each with a capacity 
of 195 kips (890 kN). Each loading cycle was nearly sinusoidal; 
the minimum applied stress was always tensile and varied from 
0.9 ksi (6.2 MPa) to 2.4 ksi (16.5 MPa). All testing was carried 
out at room temperatures between 60 F (15 C) and 80 F (27 
C). 

A wideband Rayleigh-type probability-density curve was used 
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Figure 4. Test beams. 



Figure 6 Rayleigh-type stress range spectratn. 
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Table 1. Values of S rRMC for each test beam. 

Web At 	 pi.- W,A. 

Test 

No. 

Beam 

No. 

sj 
Srmax Sr c y1(E') Sr515  SrMax  Src Ef(E 

MPa 	ksi MPa 	Ksl MPa 	ksi (7) (1) MPa 	s1 MPa 	ksi MPa 	ksi (1) 

1 Cl 12.1 	1.75 44.8 	6.5 24.1 	3.5 4.69 72.58 13.1 	1.9 47.6 	6.9 25.5 	3.7 4.69 
W= 4.0 

C2 13.8 	2.0 51.7 	7.5 27.6 	4.0 10.16 87.81 13.1 	1.9 49.0 	7.1 26.9 	3.9 10.16 

2 Al 14.5 	2.1 42.7 	6.2 24.8 	3.6 1.76 85.93 13.8 	2.0 40.7 	5.9 23.4 	3.4 1.76 
W =  3.75 

A2 16.5 	2.4 49.6 	7.2 29.0 	4.2 11.72 97.20 14.5 	2.1 42.7 	6.2 24.8 	3.6 4.90 

B1 6.2 	0.9 35.9 	5.2 15.2 	2.2 0.10 13.85 6.2 	0.9 33.8 	4.9 14.5 	2.1 0.0 

N = 4.75 
82 6.9 	1.0 41.4 	6.0 17.9 	2.6 0.49 27.14 6.2 	0.9 35.9 	5.2 15.2 	2.2 0.10 

Dl 7.6 	1.1 46.2 	6.7 20.0 	2.9 1.07 39.81 6.9 	1.0 44.1 	6.4 19.3 	2.8 0.49 

W= 4.75 D2 7.6 	1.1 46.2 	6.7 20.0 	2.9 	1 1.07 39.81 6.9 	1.0 44.1 	6.4 19.3 	2.8 0.49 
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to define the stress cycles that were randomly applied to the 	 S. - S 
, = 

	

two test beams. This probability-density curve was defined as 	 S 	w 	 (lc) 
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For the Rayleigh distribution, the effective stress range de-
rived from Miner's Rule is given by 

1/3 

, S 	 (2) 

The Rayleigh distribution provides a value of SRMc  that is 

SRMc = Srmin  + 1.5 S,d 	 (3) 

The root-mean-cube (RMC) stress range is about 29 percent 
greater than the root-mean-square (RMS) stress range for W 
= 3.0. 

A typical plot of the stress range, S,, versus probability den-
sity (along with some of the above defined variables) is shown 
in Figure 6. Also shown in Figure 6 is Yy if  which defines the 
frequency of occurrence of stress cycles above the constant am-
plitude fatigue limit. 

The simulated variable amplitude load was applied as a large 
block of 1,024 randomized loads of 10 different magnitudes. 
This large block was approximately 5 min in duration and was 
continuously repeated. A typical stress spectrum was divided 
into 10 discrete increments of stress range with their magnitude 
varying from 1.5 ksi to 6.0 ksi (10 MPa to 41 MPa) and their 
corresponding number of occurrences (totaling 1,024) is shown 
in Figure 9. The sequence of the 1,024 occurrences was devel-
oped from a random number generator. 

Figure 10 shows a small portion of the random variable stress 
cycles as a function of time. As is apparent, the larger stress 
cycles required more time than smaller amplitude stress cycles. 

Each beam was cycled until a crack was detected at a detail. 
Generally, the examination was made visually with lOX mag-
nification. During the course of the study several different crack 
detection procedures were evaluated in addition to the visual 
examination. They included, liquid penetrant, ultrasonic shear 
wave and acoustical emission. 

All web details were permitted to develop through-thickness 
cracks that were about 1 in. (25.4 mm) long before being re-
trofitted. The cover-plated flange details on four of the beams 
were retrofitted after marking the crack front before the crack 
completely penetrated the flange. Having defined the fatigue life 
corresponding to the through thickness crack at the detail, an 
appropriate retrofitting procedure was applied in order to arrest 
crack growth and prevent the cross-section from being de- 

STRESS RANGE ksi 

Figure 9. Simulated variable amplitude stress range spectrum. 

stroyed. Cracked web attachment details were retrofitted by 
drilling holes at the tip of the through-thickness web cracks. 
Cracked cover plate ends were retrofitted by clamping splice 
plates over the detail. The test was then continued in order to 
determine the fatigue behavior and life of the other details and 
to establish the effectiveness of the drilling of holes as a retrofit 
procedure. This procedure was repeated for each detail as crack-
ing developed, and this permitted the fatigue strengths of all 
details on a beam to be determined. 

Fatigue Crack Growth Tests 

Most fatigue crack propagation tests were carried out under 
constant amplitude cyclic load fluctuation. Incremental crack 

Figure 10. Stress range as a function of time. 



lengths and elapsed load cycles were used to determine the crack 
growth rate da/dN and the corresponding fluctuation of the 
stress intensity factor iNK. 

Under variable amplitude random sequence loading, the mag-
nitude of tK changes with each load cycle. Barsom used the 
root-mean-square stress intensity as a means of defining the 
crack growth rate under variable amplitude load (5). The root-
mean-square of the stress intensity range, IKRMS, was estimated 
for each crack growth increment. 

In this study, the root-mean-cube stress intensity factor was 
used to define the effective stress intensity factor corresponding 
to the crack growth rate increment. This used the effective stress 
range provided by Eq. 2 for the cyclic stress range applied during 
the crack growth increment. 

The fatigue crack growth data were obtained by using -in. 
(6 mm) thick center-crack specimens as illustrated in Figures 
11 and 12. Each specimen had two fatigue cracks, so that data 
could be acquired from both in view of the large numbers of 
stress cycles that were to be applied as a result of the random 
variable loading. 

The specimens were all fabricated from the same A36 steel 
plate. All specimens were machined to the configuration shown 
in Figure 12. The length was 12.25 in. (311 mm), and the width 
was selected as 3.5 in. (89 mm). A smooth and uniform surface 
was achieved on each specimen by a milling and grinding process 
on both faces which reduced the thickness to /4  in. (6 mm). 

After machining to size, a /-in. (3 mm) hole was drilled in 
the center of the specimen to facilitate machining the starter 

Figure 11. Fatigue crack growth specimen in test setup. 

notches. The notches were all machined into the specimens with 
an electrical discharge process. 

The specimens were tested under variable amplitude, random 
block sequence loading at a frequency of about 160 cycles per 
second. The test setup is shown in Figure 13. 

The fatigue crack growth increments were measured optically 
using a microscope mounted in a micrometer slide. A mylar 
tape with 0.005-in. (0.127 mm) subdivision scale was attached 
to the plate surface along a line parallel to the crack path so 
that the crack lengths could be monitored at both cracks (see 
Fig. 14). 

The load range spectra frequency of occurrence corresponded 
to a Rayleigh distribution with S d/Sr,,, = 0.5 and the bandwidth 

W 
= 	

= 3, as illustrated in Figure 15. Eight levels 
SM 

of stress range were selected to approximate the truncated Ray-
leigh distribution. The eight load levels were randomized into 
150 blocks with each block having 960 cycles of load applied 
at a constant amplitude within the block. Figure 16 shows the 
randomized block sequence that was used for the studies. Three 
levels of stress ratio defined as: 

69mm 
(3.5") 

Figure 12. Fatigue crack growth specimen. 

02mm 
(4.0") 

08mm 
(4.25") 

02mm 
(4.0") 

311mm 
(12.25') 



R 	
Mean Stress - SRMC 	

(4 
Mean Stress + SRMC 

were used during the test program. S,RMC is the root-mean-cube 
stress range of the variable load spectrum as defined by Eq. 2. 
The levels of R selected were 0.3, 0.55, and 0.8. The higher 
ratios correspond to the conditions that exist in welded joints 
as a result of residual tensile stresses. 

The test data acquired were intended to examine the da/dN 
- 	K region at much lower levels than evaluated by Barsom 
and Novak (5). The test procedures used during the tests fol-
lowed the recommendations given in Refs. 6 and 7. 

Random Block Loading of Cruciform Specimens 

The earlier tests by Albrecht were carried out on A588 steel 
specimens with nonload-carrying fillet welds. Thirteen tests were 
reported on a tensile specimen Y. in. x 1 in. (10 mm x 26 
mm) in cross-section to which /4-in. (6 mm) thick plates were 
transverse welded with a-in. (6 mm) fillet welds. The random 
variable stress range spectrum represented a skewed distribution. 
The effective root-mean-cube stress range, 5rRMC  varied be-
tween 7.3 ksi (50.5 MPa) and 25.7 ksi (177 MPa). 

In this study similar cruciform type joints were tested in 
bending as shown in Figure 17. Both constant load cycle and 
variable load cycle tests were carried out. The test specimens 
were fabricated from A5 14 steel plate and were available from 
an earlier study carried out by Frank (8). The primary plate 
cross-section was in. x l/4  in. (16 mm x 30.5 mm) and had 
5/8-in. (16 mm) thick plates transverse welded to the main plate 
with 2-in. (12 mm) fillet welds. The specimens were all fabri-
cated from a 24 in. x 21 in. (610 mm x 533 mm) plate to which 
two /8  in. x 2 in. x 24 in. (16 mm x 50 mm x 610 mm) plates 
were submerged arc welded to each side. Three weld passes were 
made for each '2-in. (12 mm) weld in a sequence to minimize 
distortion. The test specimens were then saw cut from the plate 
and milled to their final l/4  in. (30.5 mm) width. 

The variable load cycle test specimens were all tested using 
the same variable amplitude random block loading sequence 
that was used for the crack growth studies. Strain gages were 
attached to each specimen in order to control and monitor the 
magnitude of the cyclic stresses. The tests were carried out in 
the Amsler Vibrophore at a frequency of about 160 cycles per 
second for both variable and constant cycle loading. Figure 17 
shows a specimen and the test setup in the Vibrophore. 

The variable load cycle tests were carried out at effective root-
mean-cube stress ranges of 17.7 ksi (122 MPa), 19.3 ksi (133 
MPa), 23.7 ksi (163 MPa), 25.8 ksi (178 MPa), and 30 ksi (207 
MPa). The corresponding maximum stress ranges in the variable 
load spectrum were 28.5 ksi (196 MPa), 31.3 ksi (215 MPa), 
38.1 ksi (263 MPa), 41.5 ksi (286.6 MPa), and 48.3 ksi (333 
MPa). The mean stress varied between 30.7 ksi to 32.2 ksi (212 
MPa and 222 MPa) and was dependent on the resonant response 
of individual specimens. 

Constant amplitude tests were also carried out at stress ranges 
of 22 ksi (152 MPa), 24 ksi (166 MPa), 28.4 ksi (196 MPa), 
38.1 ksi (263 MPa), and 48.3 ksi (333 MPa). 

Because of the high frequency of loading, no effort was made 
to detect fatigue crack initiation. The fatigue life was defined 
by failure to maintain resonant loading on the test specimen. 
This generally corresponded to a crack about halfway through 
the plate thickness, as shown in Figure 18. 

Figure 13. Fatigue crack growth test setup. 

Figure 14. Mylar tape attached to plate surface. 
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Figure 17. Cruciform type specimen in test setup. 	 Figure 18. Typical cruciform specimen crack surface. 
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The findings of NCHRP Project 12-15(4) are summarized 
in this chapter. A detailed evaluation of the experimental data 
is given in Chapter Three. Documentation of the test results is 
provided in the tables in Appendix A. 

FATIGUE BEHAVIOR OF WEB ATTACHMENTS 

When the effective stress range of the applied stress spec-
trum was below the constant amplitude fatigue limit, both types 
of attachments either equaled or exceeded the fatigue resistance 
provided by an extension of the Category E' line at a slope of 
approximately three to one on a log-log plot. As long as a portion 
of the applied stress spectrum was above the constant amplitude 
fatigue limit (even though the effective stress range was below 
this limit), fatigue cracking occurred. This situation is graphi-
cally illustrated in Figure 1. The results suggest that all of the 
stress cycles contributed to the fatigue damage since the scatter 
in the test data is not much greater than that experienced with 
constant cycle tests. 

At web attachments where the welds wrapped completely 
around the gusset plate, the toe of the transverse fillet weld 
joining the plate to the web provided the fatigue crack initiation 
sites. At web attachments without such transverse welds, the 
termination of the longitudinal welds provided initiation sites. 
Fatigue cracking propagated from these sites because of the 
stress concentration that developed as a result of the geometric 
conditions and the greater probability of microscopic disconti-
nuities at the fillet weld toe. 

When the effective stress range was above the constant 
amplitude fatigue limit, both types of welded web attachments 
tested either equaled or exceeded the fatigue resistance provided 
by Category E' of the AASHTO Specifications when plotted as 
a function of the effective stress range, S,RMC,  versus life. 

FATIGUE BEHAVIOR OF COVER PLATES 

When the effective stress range of the applied stress spec-
trum was below the constant amplitude fatigue limit, similar 
behavior with regard to straight line extensions of the Category 
E and E' S-N lines was observed, which was comparable to the 
web details. Hence, as long as a portion of the stress range 
spectrum exceeded the constant amplitude fatigue limit, fatigue 
cracking occurred. At two cover plates where no stress range 
cycles exceeded the estimated constant amplitude fatigue limit 
for Category E, the cover plate details were found to have 
developed very small semielliptical cracks after 100 million 
cycles when the details were destructively broken open in an 
attempt to reveal cracking. These single semielliptical cracks 
were found to be about 0.04 in. (1 mm) deep. 

At cover plates where the welds wrapped completely  

around the cover plates, the toe of the transverse fillet weld 
joining the plate to the flange provided fatigue crack initiation 
sites. At cover plates without such transverse welds, the ter-
mination of the longitudinal welds provided the initiation sites. 
Crack propagation developed from these sites which are in a 
region of stress concentration. 

When the effective stress range was above the constant 
amplitude limit, both types of cover plate details either equaled 
or exceeded the fatigue resistance of Category E' when first 
observed cracking is used. The additional observed and esti-
mated life corresponding to severing the flange increased the 
fatigue life in all but two cases to at least halfway between the 
straight line extension of Categories E and E' sloped lines. Four 
details were near this midpoint. The 10 remaining details 
exceeded the lower limit provided by Category E. 

The results of the extreme life cover-plated beam details 
were found to be comparable to the results reported in NCHRF 
Report 188 (1) at the higher effective stress range levels (see 
Fig. 24). The three test results from that study that were acquired 
at a 3-ksi (21 MPa) effective stress range were also comparable 
to the extreme life results observed in this study. 

FATIGUE CRACK GROWTH UNDER RANDOM 
VARIABLE LOADING 

The test data indicated that the effective stress intensity factor 
derived from Eq. 2 provided reasonable correlation with the 
crack growth relationship developed for constant cycle tests 
when extrapolated into the low levels of crack growth rate. 
Additional work is needed at very low levels of AXR,, 

The variable amplitude crack growth threshold was found to 
be much lower than the constant cycle crack growth threshold. 
At the 0.8 R-ratio, the value tended to approach 2.2 ksi 
(2.4 MPa -j)  before the crack growth rate approached zero. 
The test results confirm that the average range of crack growth 
per cycle, da /dN. under random variable loading can be related 
to the crack growth relationship derived from constant ampli-
tude tests if the effective stress intensity range is estimated from 
Eq. 2. This relationship can be extended below the constant 
cycle crack growth threshold when some of the stress intensity 
range cycles in the variable amplitude stress spectrum exceeds 
the constant cycle crack growth threshold. 

The root-mean-cube effective stress intensity factor and crack 
growth behavior appear to be comparable to the behavior of the 
welded details. 

FATIGUE BEHAVIOR OF NONLOAD-CARRYING 
WELDS UNDER RANDOM VARIABLE BLOCK 
LOADING 

1. The limited constant cycle amplitude tests of the cruciform 
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type specimens subjected to bending were observed to provide 
a fatigue resistance that was near the upper bound of other tests 
on similar type specimens (20, 21). The results were analogous 
to the resistances reported by Albrecht (2), Goerg (20), and 
Mueller (21). 

2. The variable amplitude tests were found to plot near the 
upper bound of the constant cycle tests. The test results sug- 

gested a constant cycle fatigue limit of about 22 ksi (152 MPa). 
The variable amplitude data relationship to the constant cycle 
data was somewhat comparable to the observations reported by 
Tilly and Nunn (4) and Albrecht (2). Hence, all of the smaller 
simulated specimens tested to date tend to provide longer fatigue 
lives and higher fatigue resistance when subjected to random 
variable loading than do the beam type specimens. 

CHAPTER THREE 

RESULTS AND EVALUATION OF EXPERIMENTAL DATA 

During this experimental study, test data were acquired on 
welded web attachments and cover-plated beams subjected to 
random variable loading. The data included the applied stresses 
as measured by strain gages and correlated by bending theory, 
cycles at which fatigue cracking was first detected, cycles to 
failure, and observations on crack growth behavior. 

In addition to the beam fatigue tests, test data were also 
acquired on fatigue crack growth under random block loading. 
The test specimen used to acquire this information was an axially 
loaded plate specimen with two through thickness center cracks 
as shown in Figure 11. This permitted test data to be acquired 
from both cracks and optimized the data base as extreme num-
bers of repeated load cycles were applied. The crack growth 
rates of interest were in the crack growth threshold region when 

was less than 5 ksi ,j1 (5.5 MPa J) and the rate of crack 
growth was less than 10-6  in/cycle (10 mm/cycle). 

Bending tests are also reported on welded cruciform speci-
mens subjected to random variable block loading comparable 
to the crack growth specimens and several of the test beams. 
These loads produced fatigue crack growth at the transverse 
fillet weld toes of the short attachments that were welded to 
the plate surface. 

Each of these tests are discussed in detail in this chapter. 

FATIGUE BEHAVIOR OF WELDED WEB 
ATTACHMENTS 

Prior to conducting this test series, the only known fatigue 
tests on welded web attachments were summarized in NCHRP 
Report 227 (9). All of the available test data were acquired 
under constant cycle loading conditions. The results of those 
studies indicated that the fatigue resistance was reasonably de-
fined by Categories E and E' depending on the attachment 
geometry and attachment thickness. Figure 19 includes a sum-
mary of the available constant cycle test data on welded web 
attachments. 

During the cyclic loading of the beams tested in this study, 
cracking was observed to initiate at the toe of the transverse 
fillet weld joining the gusset to the web or the end of the 
longitudinal weld termination when the welds were not wrapped  

around the ends of the welded attachment. This was the point 
of greatest stress range and stress concentration due to the 
geometry of the fillet-welded connection and the site of micro-
scopic discontinuities at the weld toe. Cracks normally formed 
in the weld toe region, as shown in Figure 20, and propagated 
into the web. 

Figure 21 shows the growth of typical fatigue cracks into the 
girder web. In this particular case, because of the fabricator's 
placement of the web attachments on each web face, fatigue 
cracks were observed to form on two distinct planes, one from 
each side of the web. These can be seen in Figure 21 where 
semielliptical surface cracks are apparent from each surface of 
the web. 

Figure 22 shows another consequence of the gussets' place-
ment on each web surface. In this case, the fatigue cracks that 
formed on one side of the web propagated through the web and 
the weldments at the end of the attachment on the other side 
of the web. One semielliptical surface crack can be seen to have 
also propagated into the edge of the gusset plate on the opposite 
side of the web. 

A more typical condition is shown in Figure 23. Here the 
crack formed on one side of the web and propagated through 
the web penetrating adjacent to the weld toe on the opposite 
side forming a through crack. After further cracking up and 
down the web, the through crack was arrested by drilling holes 
at the end of the crack. The surface of one such hole can be 
seen in the lower portion of Figure 23. 

The experimental data acquired from the web attachments 
are summarized in Figure 19 and compared with the Category 
E and F fatigue resistance curves also shown in Figure 19. All 
of the web attachments that were tested either equaled or ex-
ceeded the fatigue resistance provided by Category E' or a 
straight line extension of F beyond the constant amplitude 
fatigue limits on a plot of effective stress range versus life. 

The exceedance levels of the web attachments are summarized 
in Table 1 for Categories E and F. The actual constant cycle 
fatigue limit is not well defined for web attachments. The value 
of 2.6 ksi (18 MPa) assigned Category E' is based on a fracture 
mechanics model of a cover-plated beam (13). 

Category F was the expected resistance condition based on 
the constant cycle test data which are also summarized in Figure 
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Figure 19. Web attachment experimental data. 

Figure 20. Typical surface crack at weld toe of web attachment. 
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Figure 21. Typicalfatigue crack development at web attachment 
(beam B3—easr attachment). 

Figure 23. Typicalfatigue crack development at web attachment 
(beam C2—middle attachment). 

Figure 22. Typicalfatigue crack development at web attachment 
(beam C2—east attachment). 
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19. The 0.358-in. (9 mm) web thickness and attachment size of 
the web details provided a Category E' condition. When the 
effective stress range for the applied stress range spectrum was 
below the constant amplitude fatigue limit, fatigue cracking still 
developed when a portion of the random variable loading spec-
trum exceeded the constant amplitude fatigue limit. 

FATIGUE BEHAVIOR OF WELDED COVER PLATES 

The only known fatigue data for welded cover-plated beams 
subjected to random variable amplitude loading are summarized 
in NCHRP Report 188 (1). Only six data points at S,RMC = 3.0 
ksi (20.7 MPa) and at 4.5 ksi (31 MPa) were acquired in the 
NCHRP Report 188 test program [SRMc  = 2.8 ksi to 4.2 ksi 
(19.3 MPa and 29.0 MPa)]. The remainder of the data is above 

S,RMC = 4.5 ksi (31 MPa). The results of those studies indicated 
that the fatigue resistance was reasonably defined by Category 
E. Figure 24 includes a summary of previous variable amplitude 
test data on welded cover plates. 

In this test program, two cracking mechanisms were observed. 
In all cases the cracking occurred at the cover plate ends per-
pendicular to the direction of bending stress in the flange. When 
the cover plates were attached to the flange with longitudinal 
welds only, cracking was observed at the termination of the 
weld in the form of a semielliptical surface crack. Figure 25 
shows such a crack at the longitudinal weld termination. When 
allowed to grow, this crack would develop into a through-
thickness crack as shown in Figure 26. In some cases, several 
cracks would develop on different planes at this weld termination 
and eventually grow into one larger semielliptical crack, as 
shown in Figure 27. 

The cracking mechanism is different for cover plates attached 
to the flange with a transverse weld in addition to the longi- 

tudinal welds. In this case, the transverse weld provides a mul-
tiplicity of initiation sites, and crack growth takes the form of 
several small semielliptical cracks coalescing into one long edge 
crack along the cover plate end at the transverse weld toe. 
Figures 28 and 29 show typical examples of such cracking at 
relatively small surface cracks. 

The experimental data acquired from the 16 cover plate details 
are summarized in Figure 30. The first column of symbols 
represents first observed cracking, while the second column 
represents severing of the flange. All of the cover-plated beams 
tested equaled or exceeded the fatigue resistance (defined by 
severing of the flange) provided by Category E'. 

Only two details on one beam failed at the Category E' re-
sistance curve. Four details were observed to fail at cycle lives 
bounded by the Category E' and E curves. The remaining 10 
details exceeded the lower limit provided by Category E. The 
test results exceedance levels corresponded to between 0 and 
10.16 percent of the cycles exceeding the Category E fatigue 
limit. No major trends were apparent that depended on the 
exceedance level. About the same behavior was observed when 
one in a thousand cycles exceeded the threshold as when one 
in ten exceeded it. 

The results in general were comparable and consistent with 
the results reported in NCHRP Report 188 (1) for tests run at 
higher effective stress range levels. 

The two cover-plate details on beam B1 were subjected to a 
stress range spectrum which contained no stress ranges exceed-
ing the constant amplitude fatigue limit. After 100 million total 
cyles, no visible cracking was observed. However, after destruc-
tively examining the details, two of the cover plate ends were 
discovered to contain very small semielliptical cracks [a = 0.04 
in. (1 mm)], as shown in Figures 31 and 32. These cracks were 
estimated to require an additional 100 million cycles to sever 
the flange. 
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Figure 24. Cover plate experimental data. 



Figure 26. Typical through crack at weld termination (beam C2—west cover plate). 

Figure 27 Cracking alorg difftrenz planes at weld termination (beam A2—west 
cover p1e). 
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west cover plate). 

Figure 31. Crack deecp it a1o.g transv€rse weld toe after 100 million cycles 
(beam BI—east cover ok te). 
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Figure 30. Cover plate experimental data. 
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Figure 32. Crack development along transverse weld toe after 100 million cycles 
(beam B] west cover plate). 

One other crack was discovered destructively on beam C2 
after 10.7 x 106  cycles. An estimated 32.3 x 10 variable stress 
cycles were predicted before the flange was severed on this beam. 
Beam Dl was subjected to between 60 to 70 million additional 
cycles after cracking was detected and the flanges were severed. 
This confirmed the adequacy of the estimated residual life based 
on the observed crack sizes and the effective stress range. 

FATIGUE CRACK GROWTH UNDER RANDOM 
VARIABLE LOADING 

The Amsler Vibrophore was used to acquire the fatigue crack 
growth test data. A 10-ton dynamometer was used and allowed 
a maximum load of 22-kips (98.5 kN) tension. The random 
block loading was controlled by a solid state storage device and 
clock that controlled the length of time of each individual stress 
block. Prior to applying the random loading, the cracks were 
started under constant cycle loading in order to provide a sharp 
initial crack condition. Friction grips were used to hold the 
specimen in the machine. Strain gages were mounted on the 
surface of each specimen in order to monitor the cyclic stress 
and ensure that no bending gradients were introduced into the 
specimen. 

The cyclic test parameters used for the various random var-
iable block loading are summarized in Table 2. Data were re-
corded at selected intervals by recording the number of cycles 
of load and the crack length. Tables A-3 to A-6 in Appendix 
A give the crack size, S,RMC, and the elapsed stress cycles. 

The test results were evaluated by relating the average rate 
of fatigue crack growth, da /dN, under the random variable 
block loading to the root-mean-cube of the stress intensity factor 
fluctuation zKRMC. The value of AK, was directly estimated 

Table 2. Test variables for fatigue crack growth studies. 

R 	S . * 	5 	* 	S 	 K 	SKm 	1K rm lrl 	rmax 	rRMC 	mm 	ax 

	

0.8 	2.50 	8.04 	5.04 	2.55 	8.19 	5.13 
to 	to 	to 	to 	to 	to 

0.84 	2.69 	1.69 	1.14 	3.66 	2.30 

	

3.55 	2.78 	8.92 	5.60 	5.30 	07.01 	10.67 
to 	to 	to 	to 	to 	to 

1.32 	4.23 	2.65 	1.96 	6.30 	3.95 

	

0.30 	4.07 	13.08 	8.21 	3.90 	12.53 	7.86 
to 	to 	to 	to 	to 	 to 

2.17 	6.95 	4.36 	2.40 	7.72 	4.84 

5During the progress of the test the stress range was decreased in 

10% increments to compensate for the increasing crack size and to 

approach the crack growth threshold. 

from the effective stress range for the variable cyclic stress 
spectrum. 

The results of the test data evaluation are summarized in 
Figure 33. Also shown is the upper bound crack growth rela-
tionship. 

da 
= 3.6 x 10 10  IK3 	 (5) dN 

suggested by Barsom and Rolfe for constant amplitude test data 
of ferrite-pearlite steel (9). This relationship has been extended 
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below the constant cycle crack growth threshold which is de-
pendent on the R ratio. At high R ratios, this value approaches 
3 ksi .fiii (3.3 MPa 

The results of da /dN and KRMC were compared with the 
upper bound crack relationship suggested by Rolfe and Barsom 
(10) in Figure 34. The comparison given in Figures 33 and 34 
demonstrated that the effective stress intensity range KRMc  is 
in good agreement with the relationship derived from Eq. 2. 

The random variable crack growth relationship was observed 
to correlate with the extrapolation of Eq. 5 to crack growth 
rates below the constant cycle crack propagation threshold, 

The test data plotted in Figure 34 are compared with the 
scatterbands observed by Klingerman and Barsom (11, 5). The 
random variable crack growth threshold can be seen to be sen-
sitive to the R-ratio, just as was observed with constant cycle 
tests. 

The crack growth behavior of the upper and lower crack was 
directly comparable as were the data acquired from AK de-
creasing and LK increasing. This can be seen in Figure 35 for 
the R = 0.55 test specimen. 

roi 

0 	 3 	 0 	0 

AKRMc ksi-/ 

Figure 33. Fatigue crack growth test data. 

Barsom 
Upper Crock (K- Decreasing) 

(constant loading and 
random leading using 	 C Upper Crack (K - lncreas,ng 

AKRM5) 	 A Lower Crack (K - Decreasing) 

l0 

do 
Klingerman 	(constant 	loading) 

on 

in./cycle 

10-7 Random Black Loading 

R=0.55 

Steel A36 
/2 

I O-  I 
I ° 0 	 100 	 1000 

K ksiI—inT 

Figure 34. Test data compared with scatter bands observed by 
Klingerman and Barsom. 
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dn 	 - 	Upper Crack 	 A A 
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A 

2 	 3 	4 5 8 7 8910 

KRMC ksi'/7. 

Figure 35. Data acquired from AK decreasing and AK increas-
ing. 
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Several constant amplitude crack growth tests were carried 
out on the A36 steel plate material for comparative purposes 
near the crack growth threshold. The procedures suggested in 
Refs. 6 and 7 were used to evaluate the crack growth threshold. 
The test results are summarized in Figure 36. For an R-ratio 
of 0.8, a threshold was observed at K = 3.5 ksi 	(3.8 MPa 
1Ji). An R-ratio of 0.3 and 0.55 gave a crack growth threshold 
of about 5.5 ksi E (6. MPa -J). These results are near the 
upper bound of the crack growth threshold described by Barsom 
and Novak (5). 

As can be seen in Table 2, only a relatively small percentage 
of the random variable block stress cycles resulted in stress 
intensity factor ranges that exceed the constant cycle crack 
growth threshold. Nevertheless, this resulted in fatigue crack 
growth and a significant lowering of the crack growth threshold. 
At the 0.8 R-ratio, the threshold was reduced from 3.5 ksi 

(3.8 MPa .,j)  to about 2 ksi jii (2.2 MPa 	At an 
R-ratio of 0.55, the threshold decreased from 5.5 ksi J 	(6 
MPa ji) to about 3.5 ksi Ji (3.8 MPa 

FATIGUE BEHAVIOR OF NONLOAD-CARRYING 
WELDS UNDER RANDOM VARIABLE BLOCK 
LOADING 

The Amsler Vibrophore was used to acquire fatigue test data 
of the nonload-carrying fillet welds under a bending type load-
ing, as shown in Figure 17. Crack growth was possible at either 
of the two weld toes that were perpendicular to the stress field. 
Figure 18 shows the configuration of the surface cracks that 
were observed to form under constant and variable loading in 
these specimens. 

AK MPa/ 

l06 	 • 	 i9_! 

The available constant cycle test data on similar bending 
specimens are compared with the results obtained in this test 
program in Figure 37. The crosses represent test data from Refs. 
20 and 21 on structural carbon steel (ST37 and A36) and on 
high strength low alloy steel (ST52). It is readily apparent that 
these small specimens provide wide variations in fatigue resist-
ance with the test data extending from the lower bound Category 
C line to beyond Category B. The five test results represented 
by the tests on A514 steel are indicated by the crossed circle. 
All of the tests are seen to fall near the upper bound of the test 
data from Refs. 20 and 21. The specimen tested at a stress range 
of 22 ksi (152 MPa) sustained 62 >< 106 cycles with no detectable 
crack growth at the weld toes. 

The variable amplitude test data are plotted in Figure 38 as 
crosses. It can be seen that they also provided fatigue resistances 
that were at or above Category B. Only two specimens plotted 
near the Category B line, and most specimens exceeded it by a 
large margin. One specimen tested at an effective stress range 
of 17.7 ksi and one at a stress range of 23.7 ksi did not exhibit 
any crack growth after 108 cycles, and testing was discontinued. 
These specimens were subsequently broken apart, and no evi-
dence of crack growth was observed. 

Also plotted in Figure 38 are the results obtained on direct 
tension specimen by Albrecht (2). These variable load tests also 
yielded fatigue resistances that were near Category B. Both 
submerged arc and manually made welds provided fatigue re-
sistances that were greater than the resistance of similar details 
attached to beam specimens. The small simulated specimens 
subjected to variable loading appear to provide slightly greater 
fatigue resistance when compared with the constant cycle spec-
imens than do the beam details. 

Constant Loading 
Steel A36 

Stress Ratio 0.8 

A Stress Ratio 0.55 	 0 

o Stress Ratio 0.3 
A0 A 
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•/ 0 

• 	
// 
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3 6x l00AK3 	
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in./oycie 	 dN 

• 	 0 • 

do 
- dn 
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A 
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0
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AK ksi./7  

Figure 36. Constant amplitude crack growth data. 
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Figure 37. Summary of constant amplitude fatigue test data on nonload-carrying fillet welds. 
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Figure 38. Summary of variable amplitude fatigue test data on nonload-carrying fillet welds. 

CHAPTER FOUR 

CONCLUSIONS AND APPLICATION OF RESULTS 

U- 

The results obtained from these variable amplitude tests are 
consistent with the previously reported constant amplitude tests 
(9, 12, 13, 14). However, the existence of a fatigue limit below 
which no fatigue crack propagation occurs is assured only if 
none of the stress range cycles exceed this constant amplitude 
fatigue limit. If any of the stress range cycles (as few as one per 
thousand cycles) exceed the constant cycle fatigue limit, crack 
propagation will likely occur. In this study, the percentage of 
cycles exceeding the previously defined constant amplitude fa-
tigue limit was varied from 0.10 percent to 11.72 percent. In 
all of these cases, fatigue crack propagation occurred. 

Two of the cover-plated details were subjected to a stress  

range spectrum which contained no stress ranges exceeding the 
constant amplitude fatigue limit. Even in these two cases, limited 
crack propagation occurred. This likely resulted because the 
constant cycle fatigue limit is not precisely defined. The test 
reported in Ref. 3 indicated that the constant cycle limit may 
be 0.2-0.3 ksi (1.4 to 2.1 MPa) lower than the value of 5 ksi 
(35 MPa) used for Category E. 

Therefore, for the fatigue analysis of details subjected to var-
iable amplitude loading (e.g., highway and railroad bridges), 
two parameters must be considered, the effective stress range 
and maximum stress range. Three different situations can be 
encountered: 
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Effective Stress Range > Constant amplitude fatigue limit 
Effective Stress Range < Constant amplitude fatigue limit 
Maximum Stress 	> Constant amplitude fatigue limit 

Range 
Effective Stress Range < Constant amplitude fatigue limit 
Maximum Stress 	< Constant amplitude fatigue limit 

Range 
As shown in Figure 39, the S-N curves developed for details 

subjected to constant amplitude loading can be used to estimate 
the fatigue life of details subjected to variable amplitude loading. 
For Case 1 in which the effective stress range S,RMC is greater 
than the constant amplitude fatigue limit, this effective stress 
range is used as the constant amplitude stress range in con-
junction with the constant amplitude S-N curve to determine 
fatigue life. In Case 2, the effective stress range is below the 
constant amplitude fatigue limit, yet the maximum stress range 
exceeds this limit; therefore, the effective stress range must be 
used in conjunction with a straight line extension of the sloping  

portion of the constant amplitude S-N curve to determine life. 
For Case 3, since all of the stress range spectrum is below the 
constant amplitude fatigue limit, none of the stress ranges should 
be damaging, and no fatigue crack propagation is expected. 

The results of this investigation verify the assumption made 
in Ref. 19 that the S-N curves developed for details subject to 
constant amplitude loading can be used to predict the fatigue 
life of details subjected to variable amplitude loading. This as-
sumption was also used to develop the extreme life loading 
condition in the AASHTO and AREA specifications. Further, 
the results can be used to assess the potential fatigue damage 
at bridge details if the nature of the stress spectrum is known 
as a result of normal truck traffic and known overloads. The 
damage due to permit loads that cause stress cycles to exceed 
the constant amplitude fatigue limit can be approximately as-
certained. Care must be exercised when estimating the magni-
tude of cyclic stress because the load distribution and impact 
are not likely to be as severe as used in the design calculations. 

Constant Amplitude S-N Curve 

Case I 

STRESS Constant Amplitude Srmax 	
Case Fatigue Limit 

SrRMC 

 RANGE 	

ght 7 Sr Line Extension 	 RMC  

of SN Curve 

CYCLES TO FAILURE 

Figure 39. Three cases of variable amplitude stress spectra. 

CHAPTER FIVE 

RECOMMENDATIONS FOR FURTHER RESEARCH 

1. In order to provide a larger, more comprehensive data 
base, additional full-scale random variable amplitude beam tests 
similar to those tested in this test program are required. 

The primary parameters under investigation are the root-
mean-cube effective stress range of skewed (i.e., Rayleigh-type) 
variable amplitude load distribution 

S,(a S 1)U3 

and the percentage of the loadings in the spectrum that exceed 
the constant amplitude fatigue limit. Effective stress ranges be-
tween 2 ksi and 4 ksi (13.8 MPa and 27.6 MPa) have been 
examined in this study with exceedances above the Category E 
or E' constant cycle fatigue limit varying between 0.1 percent 
and 12 percent of the total accumulated stress cycles. 

Other than the studies reported in NCHRP Report 188 (1), 
the small specimens reported by Albrecht (2), and the specimens 
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summarized by Tilly and Nunn (4), no other test data are known 
to be available particularly at the lower stress range levels. 

More such tests need to be run at lower values of the root-
mean-cube effective stress range to accurately assess the rela-
tionship between fatigue life and effective stress range under 
random loading. The effect of exceedance of the constant am-
plitude fatigue limit appears to be more severe than predicted 
when beam specimens are used. Therefore, more tests should 
be run with very small percentages of the load spectrum ex-
ceeding the currently accepted constant amplitude fatigue limit. 
Based on experience acquired from these tests, many of these 
tests may require 108 random variable loadings. 

2. Since the AASHTO Specification provisions were devel-
oped in NCHRP Report 147 (12), several major fatigue studies 
have been carried out on similar beam type specimens. Tests 
were carried out in East Germany (15), Japan (16), by the Office 
for Research and Experiments of the International Union of 
Railways (ORE-West Germany, Poland, England, Holland) 
(17), and here in the United States (1, 18). Also, during the last 
several years, a Task Committee of European Convention for 
Constructional Steelwork (ECCS) has been developing compre-
hensive specification provisions using the NCHRP studies and 
other supplementary work. All of this material needs to be 
reexamined to ascertain what changes are to be made, if any, 
in the AASHTO Specifications and to broaden the data base. 
Since the ECCS drafts have been submitted to the International 
Organization for Standardization (ISO), it would be beneficial  

to examine all of these data, so that our national codes can be 
related to the ISO provisions. The basic ISO fatigue design 
relationships have been developed by creating equally spaced 
S-N curves between base metal and cover plate beam members. 

3. A pilot study, on five full-scale girders, investigated for 
out-of-plane displacement-induced fatigue cracking, and sub-
sequent retrofitting, was included in NCHRP Project 12-15(2) 
(13). 

Since the study reported in NCHRP Report 206 has been 
carried out, numerous bridge structures have been discovered 
with displacement-induced web cracks. A recent survey has 
shown that cracks have formed in multiple girder bridges with 
diaphragms as well as the two girder-floor beam type of bridge 
structure. Hence, more basic fatigue data need to be developed 
for the web gap region. Retrofit schemes should also continue 
to be examined and tested to provide confidence and direction 
for bridge engineers. 

The only laboratory information known to exist for the web 
gap cracking is the pilot study reported in NCHRP Report 206. 
This study obtained information on the effect of gap length and 
the magnitude of out-of-plane displacement. The web cracked 
members were then subjected to cyclic loading after retrofit 
holes were installed. Questions have been raised on the ade-
quateness of the data base and on its direct applicability to web 
cracked structures, as the web was not displaced out-of-plane 
during the subsequent cyclic loading. Further research into the 
out-of-plane displacement-induced fatigue cracking problem and 
methods to retrofit is necessary. 
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APPENDIX A-TABLES 
Table A-i. Web attachments..  

Beam No. Detail End 

Cycles 9 
Retrofit 

(Through Crack) 
a;25 mm(l.Oin.) 

Cycles 8 
Completion of Test 

Al West West 22.9 x 10 

East 

Middle West 17.8 x 106 
26.1 x 

6 
10 

East 

East West 17.8 x 106 

East 15.5 x 106 

A2 West West 

East 19.0 x 106  

Middle West - 
26.1 x 

6 
10 

East ---- 

East West 

East 16.5 x 106 

51 West West 71.0 x 106 

East 

Middle West 6 
10 

East 
100.0 x 

East West 

East 70.0 x 106 

82 West West 40.5 x 10 

East 31.2 x 106 

Middle West 31.2 x 106 6 

East 35.7 x 10 6 
60.0x10 

East West 28.1 x 106 

East 

Cl West West 13.6 x 106  

East 11.9 x 106 

Middle West 9.1 x 106 
6 

East 
17.1 x 10 

East West 13.0 x 106  

East 16.8 x 106  

C2 West West 16.1 x 106 

East 15.7 x 106 

Middle West 13.0 a 106 
17.1 x 106  

East 

East West 13.6 x 106 

East 10.7 5 10 

Dl West West 103.6 a 106 

East 116.2 a 106  

Middle West 112.2 a 106 150 x 106  

East 112.2 a 106 

East West 127.0 a 106 

East 103.6 a 10 

D2 West West 110.0 a lO 

East 110.0 a 106  

Middle West 110.0 a 106 
120.0 

6 

inst 110.0 	a 	10 
a 10 

East West 110.0 a 	106 

Ea,fl 110.0 	a 	10N  

Table A-2. Cover plate details. 
Cycles 9 	 Cycles 9 

Beam No. 	Detail 	First Cracking 	Failure 

Al 	West 	21.4 a 106 	25.9 a 106 

	

East 	21.4 x 106 	30.6 a 106 

6  6  42 	West 17.5 x 10 17.5 a 10 

East 19.5 a 106  19.5 x 106  

51 	West 200.0 a 106 / Cracks Found 

6* (,by Destructive 
East 200.0 a 10 Testing 

6* 
B2 	West 28.1 a io6 120.0 x 10 

East 60.0 a 106  150.0 a 106 

106 7.25 a 106 Cl 	West 7.25 x 

East 7.25 a 106 7.25 x 106 

106 6  C2 	West 10.7 x 10.7 x 10 

East 
6" Cracks Found by 

44.0 x 10 
Destructive Test 

Dl 	West 80.0 a 106 150.0 a 106  

East 80.0 x 106  140.0 a 106 

D2 	West 	 60.0 a 10 6 
	

130.0 a 106  

East 	 60.0 a 106 	130.0 a 106  

5tstimated life based on size of crack found by destructive testing 



Table A-3 
Specimen No. 	1 - Upper Crack 
Width of Specimen - 3.5 	B - 	.25 
StressRatio - 	.55 
AN - .19 

Srd/Srm  (S - Si)/Sd rmax 

No. A(in.) N(Cvcles) SrRNC 

1 .4075 0 

2 .4575 582000 5.55 

3 .493 1.375008+06 5.00 

4 .5325 2.248008+06 4.50 

5 .53875 2.616008+06 4.05 

6 .5425 2.80000E+06 3.64 

7 .55125 3.44700E+06 3.64 

8 .5555 4.06500E+06 3.64 

9 .565 5.013008+06 3.64 

10 .57 6.296008+06 3.28 

11 .575 7.48600E+06 3.28 

12 .5785 9.424008+05 2.95 

13 .59525 1.61620E+07 2.95 

14 .6125 3.352408+07 2.65 

15 .62 3.643108+07 2.95 

16 .63075 3.97190E+07 2.95 

17 .6345 4.06290E+07 3.28 

18 .6405 4.139808+07 3.28 

19 .652 4.234808+07 3.4 

20 .65875 4.28720E+07 3.43 

21 .67325 4.34950E+07 3.89 

22 .68725 4.40070E+07 3.89 

23 .70575 4.44110E+07 4.36 

24 .7085 4.44740E+07 4.36 

25 .7425 4.462608+07 7.35 

26 .78075 4.503608+07 4.72 

27 .82575 4.536708+07 5.28 

28 .85825 4.55000E+07 5.60 

Note: 1 inch = 25.4 non 
1 ksi = 6.895 Npa 

Table A-4 
Specimen No. 2 - Lower'Crack 
Width of Specimen = 3.5 8 	.25 

Stress Ratio 	.8 
AN = 	.19 
rd'rm 

5 	(Sm00 - SIIN)/Sd - 	3 

No. A(im.) N(Cycles) 5rR1IC 

1 .2775 0 

2 .30675 685000 4.85 

3 .3305 1.44900E+06 4.32 

4 .3415 2.273008+06 3.92 

5 .36 3.63600E+06 3.53 

6 .3805 5.568004+06 3.18 

7 .3875 5.80600E+06 2.86 

8 .401 7.94400E+06 2.86 

9 .41625 1.00100E+07 2.58 

10 .41625 1.31340E+07 2.32 

11 .425 1.89050E+07 2.09 

12 .4205 1.890508+07 2.58 

13 .435 2.04460E+07 2.58 

14 .453 2.30520E+07 2.58 

15 .469 2.669408+07 2.32 

16 .492 3.44880E+07 2.09 

17 .5109 4.865008+07 1.97 

18 .5355 8.15690E+07 1.77 

19 .56775 9.514108+07 1.88 

20 .58775 9.889508+07 2.09 

21 .603 1.00374E+08 2.32 

22 .62 1.012448+08 2.58 

23 .641 1.02219E+08 2.86 

24 .6535 1.024788+08 3.18 

25 .66075 1.026844+08 3.18 

26 .673 1.03113E+08 3.18 

27 .695 1.03420f+08 3.53 

28 .74 1.036798+08 4.23 

29 .741 1.040098+08 4.36 

Note: 1 inch = 25.4 mm 
1 ksi = 6.895 NP0 

25 
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Table A-5 
Specimen No. 2 - Upper Crack 
Width of Specimen = 3.5 B = 	.25 
Stress Ratio .8 
AN = .19 
Sd/S 	.5 (S 	- S)/S  = rm  rmx rd  

No. A(in.) N(Cycles) SrRNC  

1 .3025 0 

2 .3305 685000 5.04 

3 .35925 1.449000+06 4.69 

4 .3765 2.27300E+06 3.96 

5 .398 3.63600E+06 3.53 

6 .42675 5.56800E+06 3.18 

7 .43925 6.806000+06 2.86 

8 .4575 7.94400E+06 2.86 

9 .47375 1.00100E+07 2.58 

10 .49325 1.31340E+07 2.32 

11 .5145 1.89050E+07 2.09 

12 .52425 2.42320E+07 1.88 

13 .5245 2.59730E+07 1.69 

14 .53925 3.41660E+07 1.69 

15 .5555 4.502600+07 1.73 

16 .5555 9.82470E+07 1.68 

17 .56 1.116470+08 1.78 

18 .567 1.264210+08 .1.69 

19 .572 1.31711E+08 1.69 

20 	- .582 1.584310+08 1.62 

Note 	1 inch = 25.4 mm 
1 ksi 	6.895 MPa 

Table A-6 
Specimen No. 3 - tipper Crack 
Width of Specimen 	3.5 8 	.25 
Stress Ratio = 	.3 
AN = 	.19 
rd'rn - Srmin)/Srd rnax 

Sn. A(in.) N(Cvcles) 

1 .2535 0 

2 .271 20300 8.21 

3 .29 433000 8.21 

4 .3055 777000 7.39 

5 .319 1.31100E+06 6.04 

6 .339 4.17200E+06 5.80 

7 .345 1.33330E+07 5.38 

8 .3595 1.70050E+07 5.38 

9 .3685 2.81930E+07 4.77 

10 .3695 7.128600+07 4.36 

11 .371 8.73230E+07 4.78 

12 .464 9.053500+07 5.38 

13 .502 9.11190E+07 5.38 

14 .5215 9.126500+07 5.98 

15 .5455 9.15590E+07 5.26 

16 .569 9.207700+07 4.85 

17 .594 9.35460E+07 4.36 

18 .599 9.533800+07 3.92 

Note 	1 inch = 25.4 non 
1 ksi 	6.895 MPa 

Table A-7. Nonload-carrying welds under variable amplitude. 

S rein S 
roan S mean S 

rRNC 

(ksi) (ksi) (ksi) (ksi) N 

7.48 28.46 31.61 17.67 100,000,000+ 

11.88 38.12 31.02 23.67 7.025,000 

12.18 38.12 31.37- 23.67 100,000,000+ 

15.42 48.31 30.95 30.0 1,251,000 

15.51 48.31 31.96 30.0 991,000 

12.27 41.50 32.21 25.79 677,000 

12.19 38.12 30.73 23.67 4,408,000 

9.20 31.30 30.90 19.33 1,637,000 

Table A-8. Nonload-carrying welds under constant amplitude. 

S S 
-S-Son --S 

(ksi) (ksi) 

31.22 38.12 502,000 

30.87 38.12 379,000 

30.85 48.31 368,000 

30.15 28.46 1,199,000 

30 22 62_63n106 

7ote 	1 ksi = 6.895 MPa 

*At 	45,699,000 cycles the S mean = 29.57 ksi for the dsratiom of the tent 

+No  apparent cracking 
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