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FOREWORD This report contains the findings of an extensive laboratory evaluation of the 
fatigue behavior of welded steel bridge members. The recommendations are immedi- 

	

By Staff 	ately applicable and will be of interest to engineers, researchers, members of speci- 

	

Transport ation 	fication writing bodies, and others concerned with the design, construction, and 

	

Research Board 	maintenance of steel structures. 

Relatively large reductions in fatigue strength of many welded details occur 
when cracks initiate and grow from the micro-sized dects 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," and 
NCHRP Report 188, "Welded Steel Bridge Members Under Variable-Cycle Fatigue 
Loadings." 

Recently, fatigue cracking has been observed in the. field at a number of 
different structural details. In one instance, complete fracture of a tension flange 
followed fatigue crack growth at the toe of a transversely welded cover plate in 
a 1 3-year-old bridge. Subsequent inspection of 15 other cover-plate ends in the 
same bridge revealed that the two beams adjacent to the cracked member were also 
cracked through about one-half the flange thickness. Smaller fatigue cracks were 
detected at several other cover-plate ends. 

This report combines the results of two studies. NCHRP Project 12-15, 
"Detection and Repair of Fatigue Cracking in Highway Bridges," demonstrated 
that either peening the weld toe or applying a gas tungsten arc remelt process can 
be successful in improving fatigue strength in the laboratory. Two state-of-the-art 
reports completed as part of this study are included in Part II of this report. Exist-
ing methods of nondestructive inspection are described in Appendix A and their 
reliability and adaptability for detection of fatigue cracks in welded highway 
bridges are evaluated. Typical existing and currently designed welded bridge 
details are reviewed in Appendix B and those most susceptible to fatigue crack 
growth are classified. 

NCHRP Project 12-15(2), "Retrofitting Procedures for Fatigue-Damaged 
Full-Scale Welded Bridge Beams," included further work on peening and the gas 
tungsten arc remelt process; this study also (1) demonstrated the applicability of 
these methods in the field, (2) provided, new test data on the low stress-range 
behavior of full-size bridge beams, ahd (3) examined the fatigue strength of beams 
with cracks at the ends of transverse stiffeners. Recommendations based on the 
tests of full-size beams were used to modify the fatigue provisions of the AASHTO 

Standard Specifications for Highway Bridges during 1978. 
Additional NCHRP research on fatigue of steel bridge members is in progress 

at Lehigh University. Project 12-15(3), "Fatigue Behavior of Full-Scale Welded 
Bridge Attachments," is scheduled for completion in March 1980 and will examine 
the fatigue strength of beams with attachment plates welded to both webs and 
flanges. Further work on the effectiveness of peening and gas tungsten arc re-
melting fatigue damaged connections is also included in this experimental program. 
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DETECTION AND REPAIR OF FATIGUE DAMAGE IN 
WELDED HIGHWAY BRIDGES 

SUMMARY 	The research described in this report combines the results of studies performed 
under NCHRI' Projects 12-15 and 12-15 (2). It is intended for use in improving 
the fatigue resistance of details susceptible to fatigue damage when crack growth 
occurs at weld toes. The research consists of laboratory and field studies on post-
weld treatments of the termination of welded cover plates. Three treatments were 
examined: grinding, peening, and gas tungsten arc remelting. These processes were 
applied to as-welded details prior to testing and to details that had experienced 
crack growth prior to the treatment. Two of the methods were also used to 
retrofit fatigue-damaged bridge members. In total, 22 details were tested with 
ground cover-plate ends, 55 details were peened, and 56 details were treated with 
gas tungsten arc remelting. 

Gas tungsten arc remèlting at the weld toe termination was observed to provide 
a reliable and consistent method of improving the fatigue strength in the as-welded 
or previously precracked condition. In a few instances, the initial crack was not 
removed and application of the gas tungsten arc remelt process did not succeed in 
completely fusing the fatigue crack—and no improvement was observed. These 
cases were encountered before procedures were developed to obtain a suitable 
depth of penetration. In field application, the method was more difficult to execute" 

Peening the weld toe was observed to be most effective when the minimum 
stress was low. This was true for as-welded and precracked details, and appeared 
to be directly related to the compressive residual stresses introduced by the. peening 
process. When peening was carried out on unloaded beams, the application of a 
high minimum stress and/or high stress range decreased the effectiveness of the 
residual compressive stresses that were introduced. Several tests were carried 
out on beams that were peened under a simulated dead-load condition. Under 
these conditions about the same improvement was noted at both high and low 
minimum (dead-load) stress levels as at higher stress range levels, thus indicating 
that peening can be used to retrofit existing bridges where the dead load is in place. 

Grinding the weld toe with a burr to provide a smooth transition and minimize 
The size of the initial discontinuities was the least reliable method. Some improve-
ment was noted at the lower stress range levels, but none was observed at the 
highest level of stress range. Similar results obtained by other investigators in 
earlier studies on as-welded details corroborated the fact that erratic behavior 
could be expected. As a result of the laboratory experience, grinding was not used 
to retrofit fatigue-damaged members in the field. 

Peening and gas tungsten arc remelt passes applied to fatigue-damaged 
weld-toe regions can be used to retrofit full-size beams. Both retrofitting methods 
can also be carried out under field conditions and on A36 and A588 steel. Peening 
is a reliable method for small cracks; the gas tungsten arc remelt process is pre-
ferred for slightly larger cracks. Cracks that are deeper than 6 mm (0.25 in.) 
cannot be completely removed by the gas tungsten arc remelt process. Both 
procedures can improve fatigue life by no more than one design category because 
the improvements are not able to prevent failure from the weld root. 

During the. test program efforts were made to detect the small microcracks 
that form and grow at the weld toe termination. Generally, these cracks could be 
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detected at about the saIiw stage of growth by ultrasonic inspection, using a shallow 
surface wave; and by visual inspection, using a lox magnifying glass. These 
cracks were usually about 6 mm (0.25 in.) long when detected and were estimated 
to be about 1.6 mm (0.063 in.) deep. Smaller cracks at the weld toe were detec-
table only by destructive examination. 

The laboratory-developed retrofitting procedures were also applied at the 
Yellow Mill Pond Bridge. The Yellow Mill Pond Bridge complex was erected in 
1956-57 and is located on the Connecticut. Turnpike (Interstate 95) in the city of 
Bridgeport. This bridge complex consists of 28 simple-span, cover-plated, steel-
beam structures crossing the Yellow Mill Pond channel (14 in each direction of 
traffic). The spans vary in length from 34.595 m to 34.640 m (113 ft 6 in. to 
113.ft613/16  in.). 

Forty cover-plate details were inspected for fatigue cracking using visual, 
magnetic particle, dye penetrant, and ultrasonic methods. The field inspection 
showed that cracks can be detected best by visual means with a iox magnification 
after the region has been blast cleaned. Fourteen cover-plate ends were repaired 
by peening and 11 by gas tungsten arc remelt. 

The test data for the untreated, full-size cover-plate details show that beams 
with flange thickness greater than 20 mm (0.8 in.) have less fatigue resistance 
than Category E. of the .1977 AASHTO Standard Specifications for Highway 
Bridges. A new, lower bound fatigue resistance (stress Category E') was con-
structed on the basis of the test results and estimtaes from a mathematical model, 
and it was adopted by AASHTO in 1978. 

Out-of-plane displacements in web gaps with lengths between 10 and 20 
times the web thickness resulted in fatigue cracks if the cyclic movement exceeded 
1 / 1000 times the gap length. At gaps equal to 5 times the web thickness fatigue 
cracks developed when the cyclic movement exceeded 1/2000 times the gap 
length. The cracks at the end of the stiffeners or along the web-flange fillet weld 
can be satisfactorily retrofitted by drilling holes at the tips of the cracks. No 
crack growth could be observed under normal cyclic loading after retrofitting in 
this manner. 

A pilot study was carried out on web details that simulated penetration of a 
girder flange through the web. This detail was found io have less fatigue resistance 
than the full-size cover-plated beams. Fatigue cracking occurred at stress range 
levels well below Category E'. These results suggest that such details should not 
be used on bridges. 

CHAPTER ONE 

INTRODUCTION. AND RESEARCH. APPROACH 

BACKGROUND 	 discontinuities that exist at the weld periphery. The results 

It is known from previous fatigue studies (1, 2, 34) on 	of this work on the behavior of welded built-up details 

steel beams with welded cover plates and other types of 	have been used to define the fatigue strength over a wide 
welded attachments that relatively large reductions in 	range of design life (1, 2), and this information has been 
fatigue strength occur for most of these details when the 	used to develop specification provisions for welded details 
fatigue cracks initiate and grow from the small micro-sized 	in the as-welded conditions (3). 



The possibility of fatigue cracking under relatively high 
stress range conditions has been demonstrated by the cover-
plated steel-beam bridges included in the AASHO Road 
Test (4), and, recently, fatigue cracking has been observed 
in the field at a number of different structural details. In 
one instance, complete fracture of a tension flange followed 
fatigue crack growth at the toe of a transversely welded 
cover plate in a 13-year old' multiple-beam bridge at Yellow 
Mill Pond, Bridgeport, Conn. (5, 27). Subsequent inspec-
tion of 15 other cover-plate ends in the same bridge 
revealed that two beams adjacent to the cracked member 
were also cracked through one-half the flange thickness. 
Smaller fatigue cracks were detected at several other cover-
plate ends. 

Stress measurement data on two of the Yellow Mill Pond 
spans have shown that the peak stress range (for tension, 
stress range is based on nominal load per section area; and 
for bending, on nominal fiexure fiber stress) varied from 
24.1 MPa (3.5 ksi) to 47.6 MPa (6.9 ksi). The fatigue 
(endurance) limit for cover-plated beams was derived from 
laboratory studies as 34.5 MPa (5 ksi)—see AASHTO 
Category E. Because nearly all stress range excursions were 
below this value, no fatigue cracking was expected to occur 
(5). The formation of cracks, however, pointed out the 
need to examine the fatigue strength of full-size members 
and methods for improving (upgrading) the fatigue strength 
of welded joints without changing the design detail. 

As noted earlier, experimental studies have established 
that fatigue crack growth commences at some initial 
discontinuity. In welded details, small sharp discontinuities 
exist at the weld periphery or in the weld metal of fillet and 
groove welds, and crack growth has invariably started at 
these discontinuities when they are perpendicular to the 
applied stress. Because of this, studies should be undertaken 
to examine techniques to improve fatigue resistance and/or 
repair the fatigue damage of details that experience crack 
growth from weld terminations. 

Until the early 1970's, there were no reported or known 
problems with welded bridge structures that could be 
associated with out-of-plane displacements causing second-
ary web bending stresses. These cracks were first observed 
at the ends of cut-short transverse stiffeners (6). 

Unfortunately, common practice in design did not con-
sider the type of behavior that caused cracking at the ends 
of cut-short stiffeners and web connection plates on welded 
built-up bridge 'members (3, 36, 37). Experience with 
welded structural components in bridges is not as extensive 
as with riveted construction. Although extensive research 
has been undertaken on welded stiffened girders, the type of 
behavior that has caused cracking was not considered. 

Most displacement-induced secondary stress problems 
that result in fatigue crack growth are difficult, if not 
impossible, to anticipate because they involve the true 
behavior of a structure rather than the assumed design 
behavior. These differences are only critical in very local 
regions, which the design idealization cannot account for. 
Experience accumulated over extended periods of time is 
the only way such problems are uncovered and subsquently 
solved. This was also true with respect to riveted con-
struction—an example is the behavior of riveted web angle  

shear connections. It was only after they were in use for 
many years that cracks started to occur from the prying that 
developed because of end rotation of the connected mem-
ber. This led to studies made by Wilson (7) and designs 
suggested that attempted to minimize the effect of restraint 
in riveted web angle connections (8). 

Thus, the lack of information on the out-of-plane move-
ment at web gaps called for research to establish the rela-
tionship between gap length, magnitude of displacement, 
and cycle life; and to provide information on retrofitted 
details, as well. 

The cracking of steel box girders on the Dan Ryan Ele-
vated (26) indicated that information was also needed 
on details at intersecting members, particularly when the 
flange of one pierces the tension area of the web of the 
intersected member. Because comparable details exist on 
other bridges, it was desirable to acquire informatfon on 
their fatigue resistance. 

OBJECTIVES AND SCOPE 

In view of the gaps that existed in the state of the knowl-
edge of welded details, the following objectives were 
formulated as part of NCHRP Projects 12-15 and 
12-15(2): 

To compile a state-of-the-art review of existing 
methods of nondestructive inspection and evaluate the 
reliability and adaptability of these methods to the detection 
of fatigue cracks in welded highway bridges. This review 
was reported in NCHRP Research Results Digest 66 (41) 
and is also provided in Appendix A of this report. 

To compile a state-of-the-art review of typical welded 
bridge details and evaluate those most susceptible to fatigue 
crack growth. This review was to identify potentially low 
fatigue strength details that may experience fatigue crack 
growth. The review was published as NCHRP Research 
Results Digest 59 (42) and is also included in Appendix B. 

To review and evaluate methods for improving the 
fatigue life and arresting the progress of fatigue damage 
that occurs at the weld toes of severe notch producing 
details where the probability of failure is greatest. The 
methods were to be evaluated by tests of as-welded and 
fatigue-damaged cover-plated beam specimens. The experi-
mental variables were to include crack size at the time of 
repair or improvement, methods of improvement, stress 
range, and minimum stress. 

To define the fatigue strength of full-size cover-plated 
beams and verify the applicability ,of the retrofitting meth-
ods to full-size bridge members in the laboratory. 

To perform a detailed inspection and retrofit of the 
eastbound and westbound bridges in span 10 at Yellow 
Mill Pond in Bridgeport, Conn., to verify the applicability 
of the retrofit methods to fatigue-damaged welded highway 
bridges. 

To define the fatigue behavior of web gaps subjected 
to out-of-plane displacements. The influence of fatigue 
cracks in the web gap that had been retrofitted by drilling 
holes at the crack tips and then subjected to cyclic loading 
was to be evaluated. 

During the initial experimental research program, 60 
small, steel cover-plated beams were tested in either the 
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as-welded or precracked condition to determine the fatigue 
strength of these details when treated by techniques in-
tended to extend their fatigue life. (The beams were iden-
tical in size and configuration to those fabricated and used 
on NCHRP Project 12-7 (1).) Three of the most success-
ful methods reported in the literature were used for this 
purpose (9-14). They included: (1) grinding the weld 
toe to remove the slag intrusions and reduce the stress 
concentration, (2) air-hammer peening the weld toe to 
introduce compression residual stresses, and (3) remelting 
the weld toe using the gas tungsten arc process (GTA), 
also commonly referred to as the TIG, or tungsten inert 
gas process. 

To further verify the suitability of the two most promis-
ing retrofitting methods, 16 full-size cover-plated beams, 
identical in size to many beams at Yellow Mill Pond, were 
tested. They were tested to determine the fatigue strength 
of these full-size as-welded members and to further assess 
the merits of retrofitting fatigue-damaged details by peening 
the weld toe or applying gas tungsten arc remelt to the 
cracks at the weld toe. (Several earlier tests on full-size 
beams had indicated that their fatigue strength was less than 
that observed on earlier tests on smaller size beams (15).) 
The test program carried out under this task was also to 
assist in defining the fatigue resistance of full-size beams 
with cover plates. The beams were tested under constant 
amplitude cyclic loading similar to that used in NCHRP 
Project 12-7 (1, 2). Tests were also made to define the 
behavior of web gaps at the end of transverse stiffeners or 
connection plates. Five previously tested, welded built-up 
girders were repaired and used for this study. Additional 
transverse plates were welded to the web with varying gap 
sizes. Altogether 48 web gap details were examined. After 
cracks were formed by subjecting these girders to out-of-
plane displacements, holes were drilled at the crack tips. 
Thereafter, cyclic bending stresses were applied to evaluate 
the effectiveness of the retrofitted cracks. 

RESEARCH APPROACH 

Laboratory Tests 

Fatigue cracks in the laboratory, as well as in the field, 
are difficult to repair. Often, welded repairs crack again 
after only a few years of service. Repairing the cracked 
detail by bolting splice plates across the cracked member 
to reduce the stress intensity at the crack tip and transfer 
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Figure 1. Schematic of test setup and member details used to 
evaluate retrofitting  methods. 

the stresses around the cracked plate is a reliable but costly 
method of repair. 

In consideration of these problems, laboratory tests were 
conducted to determine ways to improve fatigue strength. 
Three methods to improve fatigue life were examined: 
(I) grinding the weld toe, (2) peening the weld toe, and 
(3) remelting the weld toe using the gas tungsten arc 
process. Because the studies reported in NCHRP Report 
102 and NCHRP Report 147 indicated that type of steel 
was not a significant variable, it was assumed that this 
condition also existed for the welded details of this study 
and all specimens were fabricated from A36 or A588 steel. 

The improvement methods selected in this study had been 
successfully applied by other investigators to a variety of 
details in the as-welded condition, and improvements of 
100 to 200 percent have been observed when these same 
details were subjected to cyclic loading following applica-
tion of these treatments. However, no studies on fatigue-
damaged members were known and it was desirable to 
extend the applicability of these methods to these details. 

In addition to the studies on methods to retrofit fatigue-
damaged members, experimental data were also acquired 
on as-welded full-size cover-plated beams, on details simu-
lating the penetration of a' girder web with a beam flange, 
and on the relationship between cyclic out-of-plane dis-
placement at web gaps and the length of the gap. 

Tests on Small Cover-Plated Beans 

Altogether 60 cover-plated beams, identical to the basic 
series reported in Ref. 1, were fabricated and tested. The 
beams with cover plates were A36 steel, W14 X 30, 
3200 mm (10 ft 6 in.) long and tested on a 3048-mm 
(10-ft) span under three-point loading, as shown in Figure 
1. Coupon tension specimens (ASTM-A370) gave a yield 
point of 251.7 MPa (36.5 ksi) for the flange material and 
of 275.8 MPa (40 ksi) for the web. The tensile strength 
was 432.3 MPa (62.7 ksi) for the flange and 437.8 MPa 
(63.5 ksi) for the web (16). 

For each test series, stress range and minimum stress 
were selected as the controlled stress variables. The nominal 
flexural stresses in the base metal of the' tension flange 
adjacent to the end of the cover-plate termination were used 
as the design stress variable. Most of the tests were made at 
a 68.9-MPa (10-ksi) level of minimum stress. A few tests 
were also run at a 13.8-MPa (2-ksi) minimum stress level 
to provide some indication of the influence of the minimum 
stress condition. The experiment design is shown in 
Figure 2. 

Because the fatigue strength of cover-plated beams in the 
as-welded condition had been documented in NCHRP 

Report 102 (1) and NCHRP Report 147 (2), it was con-
venient to use an identical specimen for the improvement 
and repair methods used in this study so that direct cor-
relations could be made. This provided a means of 
assessing the effectiveness of the repair or improvement 
procedure. 

Three basic series of tests were conducted. Series I was 
for cover-plated beams in the as-welded condition, and 
Series II and III involved beams that had been precycled 
to predetermined numbers of cycles or crack sizes. The 



three improvement procedures were applied in each of 
these series. For Series I beams in the as-welded condition, 
the ground, peened, and, gas tungsten arc remelt specimens 
were designated as GA, PA, and TA series specimens. For 
Series II precracked  beams, designations of GL, PL, and 
TL were used for beams that were subjected to cyclic 
loading until 75 percent of the lower confidence limit of 
the as-welded details was reached. At this stage of loading, 
visible cracks were detected on a number of beams. For 
Series Ill, designations of GV, PV, and TV were used for 
beams precycled to a visible crack. This crack was usually 
less than 19 mm (0.75 in.) long on the surface of the 
flange at the transverse weld toe. Its depth was estimated 
to be between 1.6 mm (0.063 in.) and 3 mm (0.125 in.). 
Examination of the fracture surfaces of the GV and PV 
beams indicated that the larger surface cracks were a 
combination of shorter cracks that had coalesced or linked 
up. Only two beams were observed to have visible cracks 
before 75 percent of the lower confidence limit was 
reached. 

Each beam series was arranged in a partial factorial 
experiment defined by the stress variables. The specimens 
that were treated by grinding at the weld toe were tested 
only at the82.7-MPa (12-ksi) and 171.0-MPa (24.8-ksi) 
stress-range levels. 

All beams were fabricated by a local fabrication shop. 
The fabricator was instructed to use normal fabrication 
and inspection procedures. Each rolled beam section was 
produced from the same heat. The sections were cut to 
length, and cover plates were welded to each flange. The 
cover plates were 14 mm (0.563 in.) thick and 1219 mm 
(4 ft) long. Six-mm (0.25-in.) fillet welds were placed 
along each side of the cover plates and were made 
simultaneously by the automatic submerged-arc process. 
The 6-mm (0.25-in.) transverse fillet welds at the cover-
plate ends were made manually by the gas metal arc process 
and were continued around the cover-plate end for a 
distance of about 19 mm (0.75 in.) to avoid leaving a 
crater at the cover-plate end. 

Tests on Full-Size Cover-Plated Beams 

The 16 full-size beams tested in this project were rolled 
W36 X 230, A36, and A588 steel beams. They were 6036 
mm (20 ft) long and tested on a 5791-mm (19-ft) span 
under four-point loading, as shown in Figure 3. The beams 
for each grade of steel were from the same heat. The 
sections were cut to length, and the 32-mm X 305-mm 
X 2286-mm (1.25-in. X 12-in. >< 7-ft 6-in.) cover plates 
were welded to both flanges. The girders were fabricated 
by a local fabricator, who was instructed to use normal 
bridge fabrication techniques and inspection procedures. 

The mechanical properties given by the mill report show 
a yield stress of 295.8 MPa (42.9 ksi) for the A36 steel 
and 397.8 MPa (57.7 ksi) for the A588 steel. The tensile 
strength was 433.0 MPa (67.8 ksi) for the A36 steel and 
546.8 MPa (79.3 ksi) for the A588 steel. Charpy tests 
provided the 20-joule (15-ft-lb) energy level for the A36 
steel at -1 C (30 F), and the 0.38-mm (0.15-mit) lateral 
expansion transition temperature was at 6 C (43 F). The 
23-joule (17-ft-lb) energy level for the A588 steel was at 
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Figure 2. Experiment design-small-size cover-plated beams. 

-68 C (-91 F), and the 0.38-mm (0.15-mil) lateral 
expansion transition temperature was at -67 C (-89 F) 
(17). 

The 13-mm (0.5-in.) fillet welds were placed along each 
side of the cover plates and were made simultaneously by 
the automatic submerged-arc process. The transverse fillet 
welds at the cover-plate ends were made manually by the 
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Figure 3. Schematic of test set up and member details-
full-size beam. 



gas metal arc process and were continued around the 
cover-plate end for a distance of about 25 m (1 in.) to 
avoid leaving a crater at the cover-plate end. 

Test Specimens—Out-of-Plane Displacement at Web Gaps 

Five girders, previously tested under cyclic loading in 
FHWA Project DOT-FH-11-8271, were used for these 
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tests. The girders were welded built-up sections of either 
A36, A514, or A588 steel (15). Any detectable fatigue 
cracks were repaired prior to welding additional attach-
ments to the girder webs. Smaller cracks were repaired 
by air-arc gouging and then welding; larger cracks were 
repaired by groove welding a specially machined piece into 
the flange at the cracked area. The weld reinforcement was 
ground smooth. 

Forty-eight vertical stiffeners, 89 mm X 13 mrh X L 
(3.5 in. X 0.5 in X L), were welded manually on one side 
of the beams, and the weld was sometimes continued 
around the end of the stiffener. Figure 4 shows a schematic 
of a typical beam with added stiffeners. 

Test Specimen for Web Penetration by a Flange 

To determine the fatigue behavior of a web penetration, 
4 full-size cover-plated beams were prepared with this 
detail. The rectangular slots containing the inserted steel 
plate were flame-cut 57 mm X 413 mm (2.25 in. X 16.25 
in.). A 51-mm >< 406-mm )< 203-mm (2-in. X 16-in. X 8-
in.) plate was inserted into the slot, as shown in Figure 5. 
A 13-mm (0.5-in.) fillet weld was used to attach the steel 
plate to one side of the girder web. No weld was placed on 
the other side of the web. This particular configuration 
was selected because it represented a comparable detail in 
a particular structure where cracks were observed. Five 
details in total were fabricated. 

Two slots were cut into a girder web and left open. No 
special treatment was provided to the flame-cut edges, and 
sharp reentrant corners existed. 

Test Procedures 

All beams were tested on the dynamic test bed in the 
Fritz Engineering Laboratory at Lehigh University. The 
cyclic load was applied with an Amsier, variable stroke 
hydraulic pulsator operated. at a constant frequency of 
260 or 520 cycles per minute (cpm), depending on the 
stress range. The loading cycle was sinusoidal; the mini-
mum applied stress was always tensile. All testing was 
carried out at room temperature between 15 C and 27 C 
(60F and 80 F). 
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	The loads were applied by a jack at the midpoint (see 
Fig. 6). 
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placing lap plates on both sides of the tension flange and 
fastening them in place with C-clamps (2). Testing was 
then resumed until failure occurred at the other cover-
plated detail. The order of testing the specimens for each 
series was randomized so that uncontrolled variables would 
be randomly distributed. 

For Series II, the beams were cyclically loaded to a 
predetermined number of cycles and treated. The number 
of cycles varied with the level of stress range and corre-
sponded to 75 percent of the lower rnfidence limit that 
had been previously established for the as-welded cover-
plated beam details in NCHRP Report 102. The studies 
conducted under Project 12-7 had indicated that very small 
elliptical surface cracks would exist at the ends of the 
cover-plate termination after that degree of cyclical loading. 
These cracks were too small in most instances to be detected 
without destructive examination. When detected, they were 
about 2.5 mm (0.1 in.) long. This series was designated 
GL, PL, and TL, depending on the repair method, and 
was intended to determine the effectiveness of repairing or 
removing shallow fatigue ciacks that may exist after a 
structure has been subjected to cyclic load. The depth of 
the cracks depended on the severity of the stress concentra-
tion at the fillet weld toe and the initial discontinuity 
condition. After the fracture surfaces were exposed, it 
was determined that the depth was' variable and quite 
shallow. 

Series III tests involved beams that were precycled until 
it crack was visible along the transverse fillet weld toe of the 
tension flange. The crack size in these cases was about 
3 mm to 6 mm (0.25 in. to 0.125 in.) long. These speci-
mens were designated as GV. PV, or TV beams. After 
repair, the beams were cycled to failure. The GV beams 
were all peeneci after grinding because the GL studies had 
shown no improvement in fatigue life. Because larger 
initial cracks were expected, nothing would be gained by 
grinding alone. Although considerable care was exercised 
in monitoring these cracks, there was still variation in their 
depth and length when detected. They were, in general, 
deeper than the cracks that were detected after the beams 
were precycled to 75 percent of the lower confidence limit. 

Failure was considered to have occurred when the crack 
had penetrated through the tension flange. Because failure 
was accompanied by a considerable loss in stiffness, mid-
span deflection of the beam provided a convenient means of 
determining failure. In most cases the midspan deflection 
increased about 0.5 mm (0.020 in.) when 75 percent of 
the flange was cracked. The cyclic deflection range was 
between 2.5 mm (0.1 in.) and 5 mm (0.2 in.'). 

Full-Size Bernns 

For these tests, the span length was 5791 mm (19 ft). 
The cyclic load was applied with two 500-kN (I lO-kips) 
jacks for the beams with the 55.2-MPa (8-ksi) and 41.4-
MPa (6-ksi) stress range; and with two 250-kN (55-kips) 
jacks, for the 27.6-MPa (4-ksi) stress range (see Fig. 7). 
The jacks were driven with an Amsler pulsator at a fre-
quency of 520 cpm. The controlled stress level was the 
nominal flexural stress in the base metal of the tension 
flange at the end of the cover plate. 

Figure 6. Test setup—small-size cover-plated beams. 

Figure 7. Test setup—full-size cover-plated beams. 

Each beam was cycled until a crack was detected at one 
end of the cover plate. The examination was made visually 
with lOX magnification. When first detected, the cracks 
were about 6 mm (0.25 in.) long. The cracked detail was 
permitted to grow until it was 25 mm (I in.) to 75 mm 
(3 in.) long and was retrofItted by GTA remelt welding or 
by peening, after which the test was continued. The crack 
that occurred at the other end of the cover plate was per-
mitted to grow, and the fatigue resistance was defined. 
The cracked section was repaired after first cutting the 
damaged region out of the beam for further study. This 
gap was then filled with weld metal and the cover plate was 
extended, as shown in Figure S. Testing was resumed and 
continued until the beam failed or was subjected to between 
40 and 60 million cycles. 

Out-of-Plane i'ests 

Each beam was first cracked in the web gap at the 
stiffener ends. The beams were laid horizontally on two 



Figure 8. Cover-plate es-te,Jsjo,i. 

Figure 9. Test setup—out-of-plane tests. 

pedestals (Fig. 9). The cyclic load was applied by one 
25-kN (5.5-kip) jack, driven by an Amsler pulsator oper-
ated at a frequency of 260 or 520 cpm. 

The relative deflection between the end of the stiffener 
and the beam flange was measured with two gages. The 
deflections were monitored with it calibrated oscilloscope. 
To minimize the out-of-plane deflection of the flange it was 
supported with a wooden stiffener. 

After cracks were formed in the web gap, 13-mm 
(0.5-in.), holes were drilled through the web at the crack 
tip to arrest its growth (Fig. 10). The beams were subse-
quently tested tinder normal bending conditions to assess 
the suitability of drilling holes at these crack tips. This 
simulated the actual field condition when cracks have often 
developed from handling and shipping. 

Retrofit Methods 

Grinding 

Grinding is an accepted method of reducing the stress 
concentration condition and has been used successfully in 
the past to increase the fatigue life of welded details (10, 
18. 19). Because fatigue crack growth originated from the 
junction of the weld bead and the plate, grinding was 
confined to the toe of the fillet weld. No attempt was made 
to grind the entire weld surface nor to taper and feather the 
weld end. The depth of grinding at the weld toe was be-
tween 0.8 mm (0.031 in.) and 1.6 mm (0.063 in.). 
Grinding was continued until the weld toe was smooth 
and free of visible defects. The grinding tool is shown in 
Figure 11. Figure 12 shows a typical as-welded fillet 
weld after grinding and before cyclic loading was applied. 

When grinding was applied to precracked details in this 
study, it was continued until the crack was no longer 
visible. As the weld-toe region was ground, the crack 
appeared as a fine line. When this line was no longer 
visible (without magnification), the grinding operation 
was discontinued. Care was taken not to leave grind 
marks perpendicular to the direction of the applied load in 
order to avoid introducing new crack initiation sites. 
Previous studies have indicated that grinding provides an 
increase in fatigue life by increasing the length of time 
required for crack initiation (13, 14). This is accomplished 
by reducing the stress concentration at the weld toe and 
by removing the tiny nonmetallic intrusions or undercut 
which exists at the weld periphery. 

Peening 

Peening is an established method to obtain improved 
performance. It has frequently been used in machine 
design and has been shown to be applicable for improve-
ments on both small specimens and beams (9, 10, 11, 13, 
14). In this study the weld toe was mechanically air-
hammer peened until it was plastically deformed. Thus, 
compressive residual stresses were introduced, which pre-
vented the full stress range from being effective in the 
vicinity of the weld toe. This influenced both crack initia-
tion and crack growth. 

Peening was performed with an Ingersoll-Rand Model 
1940 pneumatic air hammer operated at 0.17 N/mm2  
(25 psi). Figure 13 shows the peening tool. Peening was 
continued until the weld toe became smooth. When a 
crack was visually apparent, peening was continued until 
the crack was no longer visible. These variable criteria 
were necessary because of the variation in weld bead shape 
and crack depth. Examples of the peening treatment at the 
weld toe are shown in Figure 14. Many specimens in the 
PL series had cracks that became visible after a light 
peening, and the peening was continued until the crack 
had disappeared. The GV series beams were both ground 
and peened at the weld toe. 

Gas Tungslen Arc Renielt 

The gas tungsten arc process (GTA) involved remelting 
metal at the weld toe. The tungsten electrode was manu- 
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Figure 10. Retrofitted stiffener end. 

ally moved along the weld toe at a constant rate and melted 
a small volume of the fillet weld and base metal. Figure 
15 is a sketch of the GTA-remelting equipment. This 
process tends to remove the nonmetallic intrusions present 
along the weld toe and reduces the stress concentration 
conditions (12. 13). When a crack was present a sufficient 
volume of metal surrounding the crack was melted to 
incorporate the crack so that, on solidification, the crack 
ceased to exist. 

This method of improvement has been successfully ap-
plied to improving the fatigue life of as-welded fillet-welded 
specimens. In this program its effectiveness was also 
evaluated for the presence of preexisting cracks as provided 
by the TL and TV test series. 

The welding apparatus used in this study was a 300-amp 
d-c power source with drooping V-I characteristics. High 
frequency was used to start the arc. A Linde HW-18 
water-cooled torch with a 4-nirn (0.156-in.) diameter. 
2 percent thoriated tungsten electrode was used. 

The depth of the remelted zone was critical to the suc-
cess of this procedure because insufficient penetration 
would leave a crack buried below the surface and would 
result in premature failure. Argon was used successfully 
for shielding throughout the TA series tests. 

It was soon apparent that the depth of penetration would 
be insufficient for Series II and III, which involved pre-
cracked beams. Because earlier studies had shown that 
penetration would increase with the proper selection 
of shielding gas (19) and electrode cone angle (20), an 
experimental program was undertaken to determine the 
most effective combination of these two variables. The 
results led to the use of a mixture of argon-helium shielding 
gas and an electrode cone angle of 60 degrees. With this 
combination, 42 percent more penetration could be  

achieved than could be obtained with argon shielding for 
the same current of 200 amp. 

The area near the transverse fillet welds of all of the 
GTA series was sand blasted to remove all mill scale, 
because it was discovered that undercutting resulted when 
the scale was not removed. The welds were started at the 
longitudinal weld about 19 mm (0.75 in.) from the trans-
verse fillet weld, and continued along the toe of the trans-
verse fillet weld and around again to the longitudinal weld. 
This procedure was followed in order to avoid weld craters 
in the critical toe region. When it became necessary to 
terminate a weld along the transverse weld, care was taken 
to stop the weld along the face of the fillet weld and not 
along the toe. The procedures recommended by Millington 
(12) regarding weld terminations were followed, as shown 
in Figure 16. Figure 17 shows a GTA-remelted weld toe. 

The welds in the TA series were made in the flat position, 
which resulted in uniform travel speed and a smooth weld 

Figure 11. Tree-shape burring bit used for grinding. 
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heal shape. The TL, TV, and full-size beam series were 
welded in the overhead position in an attempt to simulate 
field conditions. This produced somewhat nonuniform 
results. Deep penetration was harder to maintain because 
the puddle tended to droop as the heat input was increased. 
The heat input for the TL and TV series varied according 
to the estimated depth of the crack. A constant current of 
200 amp was used, and the travel speed was changed to 
vary the heat input. 

Experience in the laboratory and in the field demon-
strated that a few hours of training were required before 
support personnel could achieve the desired retrofit con-
dition. An adequate depth of penetration has to he ob-
tained, which must be verified by metallographic examina-
tion of test plates. 

Drilled Holes 

Fatigue cracks that had formed at the end of the vertical 
stiffeners in the web gap between the stiffener and the 
flange, as a result of out-of-plane displacement, were retro-
fitted by drilling holes at the crack tips. For the details 
studied herein, 13-mm (0.5-in.) holes were drilled in the 
web. All holes were drilled using it magnetic base drill. 

Direction of 
Welding 

Simple Procedure to Restart 

S\09  

19 

Direction of 
Welding 

Preferred Alternative Procedure 

Figure /6. Procedure used for GTA t'eld termination 
after Millington (9). 

II 

To arrest and retrofit the web inserts, 19-mm (0.75-in.) 
holes were drilled at each end of the cracks. The success 
of this procedure depended on the length of the crack and 
the magnitude of the stress range. In one case the crack 
reinitiated, or was not completely removed, and experi-
enced further crack growth. However, most of the time the 
drilled holes permitted testing to continue long enough to 
complete the beam test. Rolfe and Barsom (40) have 
suggested that a fatigue crack will not initiate if .K 
< 5 o 1 	where r,, is the yield point (ksi) and p is the 
radius of the hole (in.). For the steel beams used in this 
study, this suggested that no further crack growth would 
develop if AK < 41.2 MPa \/m (37.5 ksi Vin.). None 
of the cracks were long enough to exceed this magnitude 
of stress intensity range. 

Faig,e 17. U I.'l - Re/led COver-p/ate end on laboratory specimen. 
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CHAPTER TWO 

FINDINGS 

The findings of NCHRP Projects '12-15 and 12-15(2) 
are summarized in this chapter. They include the literature 
studies, the field studies and observations on inspection and 
retrofitting, and the laboratory tests on small- and full-size 
beams. A detailed evaluation of the data is given in 
Chapter Three. Detailed documentation of the test results 
is provided in Refs. 16 and 17. 

LITERATURE SURVEY 

1. Fatigue tests on small specimens and beams have 
shown that the principal methods of improving the fatigue 
strength of welded details that are simple and effective 
achieve their objective by one or more of the following 
means: 

Modification of the shape of the weldment and any 
associated microdiscontinuities so as to reduce the 
stress concentration. 
Modification of the residual stressdistribution so 
as to reduce the magnitude of the effective stress 
range. 

2. Among the methods that have been used to improve 
fatigue strengths are grinding, machining, hammer peening, 
spot heating, local pressing, and prior overloading. When 
materials are sensitive to atmosphere or corrosive environ-
ment, surface protection has also been used. Fatigue 
strengths have also been improved by remelting metal at 
the weld toe-base metal interface. 

3. Earlier studies indicated that peening, grinding, and 
gas tungsten arc remelting of the weld-toe region were 
reliable and reasonable to apply to as-welded details. 

4. No test data were available on beams or specimens 
that had been precycled or precracked prior to application 
of the improvement techniques. 

CRACK DETECTION BY NONDESTRUCTIVE INSPECTION 

Examination of the transverse weld toes during pre-
cycling and prior to application of the improvement proce-
dure indicated that small semielliptical surface cracks could 
be detected at about the same stages of crack growth by 
ultrasonic inspection and by visual examination with a 
lOX magnifying glass. 

Crack depths could not be reliably defined non-
destructively for the small surface cracks that were ob-
served. Comparisons of the estimated crack depth and the 
measured crack depth after the fracture surface was 
exposed indicated that deviations of 1.6 mm (0.063 in.) 
were possible. 

The minimum crack sizes that were detectable by 
either the ultrasonic or visual inspection procedures can  

be repaired by either peening or gas tungsten arc remelting 
the weld toe. Considerable difficulty can be expected in 
the field in locating weld toe cracks as small as those 
detected in the laboratory. 

EFFECT OF GRINDING WELD TOES 

Grinding the weld toe with a rotary file. did not 
appreciably influence the fatigue strength of any of the 
ground, details. Some improvement, although slight, was 
observed at the lowest level of stress range. 

All beams that had been precracked and then ground 
at the weld toe failed by crack growth at the toe. A few 
beams in the as-welded ground conditions developed fatigue 
cracks from the weld root 'at the low stress range levels. 

Observations of the crack initiation point indicated 
that many cracks developed from a slag particle that had 
not been removed by the grinding operation. 

The improvement provided by the GV series can be 
attributed to the fact that the weld toe was peened after 
grinding. This series incorporated both grinding and peen-
ing when it was observed that grinding alone had little 
influence. 

EFFECT OF PEENING WELD TOES 

1: Minimum stress was found to be a significant design 
factor for any detail that was peened and then subsequently 
subjected to a high minimum stress condition. The applica-
tion of 68.9-MPa (10-ksi) minimum stress after peening, 
relieved part of the compression residual stresses that had 
been introduced at the weld toe. 

Significant increases in fatigue strength were achieved 
when low minimum stresses were applied or when the 
specimens were peened under a simulated dead-load con-
dition at the higher minimum stress. 

Nearly all as-welded and precracked details were ob-
seryed to fail from crack growth at the toe of the transverse 
fillet weld. 

Peening is an effective method of improving the fa-
tigue characteristics of as-welded detailssubjected to low 
levels of minimum stress or to details that can be peened 
under dead load. The fatigue strength can be expected to 
increase one design category. 

The peening method was equally effective on small 
and full-size cover-plated beams. 

For details with very small or no visible crack, the 
peening procedure appears to provide a reliable and eco-
nomical means of retrofitting fatigue damaged steel beams 
with yield points up to 450 MPa (65 ksi). 

The peening procedure also appears to provide the 
most economical means to retrofit fatigue-damaged cover-
plate details that have very small cracks (i.e., crack length 
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less than 50 mm (2 in.) and an estimated depth of less 	tide, dye penetrant, and ultrasonic procedures prior to 
than 3 mm (0.125 in.), or no visible crack). 	 retrofitting these girders. The findings are as follows: 

EFFECT OF GAS TUNGSTEN ARC REMELTING WELD TOES 

Stress range was the dominant stress variable for all 
details treated by the gas tungsten arc remelt procedure. 

Minimum stress was not a significant design factor 
when improving or strengthening a detail by gas tungsten 
arc remelting. 

Nearly all specimens treated by the gas tungsten arc 
process failed by fatigue crack growth from the weld root. 

An upper bound to the fatigue strength of cover-
plated beam details appears to be provided by the gas 
tungsten arc remelt conditions. No treatment of the weld 
toe can be expected to provide fatigue strengths that exceed 
those provided by the weld root. 

Application of the gas tungsten arc remelt is sensitive 
to the presence of microdiscontinuities or cracks that may 
exist from a member subjected to cyclic load. Extreme care 
is necessary in order to assure removal of embedded cracks 
by the remelt process. 

The gas tungsten arc remelt dressing of the weld toe 
can reliably improve the fatigue strength one design 
category. 

No brittle or sudden fracture was observed during 
the testing of any specimen's. All tests were at room 
temperature. 

The cracks that formed originated at the weld root. 
After propagation upward through the transverse fillet weld 
they eventually moved laterally and propagated down into 
the beam flange through the longitudinal weld. 

A practical range of gas tungsten arc dressing condi-
tions exists, provided a minimum standard of cleanliness 
can be achieved by removal of any slag or mill scale by 
blasting the surface and exercising care when establishing 
the welding conditions. 

No difference was observed in applying the remelt 
method to small or full-size members. 

For details with cracks up to 75mm (3 in.) long and 
up to 5 mm (0.188 in.) deep, the gas tungsten arc remelt 
process was the preferred retrofit technique. 

FATIGUE STRENGTH OF FULL-SIZE COVER-PLATED BEAMS 

The test data for untreated cover-plate details on 
beams with flange thickness greater than 32 mm (1.25 in.) 
yielded a fatigue strength less than Category E. 

A lower bound fatigue resistance relationship was 
constructed based on the test data and estimates from a 
mathematical model. The fatigue strength at 100,000 cycles 
was 110.3 MPa (16 ksi) and for more than 2 million cycles 
17.3 MPa (2.6 ksi). 

No difference in fatigue behavior was observed be-
tween A36 and A588 full-size steel beams. 

FIELD INSPECTION EAST AND WESTBOUND SPAN 10-
YELLOW MILL POND 

In June 1976, 40 cover-plate details in the eastbound and 
westbound bridges of span 10 at Yellow Mill Pond were 
inspected for fatigue cracking using visual, magnetic par- 

Twenty-two details were found to be cracked by visual 
inspection. The crack length varied from 6 mm (0.25 in.) 
up to abount 300 mm (12 in.). Fifteen of these cracks had 
propagated deep enough to be detected by ultrasonic 
inspection. Three additional small cracks were detected in 
the eastbound structureat the secondary cover-plate ends 
in September 1977. 

To inspect for cracks, it was first necessary to blast 
clean and remove paint, dirt, and oxide that had accumu-
lated in the weld toe region. The visual (lOX magnifica-
tion), magnetic particle, and dye penetrant inspections pro-
vided data regarding the length of the surface cracks. The 
magnetic particle inspection was discontinued, after ex-
amining several cover plates, because of difficulty in work-
ing with the probe in the overhead position. 

The ultrasonic inspection provided data regarding 
both the length and depth of cracks. Cracks at the weld 
toe smaller than approximately 2.5 mm (0.1 in.) deep 
could not be reliably detected by the ultrasonic probe. The 
deepest crack depth indications of 13 mm (0.5 in.) were 
found at the west end of the eastbound bridge of span 10 in 
beams 3 and 7 (see Fig. 18). Comparisons of estimated 
crack depths from ultrasonic inspection and actual mea-
sured crack depths after a fracture surface was exposed 
indicate that deviations of 1.6 mm (0.063 in.) are possible. 
Figure 18 shows the approximate location of the details 
that were inspected in span 10 and summarizes the findings. 
Figure 19 shows typical cracks that were detected at the 
cover-plate ends. 

RETROFITTING FULL-SIZE FATIGUE-DAMAGED BRIDGE 
MEMBERS 

Twenty-five cover-plate details in span 10 were repaired 
after being inspected; 14 were peened and 11 were gas 
tungsten arc remelted. Figure 20 shows the type of repair 
made at each cover-plate weld toe. All retrofitting was 
carried out under normal service conditions without any 
disruption to the flow of traffic. No shoring or prestress 
was applied to the cracked members. 

Peening was performed with a small pneumatic hammer 
operated at 0.17-N/mm2  (25-psi) air pressure. The end 
of the peening tool was shaped with a 19-mm (0.75-in.) 
radius about one axis and a 3-mm (0.125-in.) radius about 
the other axis (see Fig. 13). All sharp edges of the peening 
tool were ground smooth prior to peening. Several minutes 
were required to peen the weld toe. Peening was continued 
until the weld toe became smooth. The depth of indenta-
tion due to peening was approximately 0.8 mm (0.03 in.). 

All retrofit GTA-remelt welds on span 10 were per-
formed in the overhead position. The areas to be welded 
were first sand blasted to remove any mill scale that might 
cause undercutting. A shielding gas of helium and argon 
mixture and a cathode vertex angle between 30 and 60 
degrees were used, because the mixture provided about the 
same penetration as helium alone. Travel speed was ap-
proximately 1.3 mm/sec (3 in./min). The retrofit weld 
was started on the longitudinal weld toe and continued 
along the transverse weld toe. 
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The weld finally terminated at the opposite longitudinal 
weld toe. Intermediate terminations were made at approxi-
mately 100-mm (4-in.) intervals because of the duty cycle 
of the portable welding unit. Each of these terminations 
was carried up the weld face to prevent cratering at the 
weld toe. Small changes in the arc length because of vibra-
tion of the bridge had no effect on the gas tungsten and 
remelt. 

OUT-OF-PLANE DISPLACEMENTS IN WEB GAPS 

Gap lengths equal to 1.25, 2.5, 5, 10, and 20 times 
the web thickness were examined for out-of-plane deflec-
tions between 0.013 mm and 2.5 mm (0.0005 in. and 
0.1 in.). 

The experimental data show that increasing the gap 
by a factor of two results in an order of magnitude increase 
in cyclic life for gaps equal to or greater than 5 times the 
web thickness. 

Increasing the web gap does not increase resistance to 
fatigue cracking in proportion to the inverse ratio of the 
gap length squared at as fast a rate as implied by bending 
theory. 

Small gaps less than 5 times the web thickness yield 
very erratic  resistance to cyclic deformation. 

The test results suggest that careful consideration 
should be given to details that will result in out-of-plane 
movement in gap regions. 

RETROFITTING WEB-GAP CRACKS BY DRILLING HOLES 

Tests on five girders demonstrated that holes drilled 
at the ends of cracks formed in the web at the ends of 
transverse welded plates were effective in preventing further 
crack growth under normal bending moments. 

The cyclic stress range at the level of the holes varied  

between 42.1 MPa (6.1 ksi) and 96.5 MPa (14 ksi). Be-
tween 0.97 X 10° and 5.25 x 101  cycles of stress were 
applied with ho detectable crack growth at the holes. Fail-
ure of the beam sometimes occurred from the web-flange 
weld where embedded flaws existed. 

The cracks that formed in the wet-to-flange welds 
yielded fatigue lives compatible with Category B as 
expected. 

FATIGUE BEHAVIOR OF WEB PIERCED BY A GIRDER FLANGE 

Tests with a simulated flange pentration exhibited a 
fatigue strength that was less than half the fatigue resistance 
of the full-size cover-plated beams. 

Cracks developed at all web details with or without 
inserted plates before cracking was observed at the cover-
plate end. The stress range at this detail was half the stress 
range at the cover plate. 

Further crack growth could be prevented by drilling 
holes at the crack tip before the crack tip reached the girder 
flange. 

APPLICATION 

A new fatigue category, E', which is applicable to 
cover-plated beams with flange thickness greater than 
20 mm (0.8  in.) is appropriate. The fatigue strength at 
100,000 cycles is 110.3 MPa (16 ksi) and for more than 
2 million cycles 17.9 MPa (2.6 ksi) - 

The improvement provided by peening or by gas 
tungsten arc remelting the toe welds can be relied on for 
both as-welded initial construction and for details that have 
experienced subcritical crack growth. 

Peening is affected by the level of minimum stress. 
For as-welded details, the application of dead loads can 
eliminate the beneficial effects of peening; hence, it appears 
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Figure /9. Tv pica! cracks a: cover-plate ends at Yellow Mill Pond. 

desirable that peening be limited to improving details sub- 	ace in stecl beams with yield points up to 450 MPa 
jected to low levels of minimum stress or to field conditions 	(65 ksi). 
where the dead-load stress is not added after peening. 	5. For purpose of design. the gas tungsten arc remelt 
Thus, if cover-plated details in the negative moment region 	procedure and the peening method can improve the fatigue 
of continuous beams are to be retrofitted when the concrete 	strength by one category for all stress range levels. 
slab is being replaced, the operations should be carried out 	6. Details subjected to cyclic load that experience visible 
after the slab has been cast in the positive moment region. 	signs of crack growth at weld toes can be repaired by the 
It was possible to retrofit fatigue damage with surface 	gas tungsten arc remelt process, provided the crack depth 
cracks up to 3 mm (0.125 in.) deep and 50 mm (2 in.) 	penetration does not exceed the capability to melt out the 
long by peening up the crack. 	 crack and incorporate it into the solidified material. It was 

4. For details with small (up to 3 mm X 50 mm) or no 	possible to retrofit fatigue cracks up to 5 mm (0.188 in.) 
visible cracks, the peening procedure appears to provide a 	deep and 75 mm (3 in.) long by gas tungsten arc remelting 
reliable and economical means of retrofitting fatigue dam- 	the crack. 
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7. When the crack size is too large to effectively retrofit Out-of-plane cyclic displacements in web gap regions, 
by either peening or gas tungsten arc remelting, it will gen- which exceed 0.025 mm (0.001 in.) with gap length equal 
erally be necessary to splice the flange with a bolted joint, to 5 times the web thickness, are susceptible to fatigue 
The web, should be slotted directly above the crack in order . cracking. 	A cyclic deflection that exceeds 0.25 mm (0.01 

to prevent the fatigue crack from eventually moving into in.) results in fatigue cracking at gaps equal to 10 times the 

the web, web thickness. 	Very erratic and unpredictable fatigue re- 
sistance exists at gaps less than '5 times the web thickness. 
Regions where such information can be applied are the 
ends of transverse connection plates where out-of-plane 
movement can result as a result of floorbeam end rotation 
and/or relative end movement. At points where the flange 
is restrained, it will likely be necessary to connect the trans- 
verse 	connection 	plate 	to 	both 	flanges, 	as, shown 	in 
Figure 21. kL/'1J LLZ 41 

[ 
Cracks that develop at the ends of transverse stiffeners 

from handling or shipping can be retrofitted by drilling 
holes at the cracks' tips. 	It is suggested that 19-mm (0.75- 
in.). holes be drilled on each side of the transverse plate 
with the edge of the holes placed at the apparent crack 

J, tips. 

/ / Small fatigue cracks (i.e., 6 mm (0.25 in.) to 13 mm 

/ I (0.5 in.) long) at weld toes can be detected with visual 

7 / (lOX magnification) inspection if the weld toe is first blast 
cleaned to remove paint, dirt, and oxides. Cracks that are 
several inches long can be expected to break the paint film 

Figure 21. 	Recommended floor beam connection plates near and form oxides that are visually apparent and readily 

end supports.' 	 . 	. detected. 	. 
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The results of the experimental and theoretical work are 
summarized in this chapter. The details of the field inspec-
tion and retrofitting of the Yellow Mill Pond span 10 struc-
tures are reviewed and discussed. The fatigue behavior of 
beams with welded cover plates that had their transverse 
weld toe treated by either grinding, peening, or subjecting it 
to a gas tungsten arc remelt pass is summarized. The 
fatigue behavior of full-size cover-plated beams is deter-
mined from the test results reported herein and earlier 
pilot studies. The estimates from a mathematical model are 
compared and correlated with the experimental data. The 
results of constant amplitude cyclic out-of-plane displace-
ments at web gaps are summarized in terms of cyclic life 
and gap length. 

DETECTION OF CRACKS AT WELD TOES 

During the course of this experimental study, consider-
able effort was made during the precracking operations to 
detect the small semielliptical surface cracks that formed at 
the termination of the transverse fillet welds. The primary 
crack detection methods employed were ultrasonic inspec-
tion at the weld toe termination, utilizing a shallow surface 
wave; visual inspection with lOX magnification; magnetic 
particle and dye penetrant methods. 

These detection procedures revealed the, presence of the 
small semielliptical surface cracks (6 mm (0.25 in.) or 
larger) at about the same time. None of the methods pro-
vided a reliable means of ascertaining the shallow crack 
depth. Approximations were made using the ultrasonic 
test method. However, comparisons of the response with 
known calibration blocks still revealed substantial variation 
and scatter. A reasonable estimate of the crack depth could 
be made in most cases by employing the relationship be-
tween crack width and depth at the time of observation. 
(The width is between 4 and 8 times the depth.) Often 
two or more cracks coalesce and form a longer shallow 
crack. 

Because these tests were undertaken under controlled 
laboratory conditions, it is probable that comparable detec-
tion capability would not be possible under field conditions 
unless very skilled personnel were available and trained to 
look at the sites of crack initiation. 

FATIGUE STRENGTH OF GROUND WELD TOES 

Eight rolled W14 X 30 beams with welded cover plates 
were tested with the weld toe termination treated by grind-
ing. Each of the beams had two details. Four beams were 
tested after treating the as-welded detail. The remaining 
4 beams were tested after the beams had been subjected to 
cyclic load and precracked to varying degrees. 

Crack Initiation and Growth 

The earlier studies (1,19) had demonstrated that the 
fatigue crack initiated at the toe of the transverse fillet weld 
joining the cover plate to the beam flange. This was the 
point of greatest intensity due to the applied stress, the 
geometry of the fillet weld to flange connection, and the 
microscopic discontinuities at the fillet weld toe due to 
welding. 

In beams that had the weld toe treated by grinding, the 
location of crack initiation was more variable than that 
observed in the earlier studies. Crack growth was mainly 
confined to the toe region for 'nearly all of the ground weld 
toes. Figure 22 is a photograph of a cracked detail that 
had the toe ground prior to subjecting the member to cyclic 
load. Crack formation and growth were in the ground 
region. In only a few instances was the improvement at the 
weld toe sufficient to force the crack to originate from the 
weld root as indicated in Figure 23a. As the fracture sur-
faces illustrate in Figure 23b, crack growth was experienced 
from the root of the weld and propagated across the face of 
the weld, transverse to the stress field until it intersected the 
longitudinal weld, at which time it penetrated into the sur-
face of the beam flange. 

As-Welded Ground Fillet Weld Toes 

The results of the fatigue tests on as-welded beams with 
ground weld toes are shown in Figure 24. Two levels of 
stress range were examined at a single level of minimum 
stress. Testing at the higher levels of stress range was dis-
continued after one detail failed because the second detail 
had very large cracks and only a small amount of life was 
expected. The test data at the high level of stress range 
fell within the scatter bands for as-welded details without 
treatment. At the lower level of stress range, the data points 
were at or above the upper confidence limit. The average 
increase in life was less than 10 percent over the as welded 
details. 

Damage to the weld toe surface caused by the grinding 
burr may have contributed to the lack of improvement in 
fatigue life. Examination of the crack initiation points in 
several specimens revealed defects caused by poor grinding 
techniques. Figures 25 and 26 show two initiation sites. 
One crack developed from a slag particle that had not been 
removed but had been covered by a layer of smeared metal 
(see Fig. 25). The other failure (see Fig. 26) started at a 
series of transverse nicks caused by the grinding burr. Also 
apparent from close examination of the ground surface was 
a large amount of cold work caused by the grinding burr. 
Apparently, as the burr became dull the metal was smeared 
instead of cut. 
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Effect of Grinding after Precracking 

Four beams, each with two details, were examined in this 
test series. All details failed at the weld toe. The results 
are compared with the as-welded mean and scatter bands in 
Figure 24. All data fell within the confidence limits of the 
as-welded cover-plated beams and indicated that attempts 
to remove the small cracks at the weld toe were not eliec-
ive. It became apparent. after failure of the detail, that 

the crack tip was not removed by the grinding operation. 
No visible crack was apparent at the weld toe after grind-
ing. This behavior appears reasonable because the depth 
of grinding was limited to approximately 2.5 mm (0.1 in.) 
below the surface. As a result, insufficient material was 
removed. Any reduction in the stress concentration at the 
weld toe because of grinding husa negligible effect on the 
propagation of the remaining crack. 

In the GL series, cracks grew from the initial slag intru-
sions that existed at the weld toe before any repair was 
attempted. Grinding the weld toe, as was done in the GA 
series, did not appreciably alter these discontinuities. The 
shallow surface cracks were observed to he between 3 mm 
(0.125 in.) and 5 mm (0.188 in.) deep after failure, which 
was in most cases deeper than the grinding depth of 2.5 mm 
(0.1 in.) to 3 mm (0.125 in.). Since improvement would 
only he a reduction in the stress concentration, this had 
little effect on the rate of crack growth. 
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1-igure 25. Embedded slag particle at toe of ground dctail-16X snagnifIcation. 

Because of the poor results achieved by this method of 
repair. the planned third series of tests on beams precracked 
to visible crack size was altered. This series was modified 
to combine peening and grinding in order to increase the 
depth of the compression stress field. The results of this 
study are discussed in the section on peening. 

Comparison with Other Results 

The results of earlier tests on ground cover-plated beams 
are shown in Figure 27 and compared with the results of 
this study and the as-welded beams. It is apparent from the 
comparison that grinding accompanied by line finishes de-
creased the stress concentration condition and resulted in  

substantial improvements in the fatigue strength. The 
results also indicate that substantial scatter can be expected 
from the ground details. 

The improvement in fatigue strength at the end of cover-
plated beams appears to be very sensitive to the grinding at 
the weld toe. The operation is not nearly as effective as 
indicated by tests on small specimens with nonload carrying 
fillet weld. The stress concentration provided by the cover-
plated beam was not decreased as much as observed with 
nonload carrying fillet welded tension specimens (/8). 
Only when extreme care was exercised in the grinding and 
polishing operation were substantial improvements ob-
served. The (legree of improvement may also be limited by 
crack growth from a weld root. 
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Figure 26a. Weld toe. 

Figure 26b. Fracture surface_zran.cu'erse izicks from grinding l,urr-16X wag-
zuficajion. 

FATIGUE STRENGTH OF PEENED WELD TOES 

Crack Initiation and Growth 

The fatigue tests on beams with peened weld toes nearly 
all experienced failure from crack growth at the weld toe 
in the peened region. Figure 28 shows a crack that de-
veloped in the peened region at the weld toe. Also visible is 
a root crack that had penetrated through the weld but did 
not result in failure. 

l'eening severely deforms the metal in the vicinity of the 
weld toe. This blunts the crack-like slag intrusions and 
introduces compression residual stresses that slow crack 
initiation and growth within the deformed zone. Figure 29 
shows a section through a typical peened weld toe. The 
severity of the deformation indicated by the elongation of 
the grains decreased with the depth below the surface as 
can be seen in Figure 30. At the surface, the individual 
grains cannot be distinguished. Transverse sections through 
several peened weld toes revealed numerous lap-type de- 

fects that were the result of extensive surface deformation. 
An example of this deformation is shown in Figure 31. The 
depth of these laps was on the order of 0.05 mm (0.002 in.) 
to 0.25 mm (0.0 10 in.). which was approximately the same 
depth as the original slag intrusions. These defects were 
found on all transverse sections and are believed to be 
typical of the whole weld toe. 

It would appear that these laps behave similarly to the 
slag intrusions by providing locations for crack initiation 
and growth. A thin layer of metal was seen extending from 
the top of many fracture surfaces, indicating that cracks 
either started or at least ran through the base of these laps. 
This compares with the work by Harrison (10), who 
showed that when welds were peened and then stress re-
lieved, they provided the same fatigue strength as the 
untreated weld toe. 

As-Welded Peened Weld Toes 

Figure 32 shows a fracture surface for an as-welded 
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Figure 27. Comparison of as-welded cover-plated beams with ground cover-plated beams. 

Figure 28. Failure at as-welded peened detail. 

beam that was peened prior to testing. The fracture sur-
faces indicate that crack growth was experienced in two 
primary regions with the crack growing as a semielliptical 
surface crack until penetration of the flange. Peening was 
more effective near the center of the flange and prevented 
these surface cracks from joining until after they had 
penetrated the flange thickness. 

The effects of the primary variables of stress range and 
minimum stress were analyzed using statistical techniques 
and visual comparisons of the crack growth behavior and 
test data. Because only small partial factorials were ex-
amined, direct comparisons could be made only at the 
intermediate stress range level where specimens were tested 
at two levels of minimum stress. 

Figure 33 summarizes the test results of as-welded 
peened weld toes. It is apparent from the figure and was 
confirmed by the analysis that peening provided an effective 
means of increasing the fatigue strength at the I 3.8-MPa 
(2-ksi) minimum stress level. Some increase was also ob-
served at the lowest level of stress range at the higher level 
of minimum stress. At the intermediate level of stress 
range, the lower minimum stress provided an increase of 
approximately 170 percent over those beams that were 
tested at the 68.9-MPa (lO-ksi) minimum stress level. 

The test data plotted in Figure 33 show clearly that the 
level of dead load (minimum stress) applied after peening 
has a significant influence on the life extension for a peened 
detail. The application of a high minimum stress decreases 



22 

 

  

-' 

Figure 29 . Sect:on at a peened weld toe. 

Fiire 30. %!acro-etclu'd Section at peened weld toe. 

	

."•.•.•'"•' 	v'. 	'• 	- 

:c fit  
%. 	-. — 	-'... 	. 

'W"w 	
: 	• 	• 

	

/ iL1fF( _/ 	!.c,'-:, j' 	(l%L'1I1Il!liIi 	at ;. I.I wf ,ld toe.  



23 

the effectiveness of the compression residual stresses that 
are introduced at the weld toe by the peening operation. 
This observation is compatible with earlier data reported by 
Harrison (JO), who showed that stress relieving a peened 
detail would remove the beneficial effect of the peening 
operation. 

Effect of Peening after Precracking 

Nearly all precracked details that were subsequently 
peened, or ground and peened, failed by crack growth from 
the weld toe. In a few cases at the lowest minimum stress 
level, failure was observed to result from cracks originating 
from the weld root. These eventually propagated across the 
transverse end weld and into the beam flange. Prior to 
peening, toe cracks as large as 19 mm (0.75 in.) in length  

were observed on the beam surface. The best approxima-
tion of their penetration into the flange was between 1.3 mm 
and 4mm (0.05 in. and 0.15 in.). Figure 34 shows a series 
of cracks that existed at a weld toe prior to peening. After 
peening, plastic deformation of the metal in the region of 
the weld toe was such that the crack was no longer visible 
and could not be detected by visual examination. 

Fracture surfaces from these series of tests were ex-
amined to determine the effect of peening of an existing 
crack. Figures 33 and 34 are photographs of fatigue crack 
and fracture surface. The fracture surface in Figure 35 
shows the existence of cracks across the end of the cover 
plate. Figures 36 and 37 show magnified portions of two 
such peened beam repairs for a shallow and a deep crack. 
in both cases the initial crack appeared burnished, mdi- 

Figure 32. Fracture surface at peened weld toe with root crack in transverse weld. 
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Figure 33. Comparison of as-welded cover-plated beams with peened cover plated beams. 



Figure 34. S/iailow surf ace crack at weld toe. Figure 35. Fracture surf ace at piecracked ' ?euzed weld toe. 

Figure 36. Shallow precrack (6.6 turn (0.025 in.)) at peened wcld ue—I2X ,na-
nification. 

Figure 37. Deep precrack (4 mm (0.160 Ia )) at peened weld toe. 
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cating that relative movement had occurred between the 
two crack faces. The burnishing became less apparent with 
increasing crack depth and disappeared at a depth of about 
4 mm (0.15 in.). Upon recycling after,  repair, the crack 
continued to grow from the original crack, although at a 
slower rate because of the induced compressive stress field. 

Comparison of Test Results 

The test results for the PL series are also shown in 
Figure 33. The influence of minimum stress is apparent at 
the intermediate and low stress range levels. Three beams 
were tested at a minimum stress of 13.8 MPa (2 ksi)—two 
at a stress rang/of 124.1 MPa (18 ksi), and one at 82.7 
MPa (12 ksi). A very large increase in life was experienced 
at the intermediate and low stress range level. Even though 
these beams were precycled to within 75 percent of the 
lower confidence limit, peening the weld toe had a beneficial 
effect. Failure by crack growth from the weld root was 
observed for one beam tested at a minimum stress of 13.8 
MPa (2 ksi). No further crack growth was observed at the 
weld toe. One detail tested at a stress range of 128.2 MPa 
(18.6 ksi) also failed from the root. It is also readily ap-
parent that beams tested at the higher minimum stress level 
showed very little improvement over the as-welded cover-
plated beams, particularly, at the highest level of stress 
range. 

The GV and PV beam series were all precracked to 
visible cracks prior to peening. In the GV series, the visible 
crack was first ground prior to peening the ground region. 
The results of these two series are plotted in Figure 38. 
Because of observations in the PA and PL series, a number 
of details in the PV series were also peened under minimum 
stress. This was done in an attempt to simulate the influ-
ence of dead load stresses in actual structures. The data  

points shown as open circles and squares correspond to 
specimens that were not peened under deadload (minimum 
stress). 

It is readily apparent from Figure 38 that peening the 
specimens under dead load provided substantial improve-
ments and very large increases in fatigue strength. Even at 
the highest stress range level, four details that were peened 
under the minimum stress of 68.9 MPa (10 ksi) averaged 
nearly a 300 percent increase in life. At the intermediate 
stress range level two details that had developed large 
cracks very early in the test were peened under no load 
and subsequently failed prematurely with no increase in 
life. Three other beams tested at the same stress range level 
were peened under minimum load and all showed large 
increases in life. 

The difference in life due to the influence of minimum 
stress was particularly apparent in the PA and PL series. 
This difference can be directly attributed to the fact that 
application of the minimum load after peening removed a 
substantial amount of the beneficial compressive residual 
stresses that were introduced during the peening operation. 

It should also be noted in Figure 38 that three beams for 
the GV series were first ground and then peened—two at a 
stress range of 171.0 MPa (24.8 ksi), and one at 82.7 MPa 
(12 ksi). The test data do not show any appreciable dif-
ference in the fatigue strength for these three beams. 
Hence, grinding the weld toe prior to peening did not 
appear to be necessary. 

Because actual structures that may exhibit subcritical 
crack growth prior to peening in the field will be subjected 
to their minimum stress level, those structural components 
can be expected to exhibit the same behavior as the pre-
cracked beams that were peened under minimum loads. 
Very substantial improvements in life can' be developed 
under these conditions. 
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Figure 38. Summary of test results for GV and PV series. 
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The results of all beams with peened details that were 
tested under a low minimum stress level or that were peened 
under their minimum load are shown in Figure 39. Those 
details that were peened in the absence of dead load are not 
plotted in Figure 39. When the 68.9-MPa (10-ksi) mini-
mum stress was applied to these beams, it eliminated most 
of the beneficial effects of the peening treatment. It is 
readily apparent that substantial increases in life were 
achieved for as-welded and precracked beams after peen-
ing, when peening was applied in the presence of dead load. 
The fatigue strength was increased by at least one design 
category (3). 

Also shown in Figure 39 are test results on small plate 
specimens with 152-mm (6-in.) longitudinal gussets welded 
to their surface. These tests were reported by Gurney (18) 
and were made on as-welded specimens. The studies on 
welded attachments rei5orted in NCHRP Report 147 (2) 
have demonstrated that the attachment length has a signifi-
cant effect on fatigue strength. Hence, these 152-mm 
(6-in.) longitudinal gusset plates were expected to exhibit 
slightly more life than those provided by cover-plated 
beams. This was confirmed by the test data. All of the 
peened plate specimens fell near the upper limit provided 
by peened cover-plated beams. This suggests that other 
details can be expected to exhibit a similar increase in fa-
tigue strength when subjected to peening at the weld toe. 

The substantial scatter observed with the peened cover-
plated beams can be diFectly attributed to the variability in 
crack depth and the depth of peening. When the crack is 
shallow, compressive residual stresses can be induced 
around the crack tip and result in substantial increases in 
fatigue strength as the effective stress range is decreased. 
When very large cracks exist, the crack tip cannot be 
reached by the peening process and little beneficial effect is 
provided. Furthermore, application of a high minimum  

stress level reduces or eliminates the effectiveness of the 
compression residual stress introduced by peening. These 
factors should be considered in the application of these 
criteria to retrofit structural details. 

FATIGUE STRENGTH OF GAS TUNGSTEN ARC REMELTED 
WELD TOES 

Crack Initiation and Growth 

The as-welded details treated by the gas tungsten are 
remelt all failed from crack growth at the weld root. No 
failures were observed from the toe. Figure 40 is a photo-
graph of a cracked detail. It is apparent that crack growth 
originated from the weld root, penetrated through the trans-
verse fillet weld, and eventually grew into the flange via the 
longitudinal fillet welds. This can be seen in Figure 41, 
which shows the fracture surface of a beam flange. The 
growth of the crack from the root is visually apparent as is 
its progress through the transverse fillet weld as an elliptical 
crack. After penetrating the transverse fillet weld surface, 
it is obvious that the crack moved across the transverse 
width and eventually penetrated into the beam flange via 
the longitudinal fillet welds. 

Because all failures of the as-welded series were from the 
weld root, it was concluded that the slag intrusions and 
other surface discontinuities were removed or corrected. 
The resulting gas tungsten arc remelt solidification structure 
did not promote further crack initiation or growth. Close 
observation of the weld toe region of all specimens did not 
reveal any potential crack growth sites. 

Details that were precracked prior to retrofitting by gas 
tungsten remelting occasionally recracked at the weld toe 
when there was inadequate remelting or some mechanical 
discontinuity (11 of 32 details). 

Me 

50 
Mean 	95% Confidence 

30 -:-- 
aa 	a 	 Limits 	for 95% Survival 

a 	AA 	 (As-Welded Coverplated __ 

20 
- .O 	Cl 	a 	 Beams) - - 	s, =om 	•o 00 

.. 
00 U - .-... 0 	0 U 

l0 z 
U) 

Peened Coverplated Beams  
(I) 

PA • As Welded 	 Design Category D1 I— 
PL 0 Precracked 75% LCL 

U-) 

PV 0 Visible Crack 	 Design Category E  —1 

a Plates 	with 	150mm 	(6") Longitudinal Gussets 10 

105 	 06 

CYCLES TO FAILURE 

Figure 39. Co,nparison of test results wi/li tests on 6-i,,. gussets. 



27 

1M. 
'UI 

C 

a- 

a- 

As-Welded GTA Remelted Weld Toes 

The results of the TA series are shown in Figure 42. 
In this series of tests, the fillet weld toes were renielted by 
the gas tungsten arc before the beams were cycled. As 
demonstrated in Figure 45, a very high degree of success 
was achieved at all levels of stress range. Increases in life 
ranged from 270 to 360 percent, depending on the level of 
stress range. Minimum stress was not very significant. The 
results were comparable to the original as-welded beam 
studies, which had indicated little inlluence of minimum 
stress. 

The gas tungsten arc remelting was especially effective 
when applied before the detail was cycled, because the 
failure causing discontinuities present at the as-welded toe 
of the transverse weld was only it few thousandths of an 
inch below the surface and could easily he reached with 
shallow weld penetration. Earlier studies have demon-
strated that these defects take the form of nonmetallic in-
trusions that penetrate into the surface along the weld toe. 
The presence of these intrusions is one of the reasons, when 
coupled with high stress concentration conditions, that 
fatigue cracks always initiate and propagate at this location. 
Their shape and size cause them to act as preexisting 
cracks. These crack-like defects were effectively removed 
by the gas tungsten arc rensclting before the),  were allowed 
to grow. 

The TA series were retrohtted under conditions that 
would be classified as in-shop conditions. The beams were 
arranged so as to allow the gas tungsten arc remelt pass to 
he made in the clown-hand flat position, which resulted in 
a uniform penetration and smooth weld contour. The 
remelt welds were continued for it short distance around 
the corner of the transverse fillet weld to avoid leaving it 

crater in an area susceptible to fatigue crack growth. 
The test results also clenionstrate that an upper bound to 

fatigue strength of transverse fillet welds is provided by 
crack growth from the weld root. No further improvements 
at the toe can have any benefit when cracks grow from the 
weld root. The test data plotted in Figure 42 provide an 
upper bound estimate to the improvement that is possible 
at the transverse welds of cover-plated beams. An analysis 
of the test data indicated that stress range was the only 
significant variable accounting for the variation in fatigue 
strength. 

Test results from a recent Swedish study (39) are com-
pared with design Categories D and E in Figure 43. Tests 
were made on both as-welded. untreated cover-plated beams 
and as-welded. GTA renielted cover-plate details. It is 
readily apparent that the results are in agreement with those 
reported herein. These test data also demonstrate the ap-
plicability of the procedure to other grades of steel. 

Effect of GTA Remelt after Precracking 

(rack growth in the TL and TV test series was dependent 
on whether or not the repair of the preexisting cracks was 
successful. When the repair was successfully made, crack 
growth was usually experienced from the weld root. In the 
Ti. series there were 3 toe failures and 13 root failures. The 
toe failures were caused by an inadequate remelt penctra- 
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Figure 43. Comparison of test results of as-welded cover-plate details and as-welded GTA remelted 
details from Ref. 39. 

tion. Figure 44 shows a typical failure of this type. The 	cyclic loading was resumed. When the crack was not 
clam-shell marks in the center of the beam indicate the 	melted out, the remaining portion of the original crack 
extent of the initial crack. The remelted region was char-, 	quickly grew up through the remelted region and continued 
acterized by a coarse interdendritic fracture surface that 	down through the flange. These tests served to illustrate 
varied in depth across the flange from a maximum of 7 mm 	the need for completely removing the crack, because partial 
(0.28 in.) to a minimum of 1.5 mm (0.06 in.). After 	penetration repairs are not effective. 
repairing the cracked zone by remelting and solidification, 	During the TV series, higher heat input was used because 
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the cracks were expected to be deeper. This eliminated the 
problem of inadequate penetration. Although there were 
no failures because of inadequate penetration, there were 
8 toe failures and 8 root failures observed. Four of the toe 
failures were examined in detail. This examination revealed 
that the failures were the result of mechanical discontinui-
ties. There was no evidence of failure due to adverse metal-
lurgical properties resulting from the remelt. Figure 45 
shows a fracture surface for the gas tungsten arc toe failure. 
The principal crack initiated at a ripple near the weld toe 
of the gas tungsten arc weld and is shown by an arrow. A 
secondary crack also started at a weld ripple. The crack 
propagated through the coarse-grain heat-affected zone and 
weld metal following the undercut at the weld toe. It some-
times propagated along a weld ripple and indicated a lack 
of preference for a particular microstructure. 

The microstructure of the area near the initiation site, 
along with the microstructure near the top of the flange, is 
shown in Figure 46. The fine grain size at the tope of the 
flange indicates that the whole thickness of the flange had 
been transformed from austenitc (i.e., above A3 ). 

Figure 47 shows a failure that started at a depression and 
weld ripple 3 mm (0.125 in.) away from the toe of the gas 
tungsten arc weld. A slag-like iiiateiial was firmly attached 
to both initiation sites. The crack propagated mainly along 
the gas tungsten arc remelt zone, although it traveled for a 
short distance through the heat-affected zone. This failure 
occurred on a beam that was not sand blasted prior to 
making the gas tungsten arc remelt. The mill scale that was 
still present appears to be deposited in the weld metal. 
Furthermore, it is probable that some undercutting resulted 
from welding on a surface that had not been blast cleaned, 
because the weld metal does not wet as readily on mill scale 
as on the clean surface. This clearly indicates the desira-
bility of blast cleaning the weld area prior to application of 
the gas tungsten arc remelt pass. 

Although a number of toe failures occurred at pre-
cracked details, for the most part these were accompanied 
by a substantial increase in life. The frequency of toe fail-
ures was greater in beams that were precycled to a visible 
crack. The higher incidence of toe failures is believed to be 
caused by geometrical factors, such as weld bead shape 
and undercutting, which were the result of the higher heat 
input needed to close the preexisting cracks. The weld bead 
shape for the TV series tests was usually much rougher than 
that observed for the TL and TA series. There was no evi-
dence of any metallurgical changes, as a result of the high 
heat input, which could be associated with the toe failure 
modes. 

Analysis of Test Data 

The test results for the TL and TV series are also sum-
marized in Figure 42. It is apparent from this figure that 
the gas tungsten arc repair procedure can successfully 
strengthen and improve the fatigue characteristics of cover-
plated beam details. 

Those test points that fall within the scatter band of the 
as-welded beams failed from crack growth at the weld toe. 
As was noted earlier, this occurred when the crack was not 
eliminated by the remelt process. As better welding pro- 
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cedures were developed, it was possible to eliminate this 
mode of failure. None of these beams experienced the 
premature failure that was observed in the TL series. Al-
though a number of toe failures occurred in the TV series. 
these failures were not due to lack of penetration. As was 
noted, all started at the surface in or near the gas tungsten 
arc remelt zone. It is clear from this test series that even 
relatively deep cracks (5 mm (0.18 in.)) can be gas tung-
sten arc repaired successfully. Although a number of toe 
failures occurred, an increase in life resulted that was in 
excess of 200 percent. This resulted because the toe crack 
must again initiate in the gas tungsten arc weld from new 
sources of discontinuities that exist after the repair is made. 

Except for those failures in precracked beams that oc-
curred because of failure to incorporate the complete crack 
into the gas tungsten arc remelt, approximately the same in-
creases in life were achieved by all specimens. None of the 
test series exhibited an knfluece of minimum stress. Stress 
range was observed to account for nearly all of the variation 
in fatigue strength. 

Data available from other sources are primarily on small 
plate specimens with transverse gussets that provide a non-
load carrying joint (12,13). The studies on NCHRP Proj-
ect 12-7 have indicated that this type of specimen provides 
fatigue behavior that is similar to stiffener type details (2). 
No data were available on cover-plated beam details that 
had been subjected to gas tungsten arc remelting at fillet 
weld toes. 

FATIGUE STRENGTH OF FULL-SIZE COVER-PLATED BEAMS 

Crack Initiation and Growth 

the 16 beams with cover plates tested during this study 
were W36 x 230 A36 or A588 steel rolled sections with 
32 nim x 305 mm (1.25 in. >< 12 in.) cover plates welded 
to each flange. Six additional beam test results were avail-
able from the earlier study (/5)—two A36 steel W36 X 
26() beams, two A588 steel W36 X 230 beams, and two 
A514 steel welded built-up beams: all with 25-mm X 305-

mm (]-in. X  12-in.) cover plates. 
As reported in NCHRP Report /02 (1), cracks formed 

at the weld toe. Figure 48 shows typical small fatigue 
cracks (about b mm ( U.15 in.) long) ,it ihe I inn' I Iny lii sI 
became apparent. These cracks were observed to propagate 
through the flange thickness. 

The minimum stress was always tension and varied be-
tween 1.4 M Pa (0.2 ksi) and 15.2 M Pa (2.2 ksi). The 
stress range varied from 27.6 MPa (4 ksi) to 55.2 MPa 
(8 ksi). The test data for the untreated cover-plate details 
are shown in Figure 49 for each grade of steel. 

The test data include the 16 girders tested during this 
study and the 6 girders tested earlier. The test data from 
both cover-plate details are plotted. For the details that 
were retrofitted, the cycles at the time of retrofitting are 
plotted. Although at least one of the A588 steel beams 
tended to provide the least life of each stress range level, 
there was not a significant difference between the fatigue 
resistance of the various steels. Also shown in Figure 49 
is the Category E design line from the 1974 AASHTO 
Specitiation 3). which is based oii the 95 pelLcrrt cc'ofI- 
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dence limits for 95 percent survival of earlier tests on 
smaller beams (1). 

The same test data are also plotted in Figure 50, which 
differentiates between the tests carried out in Ref. 15 and 
those tested during this study. All of the girders reported 
in Ref. 15 were tested at a stress range of 55.2 MPa (8 ksi). 
Both Figures 49 and 50 illustrate that much of the test data 
provided less fatigue resistance than experienced with 
earlier test data (1). This was true at all levels of stress 
range. 

Extreme life tests on the sñialler scale beams had demon-
strated that 100 million constant amplitude cycles could be 
sustained without detectable cracks at a stress range of 
33.1 MPa (4.8 ksi) (5). The large size beams experienced 
failures at 27.6-MPa (4-ksi) stress range between 13 and 
66 million cycles. 

A lower bound fatigue resistance was constructed on the 
basis of the test data and estimates from a mathematical 
model developed for cover-plated beams (5,21). This was 
estimated by equating the stress intensity factor range 

L'K to AK,1,11  = 3.0 MPa\/m (2.75 ksiVin.). The stress 
intensity range was taken as 

K=Fp FF 1..F0 SVira 	(1)* 
* The nomenclature and symbols used in this report are defined for the 

reader's convenience in Chapter Seven. 

where F, = elliptical crack front correction = 1IE(k); 

F,= 1.211 -0.l86V; 
F 1,= 1.0; 

SCF 
F0 	 / 	\ o.43.I8' and 

1 + 6.789(_) 

SCF = -3.539 log 
(T,) 

+1.981 lo() + 5.798; 

in which Z = weld leg size, Tc p = cover-plate thickness; 
and TF  = flange thickness. 

The crack shape was taken as (5): 

b = 5.462 a1'33 	 (2) 

Earlier studies have suggested a maximum initial crack size 
of 0.8 mm (0.03 in.), and this was assumed to be the 
probable lower bound condition (1,2). This yielded a 
threshold fatigue stress range of 17.9 MPa (2.6 ksi). 

The lower bound of the sloping position of the S-N curve 
is given by Eq. 3 and is 

log N= 8.61 -3.0 log Sr. 	 (3) 

Fatigue Resistance of Retrofitted Fatigue-Damaged Details 

One of the two details (one on each end) on each beam 
was usually retrofitted after cracks were detected and had 
grown to a length of 25 mm (1 in.) to 75 mm (3 in.). The 
crack depth was estimated to be less than 6 mm (0.25 in.) 
prior to retrofitting. Both peening and gas tungsten arc 
remelting were used to treat the cracked details. Only the 
gas tungsten arc remelt process was used on larger cracks. 
One beam had a 115mm (4.5 in.) long and 10mm (0.39 
in.) deep crack. This crack was too big for a successful 
retrofit. Cracks were first detected between 30 percent and  

100 percent of the cycles, at which the detail was retrofitted. 
The crack sizes that existed along the weld toe are provided 
at the time of retrofit. 

The results of the tests are plotted in Figure 51. Because 
of time limitations, most of the retrofitted beams were 
tested at either the 41.4-MPa (6-ksi) or 55.2-MPa (8-ksi) 
stress range. The results indicated that both procedures 
could be used successfully to extend the fatigue life and 
prevent further crack growth. The tests on full-size beams, 
thus, were comparable to the earlier studies on smaller 
scale beams where similar results were obtained. 

Fatigue Behavior of Full-Size Cover-Plated Beams Retrofitted 
by Gas Tungsten Arc Remelting 	- 

Five details that experienced fatigue cracking were 
retrofitted by remelting the fatigue crack out by the gas 
tungsten arc remelt procedure. The details were subjected 
to nominal bending stress range of 41.4 MPa (6 ksi) and 
55.2 MPa (8 ksi). 

Figure 52 shows a longitudinal section through the flange, 
cover plate, and transverse end weld which shows the 
remelted areas and heat-affected zones. 

All retrofitted details with the exception of one detail 
performed well and satisfactorily extended the fatigue 
resistance. The crack in this beam was 115 mm (4.5 in.) 
long at the time of the GTA remelt. It was soon apparent 
that this crack was too deep to retrofit successfully. After 
failure of the detail, the crack surface, on examination, in-
dicated that the original crack tip extended into the flange 
about 10 mm (0.375 in.). This exceeded the remelt zone 
and provided an unfused embedded crack that quickly 
propagated through the fused ligament. 

A beam had detectable cracks after 0.65 million cycles 
of 55.2-MPa (8-ksi) stress range. After 1.68 million cycles, 
these cracks had grown and three distinct cracks were 
observed along the' weld toe. The retrofitted detail was 
subjected to 2.6 million additional cycles of loading before 
testing was discontinued. At that time, cracks were forming 
at the remelted toe and at the weld root, as can be seen in 
Figure 53. The crack at the weld toe propagated into the 
flange at about a 25-degree angle, as can be seen in Figure 
54, and had a semielliptical shape as the exposed surfaces 
showed. 

In the other four girders, no detectable growth was 
observed after the detail had been retrofitted. Two beams 
tested at a stress range of 41.4 MPa (6.0 ksi) were retro-
fitted after sustaining 5.07 and 11.'4 million cycles. An 
additional 19.24 and 12.76 million cycles were sustained 
without any evidence of further cracking. Two beams 
tested at a stress range of 55.2 MPa (8.0 ksi) were retro-
fitted after sustaining 0.83 and 1.43 million stress cycles. 
Testing was discontinued after an additional 1.76 to 10.72 
million stress cycles without any detectable cracks. 

Fatigue Behavior of Full-Size Cover-Plated Beams 
Retrofitted by Peening 

Seven details were retrofitted by peening. Only one detail 
experienced significant crack growth in the peened region. 
Several details experienced root cracking, as shown in 
Figure 55. From the results in Figure 52, it is obvious that 
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significant increases in fatigue resistance were achieved by 
peening. 

The beam experiencing crack growth in the peened 
region had a 75-mm (3-in.) crack along the toe at the time 
the detail was peened. Two beams had about the same 
crack size at retrofit; one was subjected to a lower stress 
range (41.4 MPa vs. 55.2 MPa (6 ksi vs. 8 ksi)). Appar-
ently, the slight increase in stress range was sufficient to 
overcome the beneficial effect of peening. Figure 56 shows 
the crack that developed in the peened region of the beam 
with 55.2-MPa (8-ksi) stress range. A longitudinal section 
has been passed through the beam flange and the transverse 
weld. Figure 57 shows the macro-etched edge of the cut 
section and the crack that extends into the girder flange. 
The deformation of the grain structure is apparent near the 
top surface of the plate. 

As was noted earlier, several beams experienced root 
cracking (see Fig. 55). The fatigue crack that had existed 
at the weld toe was prevented from further crack propaga-
tion by the peening. Several peened details were sliced into 
sections as shown in Figure 55. The root crack that had 
propagated through the transverse end weld is also appar-
ent. The origin of the root crack is readily apparent from 
Figure 56, which shows one of the longitudinal sections 
near the web which has been polished and etched. In this 
girder, failure developed from a compression flange joint 
and it was necessary to discontinue testing before the 
transverse end weld crack propagated through the beam 
flange. 

- 

Fatigue Behavior of Extended Cover Plates 

To permit continued testing of several girders, the fatigue 
crack at a failed end was removed to allow further study 
and the flange repaired by a groove weld in four test 
girders. A reinforcement cover plate was then connected 
to the existing cover plate and the beam flange (see Fig. 8). 
The cover plate extension decreased the stress range at the 
splice to 19.3 MPa (2.8 ksi) or 26.2 MPa(3.8 ksi). 

All of these cover-plate extensions performed satisfac-
torily. No detectable fatigue crack growth was observed 
at any of the reinforced joints after 1.19 to 12.83 million 
additional cycles were applied. 

One beam was repaired by cutting out the cracked region 
of the flange. This gap was filled with weld metal, and no 
extension of the cover plate was made. About I million 
cycles were subsequently applied with no detectable crack-
ing. Testing was discontinued when the east cover-plate end 
failed. 

FATIGUE DAMAGE AT YELLOW MILL POND 
Inspection Results 

In October-November 1970, during cleaning and repaint-
ing of the Yellow Mill Pond Bridge, one of the cover-plated 
beams on the eastbound bridge on span 11 was found to 
have a large crack (27). The crack had developed at the 
west end of the primary cover plate on beam 4. It had 
grown from the toe of the cover-plate transverse fillet weld 
into the tension flange and up 400 mm (16 in.) into the 
web. Fortunately, span 11 was a land span. Cribbing to sup-
port the damaged beam was installed, and no interruption 
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Coverplate 

Flange 

Figure 52. Lonl,',tu(Iuz(il section through liwige eUler p11111' and transverse end ii'chil (G TA 
retrofit). 

Coverp late 

Flange 

b,gui'e 53. C,'ack at (. 1 .1 retrofitted ire/il toe. 

to highway traffic was necessary. The cracked details were 
repaired by boltuig splice plates across the cover-plate ends. 

A visual inspection (lOX magnification) Showed that 
bcanis 3 and 5 in span II of the eastbound roadway, which 
were adjacent to the casualty girder, had cracks along the 
cover-plate end. These cracks were subsequently verified 
by ultrasonic testing. and a depth of pellet ration equal to  

16 mm (0.625 in. ) was measured. They were about one-
half the flange thickness in depth and were found to have 
semielliptical shapes. An indication of possible fatigue 
cracking was also observed at five other details on span 
10 and two on span II. No ultrasonic confirmation could 
be obtained at the other possible crack locations. 
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Figure 54. Crack in GTA welded zone. 

Figure 55. Peened tension flange with root crack. 

In December 1970, after a detailed inspection, a section 
of the fractured girder was removed and all three damaged 
girders were subsequently repaired with bolted web and 
flange splices. The section of fractured girder was taken to 
Lehigh University for the purpose of examining the fracture 
surface and determining the material characterization. 

In November 1973, the east end of beams 2 and 3 in the 
eastbound roadway of span 10 was inspected again for 
fatigue damage. This was the first inspection at beam 2. 
An indication of possible cracking had been observed at 
beam 3 in 1970. ('racks were detected visually in both 
girders at the toe of the primary cover-plate transverse weld. 
A magnetic crack definer (22 ) indicated that the crack in 
beam 2 was approximately 10 mm (0.375 in.) deep at one 
point: the magnetic crack definer could not verify the 
presence of a crack in beam 3. 

In .1 tine 1976. 4() cover-plate details in the eastbound and 
westbound span 10 bridges were inspected for fatigue  

cracking using visual, magnetic particle, dye penetrant, and 
ultrasonic procedures prior to retrofitting these girders. 
Twenty-two of these details were found by visual inspection 
to be cracked. The smallest visual crack indication was 
6.4 mm (0.25 in.) long. Fifteen of these cracks had 
propagated deep enough to he detected by ultrasonic in-
spection. 

To inspect for cracks, it was first necessary to blast clean 
and remove paint, dirt, and oxide that had accumulated in 
the weld toe region. The visual (IOX magnification), 
magnetic particle, and dye p.enetrant inspections provided 
data regarding the length of surface cracks. The magnetic 
particle inspection was discontinued after examining several 
cover plates because of difficulty in working with the probe 
in the overhead position. 

The ultrasonic inspection provided data regarding both 
the length and depth of cracks. Cracks at the weld toe 
smaller than approximately 2.5 mm (0.1 in.) in depth could 
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not be reliably detected by the ultrasonic probe. The deep-
est crack depth indications of 13 mm (0.5 in.) were found 
at the west end of the eastbound span 10 bridge in beams 

3 and 7. Comparisons of estimated crack depths from 
ultrasonic inspection and actual measured crack depths 

after a fracture surface was exposed indicate that deviations 
of 1.6mm (0.063 in.) are possible. 

Figure IS shows the approximate location of the details 

that were inspected in span ID and summarizes the findings. 
Two cover plates were welded on most beams. The longer 

cover plate is called primary; the outside cover plate is 

called secondary. The cracks formed at the weld toes of the 
cover-plate ends. 

Nine details in span 11 were also visually inspected. 

Indications of cracking were found at 7 details. Very large 

cracks were observed at the cast end of beam 5 of the 

eastbound bridge and beam 4 of the westbound bridge—
span 11. 

In November 1976, a brief inspection was made at span 

13. Four large cracks were detected without removing the 

paint. These cracks were first observed with field glasses 

from the ground. It is believed that these cracks must be 

approximately 150 to 250mm (6 to 10 in.) long and about 
13 mm (0.5 in.) deep for the crack to break the paint film 
at the weld toe. This condition is probably also related to 

the ambient temperature. Decreasing temperatures cause a 

more brittle paint coat and increase the likelihood of the 
paint to crack. 

Retrofitting East and Westbound Span 10 

Pecning and gas tungsten arc remelting procedures were 
used to retrofit the cover-plated beams, in span 10 of the 

Yellow Mill Pond Bridge. which were found to have fatigue 
damage 

Grinding of the weld toe to reduce the size of the initial 
discontinuities and severity of the stress concentration had 

shown little or. no improvement of fatigue strength of 

fatigue damaged members. Hence, no attempt was made to 
employ this procedure at Yellow Mill Pond. 

Twenty-five of the cover-plate details in span 10 were 

repaired after being inspected: 14 details were peened and 
II details were gas tungsten arc remelted. Figure 20 sum-

marizes the type of repair that was made at each cover-plate 
weld toe. All retrofitting was carried out under normal 
traffic. 

Peening was continued until the weld toe became smooth. 

The depth of indentation due to peening was approximately 
0.8 mm (0.03 in.). Figure 58 shows a peened weld toe. 

All retrofit welds on span 10 were performed in the 

overhead position. The areas to be welded were sand 

blasted to remove the mill scale that promotes undercutting. 

A helium and argon mixture shielding gas and a cathode 
vertex angle between 30 and 60 degrees were used because 
the mixture provided about the same penetration as helium 
alone. Travel speed was approximately 1.3 mm/sec 
(3 in/mm). The retrofit weld was started on the longi-

tudinal weld toe and continued along the transverse weld 

toe. The weld finally terminated at the opposite longitudinal 

weld toe. Intermediate terminations were made at approxi-

mately 1 00-mm (4-in.) intervals because of the duty cycle 

of the portable welding unit. Each of these terminations 
was carried up to the weld face to prevent cratering at the 

Figure 57. Crack in peened region (50X magnification). 
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weld toe. Figure 59 shows a transverse fillet weld after 

the gas tungsten arc retrofit. 
Seven of the remelted details that had cracks detectable 

by ultrasonic examination were reinspected after the repairs 

were completed. The east primary details on beams 2 and 

4 (eastbound bridge) produced a spot indication at a depth 
of 3 mm (0.125 in.). The ultrasonic examination of the 

west primary details on beams 3 and 7, which had cracks 

about 13 mm (0.5 in.) deep (eastbound bridge), indicated 

a large embedded crack. The remelt at these details did not 

change the crack depth. These cracks were purposely 

treated without gouging and rewelding by conventional 

means in order to evaluate the effectiveness of the treated 

detail, and the length of time required for the crack to 
penetrate back through the welciment was to be compared 

with theoretical estimates of life extension. The depth of 
remelt penetration was approximately 6 mm (0.25 in.) (see 

Fig. 60). No crack indications were found at the west 
primary detail of beam 2 (eastbound bridge) or at the east 

primary and secondary details of beam 3 (westbound 

bridge). 

Residual Fatigue Life after Retrofitting 

Because the field repair of the Yellow Mill Pond Bridge 
members was only recently completed, the effectivincss of 

this repair had to be judged on the basis of available 

laboratory studies on similar members. Fortunately, both 

experimental data and analytical techniques were available 

to make this assessment. 
Peening was most effective in the laboratory when the 

initial cracks were very small. For this reason, peening 

was selected for retrofitting all beams where ultrasonic 

inspection was unable to confirm a visual indication of 
cracking or where neither inspection technique detected 

cracking. All cracks greater than 3 mm (0.125 in.) deep 

were gas tungsten arc remelted. 
No cracks were indicated by ultrasonic inspection at 

ten of the cover-plate ends that were peened in span 10. 

Four cover plates that were peened had a maximum depth 

indication of approximately 3 mm (0.125 in.). Therefore, 

the effectiveness of peening at Yellow Mill Pond should 
be comparable to the results plotted in Figure 51. 

The laboratory studies on small-size fatigue-damaged 

details that were retrofitted by peening indicated a greater 

tendency for improvement at the lowest level of stress 

range tested (82.7 MPa (12 ksi)) (16). Because the 

stress range experienced at Yellow Mill Pond seldom ex-

ceeds 41.4 MPa (6 ksi), this procedure could be expected 

to be even more successful in prolonging life (see Fig. 51). 

The lower level of applied stress range will make the peened 

detail more effective because the induced compressive 

residual stresses at the crack tip are not likely to be 

overcome. 
The increased fatigue strength developed by the retro 

fitted (gas tungsten arc remelted) precracked beams also 

suggested that substantial increases in fatigue strength 

could be expected at the lower stress ranges to which the 

Yellow Mill Pond Bridge beams were subjected. The crack 

growth threshold of Category i) appears to be about 48.3 

MPa (7 ksi), which is substantially above the stress ranges 



0 0 0 0 0 0 0 
N- 	CD 	Ct) 	Sr 	,fl 	('3 	- 

SINJAB SSB±S 1V1O iO % 

0! 
0 

38 

U 

experienced at Yellow Mill Pond (see Fig. 61). The tests 
carried out on full-size cover-plated beams (see Fig. 51) 
suggest that a crack growth threshold of 41 to 48 MPa 
(6 or 7 ksi) is reasonable. This further demonstrates that 
other detail categories can be expected to improve fatigue 

CS resistance by a design category when retrofitted. 	Experi- 
mental work is continuing in order to pr9vide further 
verification on various attachments. 	Hence, retrofitting by 
the gas tungsten arc remelt procedure should minimize the 
possibility of subsequent cracking. 

The probability of a root failure occurring is dependent 
on the relative size of the weld with respect to the thickness 
of the cover plate. As the ratio between weld throat width 

01 
and cover-plate thickness increases, the probability of root 
failure decreases. For the W14 X 30 cover-plated beams, 
the ratio of throat width to cover-plate thickness is 0.31. 
This ratio at the primary and secondary cover-plate details 
of the interior beams (W36 X 230) at Yellow Mill Pond 
is 	0.25 	and 	0.32, 	respectively. 	Therefore, 	comparable 
results could be expected to result at Yellow Mill Pond. The 
scatter in the fatigue lives of remelted details is due pri- 
manly to the effectiveness of melting the material sur- 
rounding the fatigue cracks. 	The maximum crack. depth 
removed in the remelting test beams was approximately 
4 mm (0.15 in.). Ultrasonic inspection of the large fatigue 

4. cracks at the west end of beams 3 and 7 (eastbound road- 
way) after remelting indicate that the depth of penetration 
was approximately 6 mm (0.25 in.). 	A sample plate was 
cleaned and gas tungsten arc remelted at the Yellow Mill 
Pond 	Bridge 	site. 	The 	specimen was 	later 	sectioned, 
polished, and etched. The depth of penetration was mea- 
sured between 3.6 mm (0.14 in.) and 5.8 mm (0.23 in.). 

After the remelt retrofit was completed, the details that 
had provided indications of cracking were ultrasonically 

ON inspected. 	No indications of residual cracks were found 
at the primary or secondary details of beam 3 (east end, 
westbound roadway) and at the primary detail of beam 2 
(west end, eastbound roadway). This indicated that the gas 
tungsten arc remelt procedure had effectively eliminated the 
small fatigue cracks that were detected at those details. 

The increased fatigue life as a result of peening or remelt- 
ing 	should 	increase 	the 	crack 	growth 	threshold ,stress 
range, 	If the peening operation is capable of em- 
bedding the crack initiation sites in a compressive residual 
stress field, 	a significant 	increase in the threshold stress 

a- 
range will be observed. 	The gas tungsten arc remelt pro- 
cedure reduces the stress concentration by smoothing the 
transition at the weld toe and also minimizes the embedded 
discontinuities and 	fatigue cracks. 	Therefore, 	XOTH  will 
also be increased. 

The shape of the large embedded cracks at the west 
primary detail of beam 3 (eastbound bridge) and at the 
west detail of beam 7 (eastbound bridge) are shown in 
Figure 60. 	The stress intensity model for these embedded 
cracks is shown in Figure 62. 	This approximate model 
cmbincs the solution for an eccentric crack (23) with the 
stress gradient correction factor, Fa-(2l). 

SCF 
F= 	

1 	/ a \o.1343 	
(4) 
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The stress intensity factors, KIA and KIB, at locations A 

and B, are (23) 

r a e 1  rb 1 _a 
K IA  = rVira FA  I 	 F0 	, SCF 

LTF 12— e TF12J L TF 
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ITF 12—e 

a 	e1 
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b1.+a
K/B = cr\/ira F 	 F0 	,SCF 
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The functions FA  and F1  are shown in graphical form on 

page 11.2 of Ref. 23. 
The number of cycles necessary for the crack to propa- 

gate through the retrofit weld toward the weld toe was 
estimated by using this model and the crack growth rate 

da/dN = 3.8 x 10-9  AK3  (AK in units of MPa\/mm, 

da/dN in units of mm/cycle. It was assumed that when 
the embedded crack penetrated the exterior flange face it 
would quickly become an elliptical surface crack with the 
major semidiameter axis being defined by the crack shape 
ratio prior to retrofitting. 

For this study the retrofit weld penetration was assumed 
to be 5 mm (0.188 in.). The estimated number of cycles 
necessary to propagate the embedded cracks through the 
retrofit weld at a stress range of 13.1 MPa (1.9 ksi) for 
beams 3 and 7 were 7.0 million and 6.7 million cycles, 
respectively. The elliptical surface cracks for both beams 
were 13.5 mm (0.53 in.) deep at the beginning of the final 
stage of crack growth. An additional 1.0 million and 
2.7 million cycles would be necessary for the cracks to 
grow through the flange thickness for beams 3 and 7, 
respectively. 

The stress intensity model for the growth of embedded 
cracks probably overestimates the fatigue life because it 
does not account for crack growth that is occurring 
simultaneously from the weld toe. Nevertheless, substantial 
improvement in fatigue strength can be expected even if the 
entire crack has not been completely remelted, if the crack 
initiation sites along the weld toe have been effectively 
reduced. 

Ultrasonic inspection of the primary detail of beam 2 
(east end, eastbound roadway) and the secondary detail of 
beam 3 (east end, eastbound roadway) produced a spot 
indication at a depth of 3 mm (0.125 in.). These embedded 
discontinuities may be below the crack growth threshold. 
Inasmuch as their size and shape are nearly impossible to 
estimate, an exact evaluation is not possible. 

FATIGUE RESISTANCE OF WEB GAPS SUBJECTED TO 
OUTOF-PLANE DISPLACEMENTS 

Because negligible forces were required to displace the 
web out-of-plane at the end of the transverse plate, the 
primary control variable was the magnitude of the out-of-
plane movement. The out-of-plane movement was mea-
sured 1.3 mm (0.5 in.) from the lower end of the stiffener 
(see Fig. 63). The out-of-plane displacement caused web 
bending stresses that are most severe in the short gap 
region between the end of the transverse stiffener and the 
web-to-flange weld. 

At very short gap lengths, the behavior of the .  gap is 
difficult to predict because simple beam theory is not 

Figure 62. Stress intensity model for em-
bedded crack. 

Up and Down 

Movement 

Figure 63. Schematic of out-of-plane movement. 

applicable because high shear and bending stresses are 
developed. With short gaps, the shear mode tends to be 
more predominant. 

The 5 welded girders used for this study had gap lengths 
at the end of the transverse stiffeners that varied from 1.25 
to 20 times the web thickness. These locations were dis-
placed out-of-plane by a small jack, as shown schematically 
in Figure 63. 
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Each beam contained 9 or 10 details, so that between 
40 and 50 bits of test data could be acquired. The results of 
the web gap displacement tests are summarized in Figure 
64. Figure 63 shows the location where out-of-plane 
movement was measured. 

Typically the out-of-plane displacement caused cracks to 
develop at the end of the transverse stiffener. Figure 65 
shows typical cracks that formed at the end of the stiffeners. 
These cracks propagated into the weld at the stiffener end 
and into the web, or into the web at the weld toe. Figure 
66 shows an exposed crack surface that extends about 
halfway through the web. 

As the test data in Figure 64 demonstrate, very erratic 
behavior was observed when the web gap was less than 5 
times the web thickness. This indicated that the mode of 
behavior (flexure vs. shear), discontinuities, and weld 
reinforcement contributed to significant variability. As 
the web gap increased, the behavior of the gap was more 
compatible with flexural response. This permitted the 
expected displacement-cycle life relationships that are 
plotted in Figure 64 to develop. All lines in Figure 64 
were constructed at a slope n = - 3, which is compatible 
with the results of crack-growth studies and other welded 
details. 

Testing was discontinued when the detail had experi-
enced between 10 and 20 million cycles without detectable 
cracks. As can be seen in Figure 64, this suggested that no 
fatigue damage would occur at a gap length of 5ç if the 
displacement did not exceed 0.018 mm (0.0007 in.). The 
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corresponding values for gap lengths of 10 t, and 20 t 
were 0.08 mm (0.003 in.) and 0.25 mm (0.01 in.), 
respectively. 

If the web bending stress in the gap is estimated con-
sidering a unit vidth web strip and no end rotation at the 
stiffener and flange, the moment from the gap displacement 
is 

M00 =6E! 	 (7) 

where A is the out-of-plane displacement between the weld 
termination of the stiffener and the web-to-flange weld, g 
is the gap length, and I is the moment of inertia of the unit 
web strip. 

The stress range at the weld toe in the gap region is 

Sr(gap) 	3 E t,,. 	 (8) 72 

For a given level of displacement, A, changes in the gap 
length g would be expected to change the cyclic stress range 
inversely proportional to the gap length squared. 

The life N expected from the average crack growth 
relationship 

	

da/dN=2X 10-11) K 	 (9) 

can be estimated as 

1010  
N 	

-i-- f
"' 

da = C S,. 	(10) 

This suggests that changes in the gap length for a constant 
level of displacement should result in cycle life equal to 

N=CS,.-3=C3Ef-l=c' 
9G  

(11) I 
Considering the differences between the gap lengths g, the 
ratio of life for a given level of deflection can be estimated 
for this condition as 

C' g16/t3 	- 

= C' g26/t,,. 	 926 - 
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For gap length g1  = 5 t,. and g2  = 10 i,, Eq. 12 results in 

64 
N,, 

From the data shown in Figure 64, the sensitivity of fatigue 
life to web gap length for a given deflection is smaller than 
one would expect from Eqs. 11 and 12 by a factor of 9 or 
10. Obviously the analysis leading to these equations is 
overly simplistic. However, a pronounced tendency for 
fatigue life to decrease with web gap size is clearly present. 

The fatigue data acquired during this phase of study 
suggest that short web gaps should be avoided if any out-
of-plane displacement is anticipated as a structure deforms 
under normal traffic. Large gaps can tolerate relatively 
large out-of-plane movement (i.e., 10 to 20 t, can accom-
modate 0.25 mm (0.01 in.)). However, very small gaps 
(i.e.. 1.25 and 2.5 t e) can experience cracking at only 
0.025-mm (0.001-in.) deformation. 

RETROFITTED WEB GAPS SUBJECTED TO 
IN-PLANE LOADS 

After each transverse stiffener on a test girder was fatigue 
cracked by the out-of-plane movement in the web gap, 
holes were drilled at the crack tips, as shown in Figure 10. 
As the examination of the web cracks shown in Figures 65 
and 66 indicate, the cracks were essentially lying in a plane 
that was mainly parallel to the bending stress field. 

After all stiffener ends were retrofitted by drilling holes, 
the girders were subsequently subjected to cyclic loading. 
The stress range at the stiffener ends with the drilled holes 
varied from 42.1 MPa (6.1 ksi) to 96.5 MPa (14 ksi). 

Most cracked stiffener ends sustained cyclic loading until 
the test exceeded the lower confidence limit corresponding 
to Category D unless premature failure of the test girder 
from some other detail prevented additional cyclic loading. 
Four details were subjected to cyclic stresses that exceeded 
the lower confidence limits for Category C without any 
detectable fatigue crack growth. No cracks were detected  

in the drilled holes perpendicular to the bending stress in 
the girder. Fortunately the cracks from out-of-plane move-
ment are mainly parallel to the cyclic stresses. Hence, the 
drilled holes were very effective in preventing further 
cracking and provided a detail comparable to the fatigue 
design condition. The retrofitted girders were subjected to 
between 0.97 million and 5.25 million cycles of loading. 
The girder that sustained the fewest cycles had been previ-
ously subjected to 4.17 million cycles of 124.1-MPa (18-
ksi) stress range at the web-to-flange connection. Although 
not detected after initial testing, a 15-mm (0.6-in.) radius 
penny-shaped fatigue crack existed at that time, which 
became apparent after failure. Only 0.97 million cycles of 
additional loading cycles were required to destroy the 
load-carrying capacity and crack the girder flange. 

Several of the girders were subject to between 0.97 
million and 5.25 million cycles without any detectable 
fatigue crack growth at the stiffeners or in the web-to-
flange connection. 

The results of these tests are shown in Figure 67. 

FATIGUE BEHAVIOR OF WEBS PIERCED BY 
A GIRDER FLANGE 

On January 4, 1978, three of the steel box girder bents 
that support the Dan Ryan tracks were discovered to con-
tain visible cracks (24). A typical bent consisted of a box 
girder that was intersected by four welded girders. The 
bottom flange of the stringer pierced the box but the web 
did not (25, 26). Comparable details were known to exist 
on bridges in the United States. Figure 68 shows the cross 
section and weld detail of one such box that was fabricated 
as a steel pier cap. The relatively narrow width of the box 
had resulted in the use of 10-mm (0.375-in.) seal welds 
around the outside edges of the girder flange that pierced 
the box. It was not possible to weld the flange plate to each 
side of the girder web. 

In order to assess the fatigue resistance of this type of 
detail, several full-size cover-plated beams had plates in- 

Figure 66. Erposed crack surface a: stiflener end. 
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Figure 67. Test results for retrofitted girders. 
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serted into their webs. The details were arbitrarily inserted, 	test girder with two web inserts and two open-flame cut 
at locations where the stress range at the tip of the inserted 	slots; Figure 70 shows the details. 
flange was about one-half the magnitude of the stress range 	It rapidly became apparent during the fatigue tests that 
at the end of the cover plate. Details were inserted into 	the simulated flange penetration had less than one-half the 
four girder webs. From two to four details were examined 	fatigue resistance of the full-size cover-plated beam. Cracks 
at nominal bending stress ranges between 9.3 MPa and 30 	developed at all web details before any cracking was 
MPa (1.35 ksi to 4.35 ksi). Figure 69 is a photograph of a 	detected at the cover-plate end. Figure 71 shows a fatigue 
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crack that formed at the flange tip of a typical detail. It 
was necessary to retrofit these fatigue cracks by drilling 
holes in the girder web at the crack tip in order to continue 
testing the girder and determine the fatigue resistance of 
cover-plate detail. Figure 72 shows a typical retrofItted 
detail. 

Thr rsnits of the faliiie tests are shown in Figure 7. 
No apparent fatigue limit was observed for these details 
because all cracked. The test results tended to lie parallel 
to the fatigue resistance of the full-size cover-plated beam. 
It is readily apparent from the results plotted in Figure 73 
that stress ranges as low as 6.9 MPa (1 ksi) can be expected 
to develop fatigue cracks in relatively short periods of 
time. Studies on numerous highway bridges have indicated 
that such levels of stress range will occur in most 

bridges (16). 

Two slots were cut into a girder web and no flange plate 
was inserted. No special treatment was provided to the 
flame-cut edges and sharp reentrant corners existed. As 

T... 

!u.',re 69. Full-size lest .eira'er wit/i web penetrations. 

IV 

q.., 

I 	 4 

I'iure 70. t)etail of inserted ilat<. 



I,g,rc' 71. Cracked weld of inserted plate. 

can be seen in Figure 73, the severity of the flame-cut 
slot was either worse or at best equal to the welded detail. 
Such a condition was anticipated because the 51-mm 
(2.25-in.) high flame-cut slot was equivalent to 57 mm 
(2 in.) through the thickness crack. This suggested that the 
detail in qilestirin was at least as severe as a 57-mm 

(2.25-in.) web crack. The stress intensity range at such 
an initial crack is given by the relationship: 

(13) 

where S is the nominal stress range and a is the half crack 
width ejual to 29 iiiiii (1 .125 iii.). With a crack growth 
threshold of 3 MPam (2.75 ksi \/in.), a stress range 
of about 10.3 MPa (1.5 ksi) would result in crack prop-
agation. 

The results obtained on these simulated bridge details 
suggest that bridge structures with comparable detai's will 
develop fatigue cracks. Their frequency of occurrence will 
depend on the volume of truck traffic using the structure. 
Those structures that are subjected to frequent passages of 
trucks should be inspected and retrofitted in the near 
future in order to prevent more significant cracking 
problems. 

A possible retrofit scheme is to shield the ends of the 
flange tips by cutting holes directly above and below the 
flange, as shown in Figure 74, and sawing between the holes 
to form a "dog bone." This reduces the residual stress field 
and also minimizes the possibility of further fatigue-crack 
propagation at the crack tip. 

44 

Figure 72. Retrofitted inserted plate. 
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For future construction, it is recommended that the detail 
proposed in FHWA Notice N5140.13, dated April 24,  
1978, be considered (35). This utilizes a slotted hole with 
no sharp or reentrant corners and no welding to close the 
slot. Figure 75 shows this alternative solution. 
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CHAPTER FOUR 

RECOMMENDATIONS AND APPLICATION 

The findings from this study should be of value to struc-
tural engineers involved in the design of welded steel beams, 
researchers working in the subject area, and, perhaps most 
of all, members of specification writing bodies. The sug-
gested revisions to the AASHTO Specifications for Highway 
Bridges included here warrant consideration. Further, the 
suggested revisions can also be applied to other specifica-
tions, such as those of the American Institute of Steel 
Construction and the American Railway Engineering Asso-
ciation. The findings result from a meticulously designed 
and executed experimental effort verified by analyses of 
crack propagation and fracture mechanics and need con-
sideration for immediate inclusion in design specifications. 

CRACK DETECTION 

I. Crack growth at the toe of terminating fillet welds can 
be observed at about the same time by ultrasonic inspection 
and visual inspection with magnification. Under good 
conditions, surface cracks between 3 mm and 6 mm (0.125 
in. and 0.25 in.) long can be detected by these methods; 
in other words, the crack penetration into the beam flange 
must exceed 1.5 mm (0.05 in.) in order to be detected. 

2. Field inspection for fatigue damage showed that it 
was possible to detect small fatigue cracks by visual means 
(with lOX magnification) provided the paint, dirt, and 
oxide were removed by blast cleaning the weld toe region. 
The blast cleaning operation should not be carried out 
more than 24 hours before inspection or else oxide forma-
tion will become excessive. 

RETROFITFING METHODS 

I. This study has shown that two methods can be reliably 
used to either improve or upgrade (retrofit) the fatigue 
strength of welded details that experience crack growth 
from weld toes when applied to as-welded details or to 
details that have experienced cyclic loading and have cracks 
less than 3 mm (0.125 in.) deep. This can be accomplished 
by peening the weld toe region or applying a gas tungsten 
arc remelt pass to the weld toe region. The fatigue strength 
can be expected to increase at least one design category. 
Both methods can be reliably used to retrofit full-size 
cover-plated beams. They were found to be equally ap-
plicable to A36 and A588 steel members. Comparable 
improvements should be independent of the type of steel. 

2. Peening the weld toe region is mainly effective when 
the minimum tension is low or when the peening operation 
is carried out while the detail is subjected to dead load. 
This latter procedure prevents the beneficial compressive 
residual stresses from being reduced by the application of 
dead loads. Hence, peening should not be used unless it 
is applied under dead-load conditions.. The peening proce- 

dure provides a reliable and economical means of retro-
fitting fatigue-damaged cover-plate details that have very 
small cracks (less than 3 mm (0.125 in.) deep and less 
than 50 mm (2 in.) long) or no visible crack. 

The effectiveness of gas tungsten arc remelt procedure 
was not dependent on the level of minimum stress. For 
practical purposes, stress range fully accounted for the 
variation in fatigue life. This procedure is preferred for 
slightly larger cracks of up to 5 mm (0.180 in.) deep and 
75 mm (3 in.) long. This process requires greater operator 
skill and is also more difficult to carry out. Further, it is 
essential that an adequate amount of penetration is 
achieved. 

No improvement at the weld toe region can provide a 
detail that will exceed the fatigue strength that results from 
crack growth from the weld root. Cover-plated beams 
treated by either peening or gas tungsten arc remelt methods 
can be upgraded one design category. Higher improve-
ments are not possible because crack growth from the weld 
root cannot be prevented. 

Grinding the toe of fillet welds is a well-known im-
provement technique that was found to result in substantial 
scatter and variability in this study. Unless considerable 
care is exercised during the grinding operation, questionable 
improvements result. Both peening the weld toe or apply-
ing the gas tungsten arc remelt pass appeared to be more 
effective procedures. Radiused transitions, such as those 
used in groove-welded flange splices or at the ends of 
longitudinal attachments to the web or flange, which have 
been ground, to smooth the transition radius, are effective 
in increasing the fatigue strength of a detail (1, 2). The 
stress concentration and the initial discontinuity conditions 
are reduced to a much greater degree than experienced 
with grinding the weld toe. The radiused transition which 
is subsequently ground provides a condition similar to the 
tests carried out by Graf (20) (on cover-plated beams with 
tapered ends ground smooth) and more recently duplicated 
by Albrecht (38). An important factor to be considered 
when deciding which of the available improvement tech-
niques is to be used is the cost, ease, and reliability of the 
application. Peening and the gas tungsten arc remelt pass 
appear to be more economical than grinding. 

7. Field experience with the retrofit methods indicated 
that both peening and GTA remelt could be carried out 
under field conditions without interruption to normal traffic. 
The peening method was most easily executed. 

FATIGUE BEHAVIOR OF FULL.SIZE COVER-PLATED BEAMS 

I. This study has shown that a new fatigue category, E', 
is applicable to cover-plated beams with flange thickness 
greater than 20 mm (0.8 in.). As-welded cover-plated 
beams (W36 x 230 and W36 x 260) with 25-mm or 
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30-mm (1-in, or 1.25-in.) cover plates developed fatigue 
cracks well below Category E. A lower bound fatigue 
design condition was developed from the experimental data. 
Table 1 gives suggested allowable ranges of stress for the 
proposed E' category for redundant load-path structures. 
Table 2 describes the detail situation intended to be covered 
by Category E'. 

If provisions are desired for nonredundant load-path 
structures, a lower resistance can be derived. Rather than 
arbitrarily shifting one life interval for all design conditions, 
a parallel resistance curve was developed using a constant 
reduction of about 1.5. This corresponded to the reduction 
that results if the 2,000,000-cycle stress range was used for 
500,000 cycles. The resulting values are given in Table 3. 

The provisions summarized in Tables 1 and 2 were 
adopted by AASHTO in 1978. The nonredundant load-
path provisions given in Table 3 were not adopted because 
it was considered that such low stress range values should 
not be used. The use of the stress range values given in 
Table 3 would penalize the design and make it imprac-
ticable. 

A comparison of fatigue data on cover-plated beams with 
thinner flanges shows that existing Category E is applicable 
for those conditions. 

2. The results of the laboratory studies on full-size beams 
and the field experience with the Yellow Mill Pond struc- 
tures suggest that other comparable bridges will experience 
fatigue damage when subjected to high volumes of truck 
traffic (more than 1500 ADTT, see Ref. 5). 

FATIGUE BEHAVIOR OF WEB GAPS 

Cyclic out-of-plane displacement of web gap regions 
provided fatigue life that increased as the gap length 
increased. The increase was not in proportion to the ex-
pected increase, assuming that stress range was inversely 
proportional to the square of the gap length. 

At a gap length equal to five times the web thickness, 
cyclic displacements greater than 0.018 mm (0.0007 in.) 
resulted in fatigue cracking. For a gap length of ten times 
the web thickness, the displacement required to produce 
cracking was 0.08 mm (0.003 in.). 

Fatigue damage due to out-of-plane displacement 
can be retrofitted by drilling holes at the crack tip. Since 
the cracks lie in a plane parallel to the stress field, no 
adverse behavior resulted after the retrofitted girders were 
subjected to cyclic bending stress. Holes, 19 mm (0.75 in.) 
in diameter, placed with one edge at the crack tip, provide 
adequate resistance for details such as transverse stiffeners 
that have cracks from handling or shipping. 

FATIGUE BEHAVIOR OF WEBS PIERCED BY 

A GIRDER FLANGE 

In. instances where structural members intersect such 
that the flange of one pierces the web of the other in order 
to provide continuity through the intersection, welding 
around the flange to close the slot results in a welded detail 
with negligible fatigue resistance. Pilot tests indicated that 
the fatigue resistance was less than half that provided by 

TABLE 1 

ALLOWABLE STRESS RANGE—REDUNDANT 
LOAD-PATH STRUCTURES 

For 100,000 For 500,000 	For 2,000,000 For Over 2,000,000 

- Cycles 	Cycles 	Cycles 	 Cycles 

Category 	(MPa) (ksi) (MPa) (ksi) 	(MPa) (ksi) 	(0'a) (ksi)_. _ 

B' 	110 	16 	65 	9.4 	40 	5.8 	18 	2.6 

TABLE 2 

DETAIL CLASSIFICATION 

Kind of 	Stress 	Es. 
Situation 
	 Stress Category No. 

Base metal at end of partial-length welded 
	

(see 
cover plates having square or tapered ends, 	 Ref. 3) 
with or without welds across the ends: 

Flange thickness 	20 mm (0.8 in) 
	

TorRev 	E 

	

Flange thickness > 20 o (0.8 in) 
	

TorRev 	E' 

TABLE 3 

ALLOWABLE STRESS RANGE—NONREDUNDANT 
LOAD-PATH STRUCTURES 

For 100,000 	For 500,000 	For 2,000,000 For over 2,000,000 

Cycles 	Cycles 	Cycles 	 Cycles 

Category MPa (ksi) MPa (ksi) MPa (ksi) 	MPS (ksi) 

E' 	74 	(10.7) 	43 	(6.2) 	27 	(3.9) 	12 	(1.8) 

full-size cover-plated beams. Fatigue cracking is highly 
probable in any bridge utilizing such details. 

The results of this pilot study suggest that the fatigue 
resistance of such details is too low to consider the use of 
the detail. Alternative ways to make the connection should 
be explored. 	- 
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CHAPTER FIVE 

CONCLUSIONS 

The conclusions in this chapter are based on analysis 
and evaluation of the test data obtained during this study, 
on results from earlier work, and on theoretical studies 
based on the application of the fracture mechanics of 
fatigue crack growth. 

CRACK DETECTION 

Small cracks at weld toes can be detected by either 
ultrasonic inspection using a shallow surface wave or visual 
inspection with magnification. A trained inspector can 
detect surface cracks approximately 6 mm (0.25 in.) long 
under good conditions. 

Smaller cracks cannot be readily detected by available 
methods of nondestructive inspection. The crack depth will-
usually be less than one-half the surface crack length. 

Although smaller cracks may be detected on occasion, 
the reliability is not high. The available experimental data 
suggest that detectable surface cracks 6 mm (0.25 in.) to 
38 mm (1.5 in.) long will have a length to depth ratio 
between 2 and 4. 

RETROFITTING METHODS 

I. The three repair or improvement methods are effective 
to varying degrees in extending the fatigue life in cover-
plated beams. 

Grinding was not very effective. It resulted in the 
removal of discontjnuitjes that were near the surface, but 
with increasing crack depth, the method was less effective. 
Furthermore, it was not effective at the higher stress range 
levels. The early failure of several specimens could be 
directly attributed to mechanical notches that were caused 
by the grinding burr. 

Peening was more effective than grinding as a repair 
method and can be applied with good results to both un- 
cracked as-welded details and details with surface cracks 
having depths less than 3 mm (0.125 in.). This method 
was found to be dependent on the level of minimum stress. 
It was less effective at higher stress range levels and under 
high minimum stress. The application of high minimum 
stress lessened the effectiveness of peening because it 
reduced the compression residuals  stress. Approximately 
the same fatigue strength resulted for low levels of mini-
mum stress and for specimens peened under minimum 
stress. Under these conditions, the fatigue strength was 
improved one design category (from E to D and from E' 
to E) (3). 

The gas tungsten arc remelt pass was the most effective 
method examined and showed the least amount of mini-
mum stress dependency. This method can be successfully 
applied to repair details with surface cracks up to about 
5 mm (0.188 in.) deep. 

Crack initiation at the toes of the fillet weld is caused  

by nonmetallic intrusions that result from the welding 
process (13, 29). The presence of these intrusions was 
confirmed in this study. 

Crack initiation in repaired beams generally resulted 
from defects introduced by the repair method or from 
inadequate remelting. Although an increase in life was 
usually experienced, additional increases in life could 
be obtained when the repairs were made with greater care. 
The application of the gas tungsten arc remelt pass to 
as-welded beams will provide an increase in fatigue strength 
comparable to one design stress category. 

Full-size cover-plated beams subjected to cyclic, loads 
can be retrofitted by peening or application of the gas 
tungsten arc remelt procedure. The peening procedure 
appears to provi'de a reliable means of retrofitting details 
that have very small cracks (less than 3 mm (0.125 in.) 
deep and less than about 50 mm (2 in.) long) or no visible 
crack. For details with slightly larger cracks (up to-5 mm 
(0.188 in.) deep and a length up to 75 mm (3 in.) long), 
the gas tungsten arc remelt process can be used providing 
there is adequate penetration. 

Cracks with depths that exceed the penetration capa-
bility of the gas tungsten arc remelt pass and the effective-
ness of peening cannot be repaired by these procedures. 
A reliable method of repair for large fatigue cracks is the 
application of bolted splice plates that transfer the stress 
around the crack or by restoring the original flange and 
extension of the cover plate. 

The pilot study on extending the welded cover plate end 
into a low stress range area after the fatigue crack was 
removed indicated that such a procedure was feasible as 
well. However, the field application would be much more 
difficult with an overhead weld. Overhead welding was 
not examined for the extended cover plates. 

FATIGUE BEHAVIOR OF FULL-SIZE COVER-PLATED BEAMS 

Cracks were observed to form at the ends of cover 
plates of full-size beams at all levels of stress range ex-
amined in, this study (i.e., 27.6 MPa to 55.2 MPa (4 ksi to 
8 ksi)). A lower bound estimate of fatigue resistance for 
extreme life suggested that the crack growth threshold 
stress range was 17.9 MPa (2.6 ksi). 

No difference in fatigue behavior was observed for 
A36 and A588 full-size steel beams. 

A new fatigue strength category is needed for full-
size cover-plated beams with flange thickness equal or 
greater than 20 mm (0.8 in.) thick. The provisions sug-
gested in this report were adopted by AASHTO in 1978. 

FATIGUE RESISTANCE OF WEB GAPS 

Out-of-plane displacements in web gaps with lengths 
between 10 and 20 times the web thickness will result in 
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fatigue cracks if the cyclic out-of-plane movement exceeds 
1/1000 times the gap length. With gap equal to 5 times 
the web thickness, fatigue cracks develop if the out-of-plane 
movement exceeds 1/2000 the gap length. 

Small web gaps less than 5 times the web thickness result 
in very erratic behavior under cyclic out-of-plane displace-
ment. Cracks developed at displacements as small as 
0.05 mm (0.002 in.). 

The test results indicate that careful consideration must 
be given to details that will result in out-of-plane movement 

in the web gap regions. 

Fatigue-damaged bridge details that have cracks at the 

end of the stiffener or along the web-flange fillet weld as a 

result of out-of-plane displacement can be satisfactorily 

retrofitted by drilling holes at the ends of the fatigue cracks. 

CHAPTER SIX 

RECOMMENDATIONS FOR FURTHER RESEARCH 

The experimental work reported in NCHRP Report 102 

and NCHRP Report 147 has indicated that the primary 
factors influencing fatigue strength are,  the range of stress 
and the type of detail. These studies show that the cover-
plated beam represents on& of the most severe conditions 
that can be expected and yields a lower bound condition. 
A number of other details were shown to exhibit compar-
able behavior. 

In the studies reported herein, two methods of strength-
ening severe notch producing details, such as the cover-
plated beams, were found to be successful. Peening the 
weld toe region was observed to strengthen details when 
they were subjected to low levels of minimum stress or 
when peening was done in the presence of the minimum 
stress (dead load). Both as-welded and precycled pre-
cracked beams were examined. Limitations were noted in 
the effectiveness of this procedure, depending on the depth 
of penetration of the crack into the flanges. The application 
of a gas tungsten arc remèlt pass at the weld toe was also 
observed to provide a satisfactory method of retrofitting or 
improving the fatigue strength of as-welded and precracked 
details. The gas tungsten arc remelt was able to incorporate 
the shallow surface crack into the solidified metal when 
the depth of crack penetration did not exceed 5 mm 

(0.188 in.). 
These studies have pointed out the need for additional 

research concerning these improvement procedures. It is 
recommended that consideration bç  given to the following 
studies so that appropriate design criteria and retrofit 
procedures and techniques can be developed. 

IMPROVEMENT TECHNIQUES 

The improvement provided by peening or applying the 
gas tungsten arc remelt pass should be applied to several 
fatigue critical details, such as flange and web attachments, 
which are comparable to the cover-plated beams. Further 
improvements can be expected when crack growth is not 
possible from the weld root. 

Preliminary studies indicate that the gas tungsten arc 
remelt procedure does not metallurgically damage the 
repaired toe area; however, the remelt procedure should  

be applied to other structural steels to determine if this is 
also true for the higher strength heat-treated materials. 
Some high strength steels, such as those in the A514 group, 
are much more sensitive to the heat of welding. The exten-
sive heating of the flange area necessary to eliminate exist-
ing deep cracks may have an adverse effect on the proper-
ties of the repaired area. Research extending the tungsten 
arc remelt procedure to one or more of these steels would 
establish the suitability of this repair method to newer 
materials. 

Further studies are needed on the effectiveness of arc 
air gouging and subsequent rewelding of fatigue-cracked 
details. Gouging and rewelding should be similar to GTA 
remelting; moreover, it could be applied to much deeper 
cracks. Since this procedure involves the deposition of 
weld metal, it may also lead to high residual stresses and 
weld defects. Existing laboratory experience favors this 
as a repair method; however, no systematic study of this 
repair procedure has been undertaken. 

Studies are needed on groove-welded atachments and 
cross beams because these are commonly used details. The 
groove-welded plate attached to a tension flange tip or 
beam web is commonly used in bridge construction to 
attach lateral bracing and diaphragms. Often, nothing is 
done with the weld-toe termination on the flange tip or 
web, and crack growth can be expected at these weld toes 
under high cyclic stress. Substantial reductions in fatigue 
strength can also be expected from these groove-welded 
plates. Further experimental studies are needed on this 
detail; such studies would provide an opportunity to 
examine the improvement provided by peening or the gas 
tungsten arc remelt dressing of the weld toe as well as 
changes in transition geometry. 

SIGNIFICANCE OF MANUFACTURING AND FABRICATION 

DISCONTINUITIES 

1. Studies aie also needed to evaluate the significance of 
a variety of manufacturing and fabrication discontinuities. 
For example, the influence of seams, laminations, inclu-
sions, and weld discontinuities that are parallel to the stress 
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field needs to be examined systematically. Although an 
inclusion, seam, or other comparable discontinuity may 
be critical when oriented so that the applied forces are 
perpendicular to the discontinuity, available information 
indicates that such discontinuities have a minor or negligible 
effect when located parallel to the line of stress. Seams 
have been observed in cover-plated beams with the longi-
tudinal welds attaching the cover plate to the beam flange 
adjacent or over the longitudinal seams, and, in some cases, 
shrinkage has opened the seams. Other conditions that have 
developed are in rolled plates where seams have opened 
along the edge when welds have been placed along the plate 
surface near the edge. Although analytical indications and 
available information point out that such observations are 
not significant, tests are desirable to confirm this. 

A number of fabricated beams are occasionally identified 
as having discontinuities on the surface and are rejected. 
An attempt could be made to acquire rejected members and 
to obtain from the mills beams having discontinuities. 
Fatigue tests on these beams would provide an indication 
as to their severity and significance. 

Details similar to the penetration of a girder flange 
through the web of a box girder may exist. A careful 
review and experimental assessment of such details are 
urgently needed. 

2. Longitudinal groove welds are commonly made with 
a backup bar when fabricating box girder sections. Studies 
are needed on this weld configuration to determine whether 
or not the flaw condition and fatigue strength under these 
welding conditions are more severe than they are under the 
plain welded beam. Many other forms of welded plate 
construction, such as orthotropic bridge decks, utilize 
welding from one side as well. 

Various means exist for making the one-sided groove 
weld, including the use of backup bars and glass tape. If 
permanent backup bars are used, it has been common 
practice to attach them to one of the plates by tack welding 
prior to making the groove weld. It has also been the 
practice in the past to use several individual lengths of 
backup bar when long groove welds are made. These 
individual lengths have not been groove welded together, 
in many cases, and this discontinuity is believed to cause a 
substantial reduction in fatigue strength. 

A few tests are available on small, longitudinal groove-
welded specimens that have examined these welding con- 
ditions. Gurney (29) carried out 24 simple plate tests that 
showed that discontinuous backup bars have very low 
fatigue strength. Other tests on curved girders with thin 
webs did not result in as much reduction in fatigue 
strength (30). 

° At  present, there are no known studies on beams having 
welds made with .a glass tape for the backup. However, 
glass tape backups can produce very smooth contours and 
may prove superior. This study could define some of the 
conditions under which backup tapes may be used and any 
limitations on their use in this configuration. The results 
of this study would yield information vital to assessing the 
strength of numerous bridges that have been fabricated with 
discontinuous backup bars. In addition, the examination 
of intermittent tack welds would provide much needed  

information on this detail, which is currently classified as 
a Category E condition, since so little test data are available. 

ADDITIONAL DETAILS 

Further studies are needed to define the behavior of 
a variety of attachments to beams and girders. These 
details should be placed on deeper girders and thicker 
flanges. Among factors requiring consideration are the 
relationship of stiffener or other attachment thickness to 
the flange or web thickness, the geometrical configuration 
of the weld, and sizes of copes. These variables can be 
examined, and the effectiveness of the suggested repair and 
improvement procedures can be evaluated on the same 
specimens. 

Details not readily classified by existing fatigue design 
provisions need to be fatigue tested in order to verify the 
suitability of an assumed category. This would minimize 
the possibility of low fatigue strength being used in bridge 
structures. 

The currently used AASHTO Category F provides 
design values for welds in shear. This category was devel-
oped from test data acquired in the 1940s (31). It results 
in the only stress range cycle life relationship that is not 
compatible with other details as it deviates substantially 
from the slope of all other details. This is particularly 
unsatisfactory at the lower stress range—long design life 
region. Here, greater fatigue strength is implied than may 
be available. 

This study should involve not only supplemental fatigue 
tests, but also a comprehensive review of existing test data 
that have developed since 1950. A large number of tests 
have been made on cruciform joints that have failed in the 
weld and these results were summarized in a paper by 
Maddox (32). He found that the fracture mechanics 
solution developed by Frank (33) provided the best means 
of assessing the joint capacity. However, additional experi- 
mental work is needed near the crack growth threshold and 
on longitudinal welds as well as at this lower stress level. 
In addition, a satisfactory design procedure should be 
developed because a fracture mechanics solution is not 
readily applied to design. 

The root cracking that developed in the full-size cover-
plated beams and the earlier studies on smaller scale beams 
all suggest a need for further studies in this area. 

HIGH CYCLE FATIGUE 

I. Additional work is needed in the extreme life region 
of most fatigue categories. Only the cover-plated beam 
detail has been subjected to stress cycles in the 101  to 108 
region. The suitability of existing design criteria is de-
pendent on the adequacy of fatigue resistance in this 
region. 

2. Further studies are needed on randomly applied 
variable stress cycles near the crack growth threshold 
(fatigue limit region). The existing laboratory and field 
experience suggests that more fatigue damage than antici-
pated will develop when some stress cycles in the spectrum 
exceed the crack growth threshold. It is not known what 
frequency of occurrence of such events is necessary to 
result in fatigue cracking. 



CHAPTER SEVEN 

NOMENCLATURE 

a = crack size minor semidiameter of elliptical crack 

a1  = final crack size 
a j  = initial crack size 
b = major semidiameter of elliptical crack 

b1  = distance between edge of plate and center of 
crack 

C = crack growth coefficient, constant 
E = Young's modulus 
e = eccentricity of the crack 

E(k) = complete elliptical integral of the second kind 

FA(X) = correction factor for eccentric crack at location A 

FB(X) = correction factor for eccentric crack at location B 

FE = elliptical crack front correction 
F0  = stress gradient correction factor 
F8  = front free surface correction factor 

F1  = back free surface correction factor 
g = gap length 
I = moment of inertia 

K = stress intensity factor 
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AK = stress intensity factor range 

AK TH  = stress intensity threshold 

KIA = stress intensity factor at location A 
K111  = stress intensity factor at location B 
log = logarithm to base 10 

Mga p = moment from the gap displacement 
N = fatigue life 

SCF = maximum stress concentration factor 
S 1111  = minimum stress 

Sr  = stress range 
Tc p = cover plate thickness 
T. = flange thickness 

= web thickness 
Z = weld leg size 
p = diameter of drilled hole 
= stress 

cry  = yield strength 

AO'TH = threshold stress range 
A = out-of-plane displacement 
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THE PROBLEM AND ITS SOLUTION 

There are many thousands of steel bridges throughout the 
fljfl5 transpor-

tation system. Over the years some of these structures will experience fatigue 
damage as they are subject to an increasing accumulation of loading cycles. Fa-
tigue cracks will need to be detected and repaired on a routine basis. The study 
summarized herein reviews the state-of-the-art in nondestructive inspection meth-
ods and evaluates their reliability and adaptability for the detection of fatigue 

cracks in welded highway bridges. 

Lehigh University started work on NCHRP Project 12-15 in October 1972. A 
final report is expected to be available early in 1975. The primary effort in 
this study is being directed at the evaluation of methods for inproving fatigue 
life and arresting the progress of fatigue damage that occurs at severe notch-pro-
ducing details. An additional objective was the production of two state-of-the-
art reports. This Digest comprises the report on 'methods of nondestructive in-
spection. Its purpose is to call immediate attention to the findings and recom-
mendation8 of this part of the study. Research Results Dige8t 59, "Classification 
of Welded Bridge Details for Fatigue Loading," a review of typical welded bridge 
details and an evaluation of those most susceptable to fatigue crack growth, was 
published in March 1974. 

FINDINGS 

In any review of the state-of-the-art in nondestructive testing techniques, 
one is immediately impressed with the wide variety of methods that can be used to 
determine the presence or absence of flaws and discontinuities in materials, the 
development and rate of growth of flaws in service, and even the metallurgical 
state of the material in terms of grain size and heat treatment. However, many 
of the numerous surveys that have been produced on this topic in the past five 
years have included material not pertinent to the purposes of this review. For 
example, they are often concerned with flaws in semi-finished products or in small-
scale parts that can easily be cleaned or examined in detail. The type of nonde-
structive examination considered here is quite different. 

In the first place, this review is concerned with fatigue crack detection in 
weldments rather than general examination of unwelded rolled or forged products and, 
in particular, crack detection in the more common structural steel grades. Because 
of the emphasis on weldments, the area to be inspected is much more limited than a 
generalized material examination but may be one that involves examination of the 
more difficult geometries that characterize weldments. 

Emphasis in this review is on in situ testing. There are many types of tests 
that can readily be run in a laboratory but not so easily done in position on a 
large structure, especia1ly if the position is 65 feet above ground underneath a 
bridge. The limitations that this testing requirement places on the method may be 
more significant than those of any other single requirement. 

Finally, the emphasis in this review is on fatigue crack detection, especially 
old fatigue cracks on existing structures. Unlike other defects, which are volu-
metric in their dimensions, these cracks can be extremely tight and covered with 
corrosion product. The most significant requirement is the ability of the method 
to define these cracks accurately in terms of length and depth. The focus of this 
review is to assess the capability of nondestructive testing techniques to do this 

job effectively. 

An important aspect of this review is to realize the underlying concept of 
fatigue failure prevention that is employed. This concept is as follows: 
fatigue "failure" in large structural members initiates at fabrication flaws and 
proceeds by the growth of these flaws until a final failure mode, such as brittle 
fracture or buckling, terminates the useful life of the structure. The life of the 
structure, therefore, consists-of the growth of the flaws, slowly at first and 
then more rapidly, to a critical size. The initial fabrication flaws may be large 
or small. In many instances, they will be too small to be detected by current non-
destructive test methods. It is not the main purpose of this review to examine all 
known methods for finding fabrication flaws; rather, it is to discuss.the methods 
that are applicable to detecting the fatigue cracks growing from the flaws and to 
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assess their ability.to  give an accurate estimate of the size of those cracks. 
With this information in hand, the remaining life of the fatigued structure may also 
be estimated and the necessary corrective steps taken. 

The ability of any given method to detect fatigue cracks is aided by the fact 
that the critical points for fatigue cracking in a given bridge structure are at 
least predictable. The design of the structure dictates where live-load stress 
concentrations are most likely to be, and thus the areas needing examination can 
be reduced in number. Moreover, it is known that, in many cases the critical areas 
will lie at the toes of welds located in specific regions in that structure. The 
inspection technique can then be specifically applied to detect cracks at these re-
gions, and to define their exact size and shape. When the crack grows at the exter-
nal toe of a fillet weld, the external geometry of the joint will be a significant 
factor to be considered. If cracking occurs at the internal root of a weld, there 
will be even more severe requirements placed on the nondestructive test techniques. 
Thus an important part of the evaluation will be how well the method performs in a 
real-life on-line situation involving the typical weld geometry in a large structure, 
but, one in which the probably location of cracks is known. 

REVIEW OF NONDESTRUCTIVE TECHNIQUES 

All of the techniques of nondestructive examination that could be used for 
field detection of fatigue cracks are not reviewed in detail in this Digest. The 
potential methods of nondestructive examination in general are numerous; however, 
only a few have been attempted in the field on this' type of problem. Therefore, 
this review is limited to only five methods that either have been attempted for 
fatigue crack detection or have such potential that their immediate application is 
promising. Other possible methods not considered because of their present state of 
development include such techniques as acoustic emission, acoustic spectroscopy, 
acoustic holography, infrared, etc. This limits the consideration of nondestructive 
examination to basically five methods: X-ray, ultrasonic, dye penetrant, magnetic 
particle, and eddy current. A review of the characteristics of these five methods 
and their potential for various types of applications is shown in Figure 1(1). Be-
fore detailed consideration of Figure 1, it is necessary to give a brief explanation 
of the principle underlying each method. For a more detailed explanation of each 
method, its principles and its practice, other sources are recommended (Z I A). 

X-Ray Examination 

Nondestructive examination by use of X-rays depends on the fact that X-radi-
ation, produced either by a commercial X-ray machine or by radioactive decay of a 
radioisotope, will be absorbed by a material in proportion to the thickness of the 
part examined and the atomic number. Thus, if a defective piece of material is 
examined by this method, the X-ray absorption at the region of the defect will be 
different (usually less) than sound material next to this region. The X-radiation 
coming through the part is recorded on a film or a flourescent screen; the image 
is usually darker in the area where the defect is located. The X-ray Image on film 
provides a permanent record of the defect, and also shows the size and shape of the 
defect in two dimensions. It does not show its position in depth in the part. 

It follows from this description that defects such as slag inclusions or por-
osity in welds or castings are easily detected by this method. Planar defects such 
as cracks are also detectable; but only if oriented approximately parallel to the 
axis of the X-ray beam. Cracks or planar defects perpendicular to the X-ray beam 
axis will not change the X-ray absorption significantly and thus will be undetected. 
Intermediate orientations will produce varying degrees of defect detectability. 

Advantages of this method of nondestructive examination are the permanent 
record that normally results, the ability to determine internal defect size and 
shape (and thus defect nature), and its almost universal acceptance in codes and 
by-the engineering profession in general. The prime disadvantages to this method 
are its inability to locate the depth of the defect, its inability to locate poorly 
oriented planar defects, and the need to use, in general, large or hazardous equip-
ment. It may also be difficult to apply in some field locations. One special con-
sideration with this method which makes it particularly attractive is the fact that 
the resulting film is, in fact, a photograph of the part, and thus is immediately 
geometrically relatable to the part examined. No secondary analysis of the data 
is necessary. 

Ultrasonic Examination 

Ultrasonic testing relies on the wave properties of-sound in materials to 
detect internal flaws. High-frequency sound waves in the form of mechanical vi-
brations are applied to the part to be tested and the waves, passing through the 
material, strike either a defect or, eventually, an external surface. The sound 
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vibrations are then reflected and the nature of the return signal indicates the 
location and type of reflecting surface. Normal instrumentation includes a sound 
wave generator and pick-up device (usually combined in one unit) and a display 
screen on which the initial and reflected pulse is displayed. Display instrumen-
tation permits an estimation of the position (in depth) of the defect, the nature 
of the defect and, by moving the detection portion of the unit (called the search 
unit) along the part to be examined, the size of the defect. The test sensitivity 
is influenced by a great number of testing variables, such as sound frequency, de-
sign of the search unit, instrumentation, electronic processing of the return sig-
nal, and the skill of the operator. Normal results of the examination are a form 
prepared by the operator based on his observations of the display screen. 

The major advantages of this system of nondestructive examination are its 
portability, sensitivity and ability to detect the location of cracks or defects 
in depth. On the other hand, the major fault of the system is that, until very 
recent times, no permanent record of the defect was produced. It is, of course, 
now possible to make photographic records of the display, but this method has not 
been too popular. Another characteristic of the system often cited as a difficulty 
is the sensitivity of the method. It is possible to see too much; i.e., grain 
size in metals and minor defects not observable by other methods. The system can-
not detect surface defects very well. The dependency of the method on operator 
skill must also be considered an unfavorable factor. 

More research has been undertaken to modify this method and make it more 
widely applicable than most of the others, so advances in technology are more 

likely in this field. 

Dye Penetrant Examination 

The dye penetrant method of inspection is probably the most commonly employed 
shop and field method of defect detection. Although it is limited entirely to 
defects that penetrate the surface of the structure, it is Inexpensive, easily 
applied, and easily interpreted. The method itself is simple. The surface of the 
part to be examined is cleaned, usually mechanically and/or with a chemical de-
greasing agent. A fluid is placed on the surface to be examined, often with an 
aerosol spray, and allowed to penetrate cracks or surface defects by capillary 
attraction or other surface wetting phenomena. After a period of time, usually 
minutes, the penetrant is removed and a second solution is sprayed on the surface. 
The second coating, called a developer, usually dries to a chalky powder and re-
mains unchanged in the regions where no defect exists. In the location of a crack, 
the penetrant seeps from the crack where it is trapped and stains the developer. 
For this reason bright-colored (often red) penetrants are used. The red penetrant 
stains on the white chalky developer indicate the presence of a crack or other 
defect when visually inspected by the examiner. Modifications of the system in-
clude penetrants of different viscosity to detect different size cracks, wet rather 
than dry developers, and penetrants that flouresce under ultraviolet light. These 
penetrants, used in conjunction with ultraviolet light examination, make smaller 

defects visible. 

The principal advantages of the method are the ease with which the tests are 
conducted, the minimal skills required, and the low cost. Tests are not time con-
suming and may be made frequently during other operations (for example, to determine 
if a defect being removed by grinding is completely eliminated). It must be con-
sidered the most portable of all methods. 

The principal disadvantage is that only surface defects can be detected. This 
places a limitation of the usefulness of the method for the defect depth determina-
tion and "code" approval of most structures. However, from the practical shop 
viewpoint, many defects that occur during construction (for example, weld cracks) 
are detectable if dye penetrant is used at intermediate stages in the construction. 
Thus, defects that are later buried can be detected and repaired before they are 
hidden from view. Use of dye penetrant during fabrication may prevent later re-
jection when ultrasonic or X-ray examination is used. The more sophisticated dye 
penetrant methods, using ultraviolet light, are rarely used in field applications. 

Magnetic Particle Examination 

This method of inspection, like the dye penetrant one, is limited to surface 
or near-surface defects. An additional limitation placed on the process is the 
fact that only magnetic materials may be examined. In the shop application of the 
method, the part to be examined is placed In a magnetic field and fine powdered 
iron is sprayed (insuspension) or blown on it. If the magnetic field is undis-
turbed by any surface or subsurface discontinuities, the iron powder aligns Itself 
with the field in a uniform film. If a discontinuity (such as a crack) disturbs 
the field, a concentration of magnetic lines of force will occur, and thus a con-
centration of iron powder. This concentration will show the presence of the crack 
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during visual inspection. In order to detect the crack, it must be aligned trans-
verse or nearly transverse to the magnetic field. For this reason, the magnetic 
field must either be aligned perpendicular to the expected direction of defect 
formation or must be varied in direction. For shop tests, this is usually accomp-
lished by sequentially magnetizing the part in a large circular coil to produce a 
longitudinal magnetic field and passing current through the part to produce a cir-
cular magnetic field. 

In field applications, the part is locally magnetized by use of two current-
carrying copper prods that are placed on the surface of the part. These prods 
produce a circular magnetic field about each contact point when current flows be-
tween them and surface defects transverse to the field are detected by use of iron 
powder. If the prods are moved about the part or structure to be examined, de-
fects at any orientation may be detected. 

The advantages to this method are its relative portability, the minimal skills 
required to operate it, and its ability to detect even tight cracks. Of course, it 
is limited in the materials that it may be applied to, and the type of defects it 
may detect. Again, in some appliéations, it has the additional limitation that it 
leaves the part in the magnetized condition. Although this is not normally a prob-
lem, it may interfere with some subsequent operations, such as welding. It is 
possible to demagnetize the area examined by this method, but this is time con-
suming and adds to the cost. 

Eddy Current Exáminat ion 

This method operates very similarly to magnetic particle inspection but the 
defect is detected by a perturbation in the electrical, not magnetic, field in the 
material examined. In this technique, a coil carrying alternating current produces 
eddy currents in a conductor nearby. The conductor eddy currents, in turn, create 
impedence in the exciting or, if desired, a separate search coil. The impedance 
produced depends on the nature of the conductor and the exciting coil, the magni-
tude and frequency of the current, and the presence or absence of discontinuities 
in the conductor. The method is therefore instrumented such that a coil is scanned 
over the surface of the area to be examined and defects produce a characteristic 
change in impedance as read from a dial or meter (output can be put on a chart if 
desired). 

This method has been given only limited application for several reasons, most 
important of which has been that generally only simple geometries can be examined. 
Complex geometries change the impedance readings in themselves, and thus limit the 
usefulness of the procedure. Again, as with magnetic particle examination, only 
conductors can be examined. 

There is some real potential for this method. Defects in depth can be de-
tected, or, with suitable frequency control, examination may be limited to the 
surface. Defect size can also be estimated from the response of the area examined. 
It is insensitive to many surface conditions (for example, paint) which limit other 
methods. This method appears to need further development, however, to be generally 
applicable. Certainly the geometry sensitivity of the method is a real disadvantage. 

COMPARISON OF NONDESTRUCTIVE EXAMINATION METhODS 

A general summary of the processes discussed in the foregoing, including their 
over all capabilities, is contained in Figure 1. This review is reproduced, with 
some deletions, from an article published in 1969 and so requires some modifications, 
as indicated later. However, examination of Figure 1 does reveal some useful in-
formation on these processes. There is no process that is good for. all kinds of 
defects, either in general, or specifically, in welds. Radiography, which is so 
widely used for internal voids and for defects in welds, is none the less not very 
satisfactory from the standpoint of surface cracks, and is specifically listed as 
being poor in detection capabilities for fatigue cracks In service. Even though 
there have been recent developments in the field of radiography, the inherent 
problem of poor surface crack detectability has not been solved. The more recent 
work on X-ray examination has included development of high-energy X-ray units that 
are capable of examining steel bridge sections up to 2 in. in thickness in a single 
high-energy short-term pulse (i.). Although this greatly enhances the over all use-
fulness of the technique for general inspection of internal defects because it de-
creases the time required, it does not improve fatigue crack detection capability. 
It should be noted from the chart that crack detection is related to orientation in 
this process, and thus fatigue cracks, which would normally be parallel to the X-ray 
beam axis in inspecting girders, for example, would be expected to be more detect-
able than cracks in other orientations. The fact remains that, in the opinion of 
the researchers, this method is not ideal for fatigue crack detection. 
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The ultrasonic test method is also not completely ideal for detection of fa-
tigue cracks in all its operating modes. Once again, it is quite good for inspec-
tion of internal voids. If the right testing procedure is employed (i.e., the 

angle-beam .
method with contact pulse-reflection), crack detection both for internal 

voids and for fatigue cracks is listed as good. One realadvantage this process has 
over the others listed as good for surface crack detection, is that it can be used to 
determine crack depth. However, for minute surface cracks, often the precursor of 

fatigue, there are better methods. 

This chart suggests that the best methods for surface crack detection are mag-
netic particle and dye penetrant examination. Of these two, magnetic particle in-
spection probably is best. Its advantages over penetrants are that even very tight 
cracks are detectable, and, although surface condition is a factor, surface clean-
liness is not as important with magnetic particle examination as with dye penetrants. 
For minute surface cracks, neither method is superior. If wet magnetic particle 
methods or flourescent dyes were used, both would be good for small cracks. However, 
current practice is not to use either of these methods extensively in field appli-
cations. The real limitations on these two processes (magnetic particle and dye 
penetrant) come in their inability to detect the depth as well as the length of 
surface cracks. Most fatigue cracks start at surfaces such as weld toes and geo-
metrical discontinuities. After a period of growth, they can be irregular in shape. 

Some regions may be deep, others shallow, buf these methods cannot detect this vari-
ation. This can be a fairly critical problem, especially when a decision must be 
made on the best method to be used to undertake repair of 'a fatigue-cracked struc- 

ture. 

It is appropriate to consider at this point which type of nondestructive ex-
amination system would be most effective to use for fatigue crack detection if only 
one could be used. In the opinion of the researchers, this method would surely be 
ultrasonic examination. Not only is it the most suitable because it can detect 
both surface and internal defects, but also because it is capable' of defining the 
shape and depth of the crack. One feature of the practical application of ultra-
sonics to fatigue cracks, particularly cracks at weld toes, is that, using the angle-
beam method, the search unit does not need to go directly over the crack to be 
examined. This is a decided advantage because fatigue cracks at weld toes are 
difficult to expose due to the normal geometrical discontinuity produced by the 
weld reinforcement. Examination by methods that require exposure of the crack 
by grinding are less satisfactory. Using the angle-beam method, the ultrasonic 
beam is directed toward the crack at an angle to the plate surface, usually 70°. 

This means that the search unit approaches the crack from the side and thus, except 
for very small cracks, is separated from the weld toe geometry by a finite distance. 
Assuming that the crack 'is not small, the ultasonic method then has a decided 

advantage. 

Of course, it is not entirely necessary to select only one nondestructive 
examination method. In some respects a combination of magnetic particle and ultra-
sonics would be a superior detection method. With such a system both surface and 
buried cracks could be detected and defined. In this case, however, careful clean-
ing of the area to be examined would be necessary. The end result would, however, 

be a more accurate crack evaluation. 

CURRENT CAPABILITIES OF NONDESTRUCTIVE EXANINATION METhODS 

It is interesting to note that, with the large body of literature on non-
destructive testing available, little is devoted to the actual capabilities of the 
various methods to detect cracks. It may be that a great deal of information is 
available in company and agency files, but little has been published specifically 
on this topic in the past ten years. There has been a great deal of effort on the 
part of thenondestructive test industry to develop standards and test specimens for 
more uniform testing, but none of these contain natural cracks. Indeed, fabrication 
of a fatigue-cracked weld specimen standard would be quite expensive because, after 
making a measurement of fatigue crack depth on a practical weld detail, the only 
way to determine the accuracy of the iiasurement is to destructively section the 
weld. Relatively few investigations of this type have been undertaken. Based on 
whatever data are available, however, some est.mates of the capacity of various 
methods to detect fatigue cracks may be made. 

X-Ray Examination 

Good radiography, done under controlled conditions, should reveal defects 
between 0.5% and 1.0% of the thickness examined in depth. Defects 2% of the thick-
ness in depth are probably reasonable for field condition tests, and indeed meet 
the requirements of many government and industrial standards. The accuracy of crack 
detection by this technique is obviously dependent on the size of the section ex-
amined. Although this standard of crack detection couched in terms of section thick- 
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ness is quite suitable for some industrial applications, it is not particularly 
helpful for fatigue cracks in which actual sizes need to be estimated. In a typical 

5/8-in, to 1-in, thick steel section this means a' crack about 20 mils deep. This 
minimum crack detection estimate must be considered an optimistic one in many cases. 
Take, for example, the case of a fatigue crack starting at the end of a cover plate 
in a girder. X-radiation would detect a 20-mil crack in this location provided it 
is not directly over the web section. Unfortunately, over the web section (where 
the crack is most likely to start), the X-rays will pass through the web section and 
be absorbed, and thus cannot effectively detect a crack in this location. Discount-
ing this problem, crack detection under good conditions is quite satisfactory by 
this method, and cracks on the order of 0.05 in. deep and 0.1 in. long should be 
detectable. 

Ultrasonic Examination 

Based on findings from this project and others, the minimtim crack depth or 
crack depth range that appears detectable at the present time by this method is 
about 30 to 50 mils. There is no doubt that it is possible to detect smaller cracks 
than this, but reproducible field condition tests are probably not going to exceed 
this sensitivity. In an investigation of fatigue cracks in fillet welded beam and 
T joints (-L), the average deviation of the actual fatigue crack depth from the mea-
sured value was 35 mils. Deviation in crack length from the measured value (for 
cracks up to 45 in. in length) was much greater. The authors of this paper suggested 
that some of the Inaccuracies are due to the tightness of the cracks and branching 
or plastic deformation of the crack tip. Recent work on ultrasonics may improve 
this level of performance. One research paper () suggests that computer processing 
of the raw pulse-echo data can greatly improve accuracy and resolution of the process. 
If so, this method will have Improved usefulness, although field application of 
computer-processed ultrasonics appears to be in the distant future. Current best 
capability would be detection of cracks 0.05 in. deep and about 0.1 in. long. 

Other Methods 

Examination of the current literature did not reveal any quantitative estimates 
of the accuracy of the magnetic particle, dye penetrant, or eddy current methods of 
inspection. In any case, they do not detect crack depth and thus cannot have the 
same criteria applied to them. Lacking any concrete experimental data, the author, 
In his limited shop experience with dye-penetrant examination would estimate that 
the smallest crack shallow that it can reveal by visual examination is 100 mils. 

Considering this to be a fatigue crack of semi-elliptical shape, the minimum detect-
able crack depth is then about 50 mils, or comparable to ultrasonic test capabilities. 

Realistic Capability of Detection Systems 

Upon reading the literature In the field of crack detection and considering 
the Optimum crack detection capabilities of various systems, one finds that the 
crack detection limit is quite good (on the order of 0.1 in. or less). Somehow, 
between the laboratory and the field, this level of capability is almost never 
achieved. Although it is understandable that some loss in capability will occur, 
the magnitude is Sometimes greater than would normally be anticipated based on the 
differences between the laboratory and field conditions of testing. The optimistic 
estimates indicated In this section must therefore be balanced by field experience 
with several systems. These kinds of data are difficult to obtain; however, some 
recent work Sponsored by the Federal Highway Administration permits experience with 
a practical system to be evaluated and gives a realistic picture of present capabil.-
ities In the field. This experience is discussed in the next section. 

PRACTICAL FIELD CRACK DETECTION 

In spite of the relatively good crack detection capabilities shown by a variety 
of nondestructive examination techniques, the question still remains as to what 
level of performance may be expected under field conditions. The estimates of crack 
detection capability indicated in the foregoing were almost exclusively for labora-
tory conditions where the surface condition of the structure, the orientation of the 
defect, and the operating conditions of the equipment were either quite favorable or 
at least well under control. To balance this somewhat optimistic set of conditions, 
nondestructive examination of a real structure under field conditions needs to be 
described. To make this transfer of nondestructive examination technology from the 
laboratory to the field, some compromises must' usually be made. For example, sen-
sitivity may be sacrificed in behalf of greater coverage, or ease of operation, or 
portability. Again, some of the information that might be obtained may be lost be- 
cause of limited operator skill, or operator discomfort, or surface conditions of 
the structure. 
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In spite' of these problems, however, atte!npts have been made to develop a non-
destructive examination system that, although a compromise from the ideal, will still 
perform effectively in the field. Examination of the performance of this system can 
serve as a realistic measure of the state-of-the-art in field examination. Dis-
cussed next 'is this recently developed system utilizing both the Acoustic Crack De-
tector (ACD) and the Magnetic Crack Definer (MCD). 

The ACD, MCD S1mand Its Potential 

The two-instrument system (ACD and MCD) develRped by the Southwest Research 
Institute for the Federal Highway Administration (L) was specifically designed to 
detect fatigue cracks on existing structures using semi-skilled personnel. The 
system consists of portable one-man units used in concert to first detect (ACD) 
and then define the length (MCD) of the crack. Each unit consists of a hand-held 
probe and a back pack. The Acoustic Crack Detector is basically a 2.25-MHz 70°-wedge 

ultrasonic probe that is coupled to the surface of the area to be inspected with 
glycerine. When pulses are returned to the detector from a defect or a metal surface, 
the echo is electronically processed and the distance from the probe to the defect 
is displayed digitally at the probe. In addit,ion, the coupling effectiveness of the 
probe to the surface is indicated by a light on the probe. The presence of a defect 

is also audibly indicated in an earphone. The varying path length differences from 
the probe to defects are electronically compensated. The instrument is first cali-
brated for surface condition of the structure to be inspected and the maximum working 
distance at which inspection may be done is determined. The unit operates effectively 
at from 3 ft to 10 ft from the region to be inspected, depending on the surface condi-
tions. The expected sensitivity at those distances was to be able to detect a crack 
3/4 in. or more long (perhaps less at close distances). 

The back pack power and electronic unit should operate, for 8 hr without recharg-
ing, and is intended to be used with the probe to scan structures for the presence 
of cracks rapidly and under field conditions. 

Once a crack or defect has been detected, the length of the crack is determined 
by the Magnetic Crack Definer. This hand-held probe and back pack unit operates on 
AC magnetic field disturbance principles. An iron core electromagnet operating on 
low-frequency (106 Hz) AC current creates an AC magnetic field and AC current In the 
specimen examined. Two differential coil pickups oriented selectively with respect 
to the driving magnet detect disturbances in the magnetic field when a crack is 
present. Wham a crack is detected, a light appears on the probe and an audible tone 
is heard in an earphone. By following the crack with the probe unit, the extent of 
the crack may be mapped. The intended sensitivity of the unit was to determine 
crack lengths (as long as the crack comes to the surface) to within 1/4 in. This 
unit operates about 1 hr without recharging, but is normally used only after the ACD 
has indicated that a crack is present. The unit operates well even on heavily 
scaled or old painted surfaces. 

The Federal Highway Administration, with the cooperation of ten states, is 
presently evaluating these instruments under field and laboratory use, and a compre-' 
hensive evaluation of the units' capabilities will be made in the near future. 

Early experience with the FHA units, both in the laboratory and in the field, 
was satisfactory. Cracks in beams, stiffeners, bolted joints, and eye bars were 
detected in the size range of 0.15 to 1.8 in. by semiskilled personnel. The units 
were subsequently field tested in Texas, Arkansas, Idaho, and Connecticut. In the 
tests in Texas, Arkansas and Idaho, in only one case were defects, in this case 
preexisting weld defects, found - and these were volume defects, not cracks. In 
these tests rivet and bolt holes in the structures were readily detected. 

The field tests in Connecticut were performed, under different conditions; 
fatigue cracks were known to be present and the test was to see if the system could 
accurately detect and define the cracks. The bridges examined were the Yellow Mill 
Pond Bridge in Bridgeport and the Quinnipiac River Bridge in New Raven. In the former 
bridge the emphasis was on the detection of cracks by the ACD; in the latter, the 
effectiveness of the MCD in finding the tip of a known crack was assessed. 

In 'the opinion of the researchers, the results of these tests were not entirely 
promising. In the case of the Yellow Mill Pond Bridge, the ACD unit could detect 
cracks 1 in. long and through the thickness of the beam flanges at the toes of trans-
versely welded cover plates. Confirmation of these cracks and definition of their 
length with the MCD was only partially effective. Shorter cracks that were found 
visually using a lOX magnifying glass were either missed entirely by the MCD or 
identified' only after being found visually. The Quinnipiac River Bridge had an 
existing fatigue crack growing from a stiffener butt weld into the web and flange of 
a fascia girder. The MCD was employed to define the ends of the crack in the flange 
so that holes could be drilled at the crack tips and the crack arrested. Holes 
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drilled on the basis of the MCD crack length determination proved to be not-at the 
crack tips, and the crack was found to extend at least 1/2 in. beyond the MCD 
indication. 

This experience would indicate that large cracks, at least, could be found by 
the FHWA units, but cracks smaller than the minimum rated sensitivity could also be 
missed. Because some cracks missed by the MCD unit could be found by an experienced 
investigator with a lOX field lens, it is clear that knowing just where to look is 
a significant factor in crack detection. In general, however, inspection of bridges 
and large structures can not be undertaken by highly skilled personnel, thus at pres-
ent the crack sizes that are detectable by field crews must be assumed to be at least 
1 in. long and about 1/2 in. deep; smaller sizes than this are likely to be missed. 
It will be seen that these crack sizes are at least an order of magnitude larger 
than the minimum sizes detectable under laboratory conditions, so there is .a great 
deal of room for improvement; however, the ACD and MCD units are a step in the right 
direction. 	 - 

The Problem of Detectability and Reliability  

A note of caution must be sounded when estimates of'the minimum crack size that 
can be detected by a given process are listed. The fact that these cracks can be 
detected does not always assure that they will be. Papers published by nondestructive 
examination experts are often more optimistic than realistic about the capabilities 
of these systems. Recent emphasis on "zero defects" in construction and fabrication 
has not presented a true picture of real components and structures produced and tested 
by real people. In this regard, an interesting paper (.IQ) describing the results of 
round-robin testing of defective nuclear reactor plates should be noted. Although 
not exactly the same as tests of bridge construction, the tests provide a comparison 
of the performance of 10 teams of nondestructive examination experts, 5 using X-rays 
and 5 using ultrasonics on the same components. The tests were performed under 
shop conditions using the ASME Boiler and Pressure Vessel Code (Nuclear Section III) 
as the standard. Identical calibration and test' procedures were to be followed by 
each team, and the parts examined were of simple geometry (plates). The result was 
that the ultrasonic test method was consistently more sensitive than the radio-
graphic method. More startling was the fact that no team found all the flaws, al-
though their presence was subsequently verified by sectioning of the plate. Accuracy 
scores on ultrasonic examination ranged from 50% flaw detection to 90%; however, 
the team that found 90% of the flaws, also found 20% false indications from nonex-
istent flaws. The radiographic detection score ranged from 30% to about 50%; that 
is, half the flaws were undetected. All of the flaws were found by the 10 teams as 
a whole, however. 

Because these tests were run under relatively controlled conditions, and with 
set standards, it is hard to see why flaws were missed. The reasons were human 
ones. Teams did not follow instructions; did not record flaws properly, and, most 
of all, did not pay attention to detail. From private talks with the sponsors of 
these tests, it was learned that before the reported tests, the teams had been given 
a practice run in which even more flaws were missed. 	 - 

The results of these tests need not be overly discouraging, but they do place 
the problem of crack detection in a more realistic light. Minimum-size cracks may 
be detected bya variety of methods. Evidence indicates that a finite portion of 
them will be missed. In the case of fatigue cracks, inspection at a later time may 
reveal them as they grow larger. The minimum crack sizes detectable under ideal 
conditions are encouraging because tentative findings from NCHRP Project 12-15 at 
Lehigh University indicate that cracks this size can be trtd by several methods 
to prolong the fatigue life of a member. But practical detectable crack sizes 
greatly exceed this level. Even at best, therefore, it must be understood that in 
most instances tight fatigue cracks will inevitably be missed at this size and grow 
to a size where they can no longer easily be repaired. Design of bridge structures 
must take this eventuality into account. 

SUMMARY 

A variety of nondestructive examination methods is available today for detec-
tion of fatigue cracks in bridge structures. X-ray, ultrasonic, magnetic particle, 
dye penetrant, and eddy current inspection methods will all provide means to detect 
cracks, but in terms of the field identification and characterization of fatigue 
cracks, ultrasonic examination appears to be the most desirable of the methods 
available. Minimum crack sizes detectable by this method are about 0.1 in. long, 
but practical detectable sizes in the field are on the order of 1 in. Because 'of the. 
continuing research work on this method and others, there is promise of better detec-
tion capability in the future. In spite of its capabilities, it must be remembered 
that no method is better than the operator, and this method, like many others, cannot 
be considered 100% reliable in crack detection. 
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APPLICATIONS 

The findings from this study should be of immediate value to structural engineers 
and others involved in the design, construction, and maintenance of welded steel 
bridges. As is evident in the foregoing, the study is reported in clearly under-
standable terms and does not require additional effort by the user to interpret the 
findings before being able to relate t1em to his particular circumstances. It would 
appear that enough evidence exists relative to all the nondestructive inspection 
methods investigated for the potential user to make immediate judgments as to their 

suitability for use. 

REFERENCES 

Anon., "Field Day for Nondestructive Testing." Welding Design and Fabrication 

(Feb. 1969) pp. 53-60. 

McMasters, R. C., ed., Nondestructive Testing Handbook, Vol. I and II. 
Society for Nondestructive Testing (1963). 

Barton, J. R., and Kusenberger, F. N., "Fatigue Damage Detection." ASTM 
Tech I14No. 495, pp. 123-227. 

Biskup, J. T., "Welding Inspection." ASCE-IABSE Conference Reprint Reports, 
Vol. lb-9 (Internat. Conference on Planning and Design of Tall Buildings, 

Aug. 1972, Lehigh University), pp. 77-92. 

Rhoten, M. L.,Galis, M. J., Hudec, R., and Hayes, P. K., "Nondestructive Tests 
for Welds in Highway Bridges." EES-261No._28, Ohio State University, * Ohio 

Dept. of Highways, Bureau of Public Roads.  

Dick, P., "Introduction to Nondestructive Testing." ASM Metals Engineering 
Inst. (1972). 

DeGiacomo, G., Crisci, J. R., and Goldspiel, S., "An Ultrasonic Method for 
Measuring Crack Depth in Structural Weldments." Materials Evaluation (Sept. 
1970) pp. 189-193, 204. 

Frederick, S. R., and Seydel, J. A., "Improved Discontinuity Detection Using 
Computer-Aided Ultrasonic Pulse-Echo Techniques." Bull. No. 185 Welding 
Research Council (July 1973). 

Barton, J. R., Kusenberger, F. N., and Birchak, J. R., "Development of a New 
System for Detecting Fatigue Cracks in Steel Bridges." FHA Final Report, : 

FHWA-RD-73. 

Anon., "Nondestructive Examination of PVRC Plate-Weld Specimen 201." Welding 
Jour. Res. Suppi. (Dec. 1971) pp. 529s-538s. 



62 

G = good NONDESTRUCTIVE EXAMINATION TEST 
COMPARISON 

0 = unsuitable 

1 - Fluoro:copy suitable only for SHEET WELDS PRO- 
GENERAL AND CESS. IN SERVICE -  

2 - If beam is parallel to cracks. A LM 
WITH WITHOUT ING 

3—Specialthicknessgagesavailable. 
BEAD BEAD 

4 - Size of defect found depends 
on thickness of section. 

5 - Defects must be open to a 
surface to be located with 
penetrants. 

9 
Q. 

U) j 

C.) 
uJ U' . 00 

. 
0. 

U) 	U' 0 

Otrthankstc?(r3utkramerUItrasOn. 
ics, 	Inc., 	and 	Magnaflux 	Corp. 	for 

In C', 'a 

their 	help 	in 	revising 	this 	chart. 
CL 

U. U' 

8 
X.MY F2  F2  IG IF F G31 G G2  G G2  G PIPI P FI PI F G PENETRATING 

FLUOROSCOPYI P.F G F2 
I FPF 

RADIUM AND RADIOISOTOPE F2  F2 G F F G3  IG G2  G G2 G P P P P I F P 
OVER 

NORM.TOSURF.½" G G G F G G G G G G G P 
CONTACT SEND AND RECEIVE G G G P G G G G G PULSE 

- - - - - - - G G 
REFLECTION ANGLE BEAM P G G G P F F G P G F1 P F P GI - P 

SURFACE WAVE G - - - - P F G F I F - 
ULTRASONIC 

AND IMMERSION NORM. TO SURF. G G G F G G G F PULSE - 
SONIC REFLECTION ANGLE BEAM P1 G G G I F F 

--_ 

F F I  G F G F P 
__ 

G 
THROUGH TRANSMISSION - F G - F - G - F FI I I I F 

RESONANCE P P G P G I G I G G P 
METERTHICKNESSGAGE(under3) 1  G G I G . G G F 
SONIC and MECHANICAL VIBRATION p G 

WETGG .F F F G G G G G A.C. 

MAGNETIC ________ DRY F G F F F G G G G F P 
PARTICLE Wn G -__ G P IG I IF F I I G G G G G D.C. 

DRYFGFP G G G G G G G G G F P 
EDDY CURRENT F G F G P P P F I G F F 

ELECTRO- 
MAGNETIC PROPERTY ANAL YSIS P F P P F G F P P P G F F P 

MAGNETIS 
LEAKAGEFIELDPICKIJP 'F G F P F F G G F G 

D.C.CONDUCTION F F P P F P F PI P 1 1 F F F F I F. F 
VISIBLE DYE PENETRANT F G F P G G G G G F PENETRANTS' 

FLUORESCENTOVEPENETRANT G G F P G IG G G G F 

Figure 1. Comparison of Nondestructive Examination Test. 



63 

APPENDIX B 

CLASSIFICATION OF WELDED BRIDGE DETAILS 
FOR FATIGUE LOADING 

THE PROBLEM AND ITS SOLUTION 

The fatigue fractures observed in cover-plated steel-beam bridges during the AASHO Road Test, 

and more recently in a number of structures in the field, illustrate the influence of welding and 
welded details on the life expectancy of highway bridges. Also of great significance in these 
bridges are such factors as the loading history of the structure, the types of materials, the design 
details, and the quality of fabrication. Among the more important design details are cover plates, 
stiffeners, attachments, and splices. The study summarized herein, classifies these and other de-
tails in terms of their effect on the fatigue strength of welded steel bridge members. 

Lehigh University started work on NCHRP Project 12-15 in October 1972. A final report is 
expected to be available early in 1975. The primary,effort in this study is being directed at the 
evaluation of methods for improving fatigue life and arresting the progress of fatigue damage that 
occurs at severe notch-producing details. An additional objective was the production of two state-
of-the-art reports. This Digest comprises the report on a review of typical welded bridge details 
and an evaluation of those most susceptible to fatigue crack growth. A Digest to be published in 
the near future will contain a state-of-the-art review of existing methods of nondestructive in-
spection and an evaluation of their reliability and adaptability for the detection of fatigue cracks 

in welded highway bridges. 	 - 

Other NCHRP research in progress in the area of fatigue includes: Project 12-12, "Welded 
Steel Bridge Members Under Variable-Cycle Fatigue," and Project 12-14, "Subcritical Crack Growth in 
Steel Bridge Members," both at United States Steel Corporation. Project 12-15 was preceded at 

Lehigh by NCHRP Project 12-7, "Effect of Weldinents on Fatigue Strength of Steel Beams." The objective 
of this earlier study was the development of statistically documented design relationships to define 

the fatigue strength of steel beams. 

These fatigue studies have revealed that the primary variables influencing fatigue strength 
are the type of detail and the stress range to which the detail is subjected. The findings from 

NCHRP Project 12-7 have lead to development of comprehensive changes to the fatigue provisions of 
the AASHTO specifications. These new provisions use the concept 'of stress range for each structural 
detail and loading condition. The use of stress range greatly simplifies design computations and 
at the same time reflects the available experimental and theoretical fatigue findings. 

The revisions to 'Article 1.7.2 of the AASHTO specifications are summarized in Tables 1 and 2. 
Table 1 gives the allowable ranges of stress for a number of categories that are defined in Table 
2. The results are comprehensive and cover both 'welded and mechanically fastened joints. 

The objective of the research phase reported herein is to classify existing and currently 
designed welded bridge details in terms of the specification provisions. The categories that are 
defined in detail in Table 2 of the specification are illustrated by various types of joints that 
are in common use. Details used on bridges in various parts of the United States are examined 
and classified according to their susceptibility to fatigue in order to provide bridge engineers 
with a better understanding of design conditions. The purpose of this Research Results Digest is 
to call immediate attention to the findings and recommendations of this part of the study. 

FINDINGS 

Fatigue Strength and Design Variables 

In the past, only approximate general design relationships have been possible for fatigue 
because of the limited experimental data available. Research undertaken in the first phase of 

NCHRP Project 12-7 has been reported in NCHRP Report 102, "Effect of Weldinents on the Fatigue 

Strength of Steel Beams" 	Findings from the second phase have been summarized in NCHRP Research 

Results Digest 44, "Fatigue Strength of Welded Steel Beams," and will be covered in depth in 
NCHRP 

Report 147, "Fatigue Strentth of Steel Beams with Transverse Stiffeners and Attachments" (2), to be 
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published in 19/4. These studies on some 331 steel beams and girders having two or more details 
have shown that stress range is the most significant stress factor for designing a given detail 
against fatigue. Other stress variables and the type of steel do not significantly affect the 
fatigue strength as long as stresses are below the yield point. However, because design provi-
sions require that the maximum, stress not exceed 0.55 c,,, there are obvious advantages to using 
high-strength steels under large dead loads. These findings were found to be applicable to every 
beam and detail examined. Included were rolled beams, welded beams, square-ended cover plates with 
and without transverse end welds, cover-plate width and thickness transitions, groove-welded splices 
with the reinforcement removed at transitions in width, multiple cover plates, and beams with 
stiffeners and attachments. 

The cracks in the rolled beams were observed to originate from the rolled surface of the 
tension flange. Cracks generally initiated from small discontinutes in the flange surface. 
These discontinuties were all small; the result was a high fatigue strength. The lower bound to 
the results of the rolled-beam studies was used to develop the design relationship'for stress 
Category A. This provides the highest stress range that the base metal or rolled element can be 
subjected to for a given number of stress cycles. 

TABLE 1 

REDUNDANT LOAD PATH STRUCTURES 

Category 

Allowable Range of Stress, F8  (ksi) (MPa) 

For For For For over 

(SeeTable.4 100,000 500,000 2,000,000 2,000,000 
Cycles , Cycles Cycles Cycles 

A 60(413.69) 36 	(248.21) 24(165.47) 24 	(165.47) 
B 45 (310.26) 27.5 (189.60) 18 (124.10) 16 	(110.31) 
C 32 (220.63) 19 	(131.00) 13 	(89.63) 10, 12* (68.95), 

(82.74) 
D 27 (186.16) 16 	('110.31) 10 	(68.95) 7 	(48.26) 
E 21 (144.79) 12.5 	(86.18) 8 	(55.15) 5 	(34.47) 
E 1 	16 	(110.31) 9.4 	(64.810) 5.8 	(39.990) 2.6 	(17.926) 
F 15 (103.42) 12 	(82.74) 9 	(62.05) 8 	(55.15) 

*For transverse stiffener welds on girder webs or flanges. 

(1) Structure type, with multi-load path, where a single fracture in a member cannot 
lead to the coUapse. For example, a simply supported single span multi-beam bridge or * 
multi.clement eye bar truss member has redundant load paths. 

TABLE 2 

Stress 
'General 	 Kind of Category 
Condition 	 Situation 	 Stress (See Tablel) 

Plain 	Base metal with rolled or 	 T or Rev. 	A 
Material 	cleaned surfaces. Flame cut 

edges with ASA smoothness of 
1000 or less 

Built-up 	Base metal and weld metal in 	T or Rev. 	B 
Members 	members without attachments, 

built-up of plates, or shapes 
connected by continuous full or 
partial penetration groove welds 
or by continuous fillet welds 
parallel to the direction of 
applied stress 

Calculated flexural stress at 	T or Rev. 	C 
toe of transverse stiffener 
welds on girder webs or flanges 
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Stress 

General 	 Kind of Category 

Condition 	 Situation 	 Stress (See Table 1) 

Base metal at end of partial 
length welded cover plates 
having square or tapered ends, 
with or without welds across  
the ends 

FlangethickfleSS 4 0.8 in. (20 mm) T or Rev. 	E 

Flange thickness> 0.8 in. (20 mm) T or Rev. 	E 

Groove 	Base metal and weld metal at 

Welds 	full penetration groove welded 
splices of rolled and welded 
sections having similar profiles 
when welds are ground flush and 
weld soundness established by 
nondestructive inspection. 

Base metal and weld metal in or 
adjacent to full penetrat!on 
groove welded splices at tran-
sitions in width or thickness, 
with welds ground to provide 
slopes no steeper than 1 to 
2 1/2, with grinding in the 
direction of applied stress, 
and weld soundness established 
by nondestructive inspection 

Base metal and weld metal in or 
adjacent to full penetration 
groove welded splices, with or 
without transitions having 
slopes no greater than 1 to 
2 1/2 when reinforcement is not 
removed and weld soundness is 
established by nondestructive 
inspection 

Base metal at details attached 
by groove welds subject to lon-
gitudinal loading when the de-
tail length, L, parallel to the 
line of stress is between 2 in. 
(50.8 mm) and 12 times the 
plate thicknesses, but less than 
4 in. (101.6 mm) 

Base metal at details attached 
by groove welds subject to lon-
gitudinal loading when the de-
tail length, L, is greater than 
12 times the plate thickness or 
greater than 4 in. (101.6 mm) 
long 

Base metal at details attached 
by groove welds subjected to 
transverse and/or longitudinal 
loading regardless of detail 
length when weld soundness 
transverse to the direction of 
stress is established by non-
destructive inspection 

T or Rev 
	

B 

T or Rev. 	B 

T or Rev. 
	C 

T or Rev. 

T or Rev. 	E 

- 

- 



Stress Stress General Kind of 	Category General Kind of 	Category Condition Situation Stress 	(See Table 11 Condition 	 Situation Stress 	(See Tabl1) 

(a) When provided with tran- T or R 	• B Base metal at details attached 
sition radius equal to - 	by fillet welds regardless of 
or greater than 24 in. length in direction of stress 
(.610 m) and weld end (shear stress on the throat of 
ground smooth fillet welds governed by stress 

category F) 
(b) When provided with tran- T or R 	C - 

sition radius less than (a) When provided with fran- T or R 	B 
24 in. (.610 m) but not sition radius equal to 
lessthan 6 in. (.152 m) ór greater than 24in. 
and weld end ground smooth (.610 m) and weld end 

ground smooth 
(c) When provided with fran- T or R 	D 

sition radius less- than- When provided with fran- T or R 	C 
6 in. (.152 m) but not sition radius less than 
less than 2 in. (.051 in) 24 in. (.610 m) but not 
and weld end ground smooth less than 6 in. (.152 in) 

and weld end ground smooth 
() When provided with b-an- T or R 	E 

sition radius between 0 When provided with fran- T or R 	D 
in. and 2 in. (0 and sition radius less than 
.051 in) 6 in. (.152 in) but not 

Fillet Base metal at intermittent Tot Rev. 	E less than 2 in. (.051 in) 
Welded fillet welds and weld end ground smooth 
Connec- 
tions Base metal adjacent to fillet T or Rev. 	C When provided with tran- T or R 	E 

welded attachments with length, sition radius between 
Ii, in direction of stress less 0 in. and 2 in. (0 and 
than 2 in. (50.8 mm) and stud. .051 m) 
type shear Connectors 

Mechan- 	Base metal at gross section of T or Rev. 	B 
Base metal at details attached T or Rev. 	D 

ic5Jly 	high-strength bolted slip re- 
by fillet welds with detail Fastened 	sistant connections except 
length, L, in direction of Connec- 	axially loaded joints which 
stress between 2 in. (50.8 mm) tions 	induce out-of-plane bending in 
and 12 times the plate thick- connected material 
ness but less than 4 in. 
(101.6 mm) Base metal at net section of T oi Rev. 	B 

high-strength bolted bearing 
Base metal at attachment—Je- T or Rev. 	E 

type connections 
tails with detail length, L, 
in direction of stress (length Base metal at net section of T or Rev. 	D 
of fillet weld) greater than riveted connections 
12 times the plate thickness 
or greater than 4 in. (101.6 mm) 

Fillet 	Shear stress on throat of Shear 	F 
Welds 	fillet welds 
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In welded built-up beams the crack causing failure Initiated at a discontinuity in the fillet 
weld at the flange-to-web junction. In nearly all situations the crack started at discontinuties 
such as gas pockets, blowholes, and other fusion-type flaws and took the shape of a disc perpen-
dicular to the stress field. The fatigue strength of the welded beam was observed to be about 75 
percent of the strength provided by the rolled beam. This relationship was used to define stress 

category B in Table 1. 

In beams with groove-welded flange splices at transitions in width, fatigue crack propagation 
generally occurred either from a weld discontinuity in the longitudinal fillet weld at the flange-
to-web junction in a manner similar to the built-up beams or from a discontinuity or mechanical 
notch that was caused by the grinding operation, at the groove weld transition. A relatively high 
fatigue strength resulted and the test results for the flange transition at a groove weld with the 
reinforcement removed provided a fatigue strength that was identical to the welded beam (Category 

B). 

Fatigue crack propagation at nearly all other structural details occurred as cracks initiating 
from the toes of fillet or groove welds. In general, the growth of fatigue cracks is most likely 

to occur at such locations because the area is a region of high stress concentration and residual 
tension stress and is also the location of the initial discontinuity. The initial micro-discon-
tinuity condition is provided by slag inclusions, undercut,, or other conditions that exist at the 

toes of both fillet and groove welds. These imperfections are common to all welding procedures. 
Such flaws cannot be avoided, although their sIzes and frequency of occurrence may be controlled 
by various welding techniques. In general the discontinuity results in crack growth in the form 
of a semielliptical shape until the crack has penetrated the thickness of the load-carrying element. 
Thereafter very rapid growth occurs and relatively little life remains in the structural detail. 
The various details examined, such as cover-plated beams, stiffeners, and other types of attachments, 
only differ in. their as-welded fatigue behavior, as the stress concentration condition changes due 
to the geometry of the detail and the state of residual stress. 

Transverse stiffeners which provide a minimum length of detail in the direction of the primary 
bending stress provide the least decrease in fatigue strength. The reduction in fatigue strength 
at a transverse stiffener is approximately 50 to 55 percent of the strength for base metal or 
rolled beam and is defined by Category C. Category C is also applicable to short attachments up 
to 2 inches in length in the direction of the applied stress. 

As the attachment length of either fillet- or groove-welded flange or web attachments is 
increased the forces developed in the attachment increase. This causes a higher stress concen-
tration, which causes lower fatigue strength. For fillet- or groove-welded attachments up to 4 
in. in length an additional 10 percent decrease in fatigue strength results. Design Category D 
was developed to provide for this type of detail. 

A loss of 90 to 70 percent of the fatigue strength of the rolled beam is experienced at the 
end of cover plates (Cat.E or E'As the length of an attachment continued to increase, the fatigue 
strength was observed to further decrease. The longer attachments provided the same behavior as 
a cover-plated beam when the length in the direction of the applied stress was equal to two or 
three times the depth of the attachment. The increasing length of the attachment results in de-
velopment of greater forces in the attachment, which in turn cause a more severe stress concen-
tration condition at the termination of the weld. All experimental evidence on fillet- and 

ove-welded details verifies the reduction in fatigue strength with increasing attachment length 
M. Studies show that a cover-plated section reaches conformance with the theory of flexure at 
a distance from the end equal to approximately twice the cover-plate width for beams with welds 
across the cover-plate end and a distance equal to approximately three times the cover-plate width 
for beams with no end welds (4)•  Hence, the limiting definition of longer attachments appears 
reasonable. Finite element studies of the stress field and stress concentration conditions con-
firmed the general trend of the experimental observations?  

The studies have also indicated that details located in compression stress regions are not 
fatigue critical unless there is a possibility of some stress reversal. Although cracks may form 
at a detail in a residual tensile stress region under repeated cycles of compressive stress, these 
cracks will not propagate beyond that region and do no't adversely affect the member's load-carrying 
capabi1it. The crack provides a condition analogous to any compression splice that has been 
proportioned to carry only part of the member's strength. 

A fracture mechanics analysis indicated that the behavior of structural details that experi-
ence crack growth from the weld toe termination is primarily dependent upon the stress concentra-
tion at that point. Therefore, analytical studies of the stress concentration condition at other 
structural details can be used to help provide an approximation of their fatigue behavior. 
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Classification Of Typical Bridge Details 

Welded bridge details were examined and classified according to their severity on the basis 
of existing experimental data and analytical studies of the stress concentration effect and initial 
stress intensity factor,. Details are grouped according to the 	7 categories of fatigue stresses 
defined in Table 1. These categories (ranging from Category A, which permits the highest allowable 
ranges of fatigue stress, to Category E, which provides the lowest allowable ranges of stress) are 
described in general terms in Table 2. Category F applies to the shear stress on the throat of 
fillet welds: its allowable stresses are close to those of Category E. 

A number of bridge details are shown in Figures 1-30. In each figure one or more classifi-
cations are indicated, depending on the location and direction of the applied stress. A small 
double-ended arrow is shown near or adjacent to the detail to indicate the direction of the stress 
field that is governed by the stress category shown. The arrow indicates the critically stressed 
point in the base metal adjacent to the weld. 

Category A. - Structural components and joints that fall under Category A consist of plain material 
with rolled or cleaned surfaces. This "base metal" condition is for rolled shapes and plate with-
out a welded detail. It provides the upper limit to the fatigue strength of any structural detail. 
Fatigue studies on rolled beams of A36, A441, and A514 steel have shown that the fatigue cracks 
originate from the surface of the tension flange. Studies on plate specimens have also shown that 
the fatigue cracks originate from the surface on the specimen. The point of crack initiation is 
a micro-discontinuity at the surface of the material. Generally these occur at locally adhered mill 
scale or other similar surface imperfections. If the surface discontinuity is at the edge of a 
flange or plate it is slightly more severe. This is due to the higher stress intensity factor at 
an edge. The wide scatter band observed in fatigue data for rolled beam specimens reflects the 
variability of the initial imperfection. The design provisions are based on the lower confidence 
limit, which corresponds to the worst initial condition. 

The slight surface depressions from rolled-in-mill scale found usually are not as detremental 
to fatigue strength as sharp surface indentations. None of the test beams in NCHRP Project 12-7 
indicated the existence of sharp surface cracks at points of rolled-in mill scale or roll marks. 
The surface of rolled elements provides a notch condition that is not very severe, and this results 
in a relatively high fatigue strength. 

Figures 1 and 2 show typical rolled beam and plate elements that are defined by Category A. 
The small arrow on the flange indicates the direction of the limiting stiress. The category is shown 
by the circled letter. 

Category B. - Stress Category B applies to a variety of welded beam details. Typical bridge details 
that fall into this category are shown in Figures 3 to 10. They include groove-welded joints with 
the reinforcement removed and the weld soundness established by nondestructive inspection. Flange 
and web butt welds are illustrated in Figs. 3 and 4. Straight tapered transition details with 
slopes not greater than 1 to 2 1/2 in either the thickness or width are shown in Figures 5, 6, and 
7. 

Groove welds at transitions in width sometimes use a curved radius transition. This tran-
sition is required for A514 steel. If the reinforcement has been removed and the weld soundness 
established by nondestructive inspection, Category B is also applicable. Typical examples of 
curved transitions at gusset plates and at flange thickness and width transitions are shown in 
Figures 8, 9, and 10. 

Longitudinal welds in built-up plates or shapes that are continuous and parallel to the 
direction of the applied stress field also fall into stress Category B. This includes the groove 
and fillet web-to-flange welds in welded built-up girders shown in Figures 3 to 7. As long as the 
longitudinal weld is continuous, the primary factors influencing the fatigue strength are the size 
and location of the imperfections that exist in the weldment. If crack growth occurs it results 
in embedded disk-like cracks that originate in the weldment at these flaws. Because there is no 
significant stress concentration condition, a high fatigue strength results. The same fatigue 
strength relationship applies to both continuous groove welds and longitudinal fillet welds. 

Stress Category B is also applicable to continuous longitudinal welds for attachments, gussets, 
and cover plates. Only the weld-toe termination at the end of the longitudinal weldment causes a 
substantial decrease in fatigue strength. Examples of the portions of the welds for which Category 
B is applicable are shown in Figures 21, 23, and 24. 
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Category. - Stress Category C is primarily applicable to stiffeners and short attachments. These 
structural elements exhibit fatigue crack growth from their terminating weld toes. In addition, 
groove-welded connections perpendicular to the applied stress and having the reinforcement left in 
place and the weld soundness established by nondestructive inspection also fall into Category C. 
Examples of various groove-welded splices with the reinforcement in place are given in Figures 3 to 
7. Groove welds that are parallel to the applied stresses are governed by Category B and are com- 

parable to continuous fillet welds. 

A number of stiffener details that fall into Category C are shown in Figures 12, 13, and 14. 
It is recommended that stiffeners of this type be cut short a distance of 4 to 6 times the web 
thickness in order to minimize the possibility of web cracking due to shipping or handling stresses. 
As shown in Figure 14, welds attaching transverse stiffeners to either the web or the flange are in 
the same stress category. Category C is also applicable to vertical gussets attached to the web, 
as indicated in Figure 17, and to short flange attachments less than 2 inches long. A stud shear 
connector (Fig.' 16) in the negative moment region reduces the strength of the flange to Category C. 
In all of these cases the critical point is in the base metal adjacent to the weld. 

If attachments are fillet or groove welded to the edge of the flange, as indicated in Figure 
20, the stress category at the weld termination is dependent on the transition radius. If the 
transition radius is sharp (R0), a fillet or groove weld provides a right angl attachment similar 
to the flange attachment in Figure 19 and stress Category E is applicable. If the transition radius 
is less than 24 in. but greater than 6 in., Category C is applicable, as shown in Figures 9 and 20. 
The improvement in fatigue strength is caused by a decrease in the stress concentration condition 
with an increase in the transition radius R and the removal of the weld ends by grinding. The 
categories shown in Figure 20 also apply to web attachments. In most bracket attachments the trans-
verse forces acting on the bracket nearly cancel each other and the weld attaching the bracket to 
the web or flange is primarily subjected to shear. This shear stress in the weld material is 
governed by Category F but is seldom large enough to be critical in design. Hence, such weldments 

can usually be treated as other longitudinal welds. 

Category D. - Category D provides an intermediate levelbetween short fillet- or groove-welded at-
tachments and longer attachments (such as cover plates). If the attachment length in the direction 
of the applied stress is greater than 2 in. but less than 4 in., the controlling stress at the weld 

end is given by Category D (see Figs. 18 and 19). 

Category D is also applicable to 'the cross beam connection shown in Figure 27. The secon-
dary rolled beam has part of the web cut away. The change in geometry at the flange-to-web junction 
provides a stress concentration effect. Analytical studies indicate that the fatigue strength is 
reduced to stress Category D because of the resulting stress concentration. An increased fatigue 
strength can be developed by providing a curved corner at the rolled beamcut-out. A 1-in, radius 
at the web-flange juncture can increase the fatigue strength in a rolled beam to Category B. 

When cross-girder connections are made by groove welding the beam flanges to the girder 
flange, a decreased fatigue strength can result, as shown in Figure 30. When the flanges are not 
of equal thickness the stress concentration condition reduces the fatigue strength of the secondary 
girder connection to Category D or E. If higher fatigue strength is desirable it is preferable to 
make the beam flange continuous by passing it over the top of the girder flange (see Fig. 28) or by 

passing it through the web. 

Other possible applications of stress Category D would be short plate connections, or chan-

nel-type shear connectors that are between 2 and 4 in. long. 

CatEandE. - A wide class of fillet- and groove-welded details are 'covered by stress Category E. 
It provides the lower-bound fatigue strength of most welded details and has been defined by experimental 
work r'nsmall scale cover-plated beams and other comparable details. Studies on attachments have shown tlia 
as the attachment length exceeds 4 in. the fatigue strength rapidly approaches the lower-bound 
cover-plated beam condition. The critical point is at the end of the longitudinal weld. Crack 

growth originates at in
icro_discOritinuities at the weld toe and continues perpendicular to the stress 

field into the plate thickness. 

A number of commonly used details have fatigue strengths near this lower-bound level. In-
cluded are the weld toe terminations of longitudinal stiffeners, as shown in Figure 15, and of 
gusset stiffeners, as shown in Figure 8. Although Category E applies at the end of a longitudinal 
stiffener, stress Category B is applicable at points away from the weld end. When attachments to 
the web or flange are greater than 4 in. in length in the direction of the applied stress (see Figs. 
18 and 19), stress Category'E is applicable. Category E is also applicable to gussets that are 
attached to flanges (see Fig. 21) or to other structural elements, as shown in Fig. 22. 

Recent tests on full-size cover-plated beams with flange thickness greater than 0.8 in. have 

demonstrated that they have less 
fatigue resistance than previously thought. A new stress 
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Category E', applicable only to coverplated beams)  was developed from these test results. 

A variety of cover-plated beam details with tapered or square ends are shown in Figures 23, 
24, and 25. Stress Cat.E or E'applies to the base metal at the ends of the cover plates. The 
continuous longitudinal fillet welds along the edges of the cover plate are covered by stress 
Category B. 

When discontinuous or intermittent fillet welds are usal(see Fig. 26), stress Category E 
is applicable at the end of each intermittent weld. This is a conservative treatment of intermit-
tent welds because of the lack of test data. It is probable that higher fatigue strengths exist 
when the intermittent welds are continuing (i.e., web-to-flange connection) so that the connected 
plates are about equally strained. Further work is needed to clarify this condition. 

Beam-girder intersections often result in low fatigue strength details. This is shown in 
Figures 27 to 30. Groove-welded flange-to-web or flange-to-flange joints can cause substantial 
reductions in the allowable bending stress range. Because the length of the weld connecting the 
secondary beam to the web or flange will always be greater than 4 in., Category E applies. If a 
continuous web-to-flange weld abruptly terminates, as shown in Figure 28, Category E is also 
applicable. The stress gradient through the main girder depth may result in stress ranges in the 
web that are low and not fatigue critical at the floor beam compression flange in Figures 27, 28, 
and 29. A more critical condition is provided by the flange welds in Figure 30. When higher 
fatigue strengths are needed in either the main girder or the cross girder, appropriate transitions 
can be used and the cross girder flange can be made continuous and passed over the main girder flange 
as shown in the detail of Figure 2. Otherwise, the highest fatigu€ strength of the detail with 
reinforcement removed cannot be used. 

Category F. - Category F is applicable to the shear stress acting on the throat of fillet welds. 
It applies to continuous or intermittent longitudinal or transverse weldments. These stress 
conditions are obvious and are not shown in the figures. It is seldom that Category F controls 
a design. Under normal design conditions the shear stresses in the weld are low enough to prevent 
cracks from forming in the weld. Cracks form instead at the weld toe termination and propagate 
into the connected material. Category F was derived from tests of small plate specimens with 
specially designed welds(15) purposely subjected to high shear stresses. 

Details MostSusceptible To Fatigue  

Of all the details shown in Figures 1-3 those that fall into stress Category E are the 
most susceptible to fatigue crack growth in highway bridges. Existing studies of the stress 
history in bridges have indicated that the stress range seldom exceeds 6 to 8 ksi. Hence, most 
details are never subjected to fatigue crack growth because the stresses are below the crack growth 
threshold. Only details falling into stress Category E are likely to experience crack growth. 

The designer has two major factors he can control. These are the choice of detail and the 
design stress range. If a low fatigue-strength detail is used, every effort should be made to 
avoid locating it in a region of significant 'yclic stress. Otherwise, the stress range must be 
reduced by changing the section properties to accomodate the detail. When details are located in 
compression stress regions and no possibility of stress reversal exists, there is no fatigue problem. 
Under these conditions any crack growth will be limited to the residual tensile stress zone un-
less out-of-plane deformations occur. The crack will not affect the member's behavior. 

Details designed in accordance with the provisions of the AASHTO Interim Specifications - 
1974, will provide satisfactory performance and no appreciable amount of crackgrowth can be 
expected througiout their life. 

Significance Of Manufacturing And Fabrication Discontinuitjes 

Although only indirectly related to the design of connections, imperfections from the mânu-
facturing or fabrication processes may affect fatigue life, depending on their location, size, and 
orientation with respect to the applied stresses. In general, a discontinuity in a plane parallel 
to the line of applies stress has little or no effect on the fatigue strength or performance of the 
member or detail. Crack growth results only when a substantial amount of cyclic tension from the 
applied loads crosses a planar region that contains a discontinuity. 

This section provides guidance to the bridge engineer on the significance of conditions 
that frequently develop during manufacture and fabrication. 

Rolled Plates and Shapes. - In rolled structural plates and shapes the discontjnuitjes may be in 
the form of surface imperfections, irregularities in mill scale, laminations, seams, or inclusions. 
Generally, laminations, seams, and inclusions have a microscopic thickness with respect to the 
direction of rolling; hence, they have a negligible effect on a member's behavior when stresses 
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are parallel to the direct-ion of the discontinuity. Experimental fatigue studies have demonstrated 
that fabricated planes of discontinuity parallel to the applied stress have no detrimental influence 
on fatigue behavior and strength(I'.a'J. Even small irregularly shaped pits in the flange or plate 
surface have little effect and do not preclude high fatigue strength; an example is the surface 
discontinuity shown in Figure 31a. This beam sustained' 4,456,000 cycles at a 36-ksi stress range, 
which placed it near the upper confidence limit of Category A test resuits(P. 

Most discontinuities in planes parallel to the applied stresses are not injurious and should 
be left alone. Attempts to remove them will usually result in a condition that is worse than the 

original discontinuity. 

During fabrication, nicks or notches may occasionally result from handling devices. Smooth 
or flat discontinuities have little effect, as they do not result in a significant increase in 
stress concentration. However, if a sharp, severe notch condition results from either fabrication 
or manufacture (see Fig. 31b), it should be removed or repaired to prevent an undesirable condition 
from developing. The sharp gouge in the flange tip shown in Fig. 31b resulted in failure after 
2,846,000 cycles at a 20.5-k6i stress range, which was below the threshold lvel for Category A. 
Frequently, such discontinuities can be removed by grinding out the notch to a smooth transition. 

Sometimes surface imperfections from the manufacturing process are repaired by welding and 
then grinding the reinforcement of f(.). Some surface and edge imperfections that are conditioned 
in this manner are mechanical gouges, scabs, slivers, and large seams. Criteria for conditioning 
plates and shapes are given in Ref. 6. These repairs are usually very shallow and only a visual 
inspection of the repaired surface is needed to ensure that no severe surface discontinuity exists 
transverse to the applied stresses. Any inicro-discontinuities that may exist in the repaired 
region have no significant influence on the member's behavior because once the reinforcement is 
removed they are not at locations of stress concentration and geometric change. 

Occasionally a severe notch condition may exist at the flame-cut edge of a plate, as shown 
in Figure 32. Fatigue tests of beams with flame-cut edges have shown that an ASA roughness* of 
1000 or less will not result in crack growth from the flame-cut edge prior to failure from discon-
tinuities in the flange-web fillet welds of built-up beams(!). However, poor-quality cutting can 
result in substantial reductions in strength and much earlier crack growth(.). If high fatigue 
or fracture strength is desired, severe flaws that result from flame irregularity or other causes 
should be removed by grinding. 

Inclusions sometimes exist in fine-grained killed steels when a highly refractory aluminum 
oxide is entrapped during solidification. During slab rolling these nonmetallic inclusions are 
extended longitudinally in the direction of rolling. When the slab or bloom is rolled into a plate 
or a structural shape, further elongation and some lateral spreading of these inclusions occur, re-
sulting in inclusion stringers or clusters of stringers oriented in elongated flat areas parallel 
to the rolled surfaces. These nonmetallic particles are very small, as shown in Figure 33. Gener-
ally they are only 0.001 in. thick and 0.1 in. or less wide. These types of discontinuities have 
no significant effect on the fatigue strength (Category'A) and performance of the material when 
they are oriented parallel to the applied stress. 

Figure 34 shows a fatigue fracture surface of a W36x300 rolled beam that experienced fatigue 
crack growth at the end of a welded cover piate(Z.). The fracture surface is in the beam section 
away from the cover.plate. Fatigue crack growth occurred at the weld toe and penetrated into the 
flange perpendicular to the line of stress. An inclusion condition existed at mid-depth of the 
flange and was defined by ultrasonic inspection to be about 5 1/2 in.wide and running for some length 
centered on the web. It is apparent in Figure 34 that the inclusion intercepted the crack as it 
grew upward into the flange perpendicular to the inclusion. The crack was forced to grow around the 
inclusion, as evidenced by the change in the fatigue crack growth path. Figure 35 shows a ground 
and etched cross section about 1 in. from the fatigue crack surface. The etched cross section 
confirmed the presence of the inclusion condition. Because the dimension of the inclusion perpen-
dicular to the line of stress was extremely small, the inclusion had no detrimental effect on the 
behavior of the member. In fact, the inclusion's being parallel to the line of stress was beneficial 
in this case, as it served to arrest the crack front. 

An inclusion condition of this type would be of greater concern if the member were subjected 
to forces perpendicular to the flange. For example, if a structural element were attached perpen-
dicular to the direction of rolling and cyclical forces were applied through the attachment so that 
stresses are applied perpendicular to the rolled surface, such an inclusion condition could be detri-
mental to the member's performance. 

*5I E46.1 Surface Texture. 
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Seams or laminations may result from rolling thick plates or heavy shapes. Fortunately, they 
are usually in planes parallel to the line of stress and do not affect a member's fatigue perfor-
mance. 

Mechanically Fastened Joints and Members. - In mechanically fastened (riveted or bolted) members and. 
joints the primary concern is with the drilled or punched holes needed for the fasteners. Other 
discontinuities exist, but they are not critical. For example, most mechancially fastened built-
up members have multiple plies that result in planes of discontinuity between plates. These planes 
are all parallel to the applied stresses and have no effect on the member's strength or performance. 
Most laminations, se?ms, or inclusions behave alike when they have similar orientations. Tests on 
mechanically fastened built-up members have shown clearly that the fabricated planes of discontinuity 
are not a critical factor. Columns, beams, and tension members are not affected by their presence. 

When drilled or subpunched and reamed holes are used, a very high fatigue strength generally 
results because the surfaces of the reamed or drilled holes are smooth, with very small initial 
discontinuities. These hole surfaces are similar to rolled surfaces of plates and shapes as far as 
fatigue life is concerned. 

The bolt clamping force in a high-strength bolted joint assists with the load transfer,. and 
often crack growth does not occur at the bolt hole(8,9). Often a fretting condition occurs on the 
faying surface, which results in crack growth in the gross section, as shown in Figure 36. The 
resulting fatigue strength is almost as high as that of the plain material. This high strength is 

made possible by the high bolt clamping force, which reduces the stress magnitude. at the very 
small-sized discontinuities at the bolt hole. 

Punched holes can result in substantial reductions in fatigue strength because of the im-
perfections introduced during punching, as shown in Figure 37. If subjected to cyclic loading, a 
punched hole is more likely to experience crack growth .than a drilled hole. A second factor of 
concern is the influence of the punching on the toughness of the material in the immediate area of 
the hole. Studies have indicated that substantial variation can be expected in notch toughness and 
in the initial discontinuity condition from misalignment of the punches or other fabrication factors 
(12). These conditions may result in a brittle fracture from rapid crack propagation if cyclic 
loading results in an enlargement of .the initial cracks from punching and a critical combination of 
crack size, stress magnitude, and notch toughness occurs. The situation is less severe for joints 
containing high-strength bolts with their high clamping force. 

Misplaced drilled holes have little effect on fatigue strength. If they do not adversely 
influence static strength. and maintenance they can be left open or filled with a bolt. If it is 
necessary for such holes to be welded shut, care must be taken to ensure that large welding discon-
tinuities are not present (cracking in members has been traced to poor welding). The same inspection 
criteria applied to transverse groove welds should be used to establish weld soundness if such holes 
are welded shut. 

Welded Details and Members. - Small, sharp discontinuities exist at the weld periphery or in the welds 
of both fillet-• and groove-welded details in welded built-up structural members. In addition, many 
planes of discontinuity can be induced by fabrication. 

Whether or not these discontinuities are critical, and constitute an initial crack condition 
that may grow, depends largely on their orientation with respect to the applied stress. Fatigue 
studies of welded members and details have provided insight into the crack growth behavior of welded 
details. 

Signes, et al.(l) have shown that fatigue cracks initiating from fillet-weld toes start 
from small sharp intrusions of slag that emanated from the welding flux or the 'plate. These obser-
vations were confirmed by further studies by Watkinson et ai.(1&), who showed that these discontin-
uties exist in all conventionally made welds. These micro-flaws cannot be detected or characterized 
by currently used nondestructive inspection techniques. 

All experimental evidence has confirmed that fatigue crack growth from fillet-welded details 
normally initiates at the weld toe of a weidment;  starting from a micro-discontinuity when the ap-
plied stresses are perpendicular to the weld toel''. This is shown in Figures 38, 39, and 40, 
which show the cracks that formed ma beam flange and web at fillet weld toes(11). The primary 
difference between the details shown in Figures 38, 39, and 40 is the geometrical stress concentra-
tion condition produced by the welded detail. This is reflected in the fatigue strength of details: 
the stiffener and the short attachment have a higher fatigue strength (Category C and D) than the 
cover-plated beam (Cat.E or E') 
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If tack welds are used to temporarily align or position plates and are not incorporated into 
the final weld they should be treated as any other welded detail. Tack welds parallel to the 
applied stresses are more severe than perpendicular ones because of the geometrical effect of 
length (they provide a Category C, D, or E design condition, depending on their length). If used, 
it is preferable to place them in low-stress regions or in the comprssion zone. Tack welds incor-
porated into fillet or groove welds do not adversely affect the joint. 

Fatigue cracks that occur in multiple-cover-plated beams form at weld ends perpendicular to 
the direction of applied stress. As shown in Figure 41, the fatigue crack growth is initially 
through the primary cover plate at the terminating toe of the fillet weld. Crack growth is arrested 
when it intersects the fabricated plane of discontinuity between the primary plate and the beam 
flange. Continued growth-of the crack can only occur if it is propagated into the beam flange via 
the continuous longitudinal fillet weld connecting the primary cover plate to the flange. The fabri-
cated plane of discontinuity had no detrimental influence on the fatigue behavior and strength of 
multiple-cover-plated beams(i). Their fatigue behavior is analogous to that of multiple-ply bolted 

or riveted members. 

In some types of welded joints fatigue cracks may initiate at points other than the weld toe 
when the stress concentration effect is not great at the toe. For example, in joints involving 
transverse load-carrying fillet welds or transverse partial-penetration groove welds, cracking can 
initiate at the weld root with propagation through the weld as shown in Figure 42. If the welds are 
sufficiently large and have satisfactory geometry, with small initial cracks (lack of penetration) 
they will not experience crack growth at the weld root but at the weld toe (Category C). In these 
cases the condition at the weld toe is more severe than the condition resulting from the fabricated 
partial-penetration discontinuity. 

Fillet welds connecting flange and web plates such as in the welded built-up girder, are 
also structural details that experience fatigue crack growth from an internal weld discontinuity. 
The flange-web fillet welds often result in internal discontiiuities. Porosity (gas pockets, shown 
in Figure 43) represents a typical type of initial discontinuity. Lack of penetration in a web-
flange joint constitutes a discontinuity the full length of the member. This discontinuity is 
parallel to the line of stress and has no influence on the fatigue crack growth. Other sources 
of crack growth are at stop-start positions and weld repairs where incomplete fusion or trapped 
slag existsQ.'fl Cracks starting at porosity, stop-start, or weld repair locations were initially 
completely inside the weld and therefore not visible on the surface until substantial crack growth 
had occurred. These cracks took the shape of a disc and maintained this shape until the crack 
penetrated the flange and assumed a three-ended crack shape. Most of the fatigue life was spent 
propagating the crack inside the weld(.1,1). 

A directly comparable condition occurs in longitudinal groove welds. In either continuous 
longitudinal fillet or groove welds, the usual discontinuity (such as porosity, incomplete fusion, 
or trapped slag) results in a high fatigue strength (Category B). Unless these discontinuities 
exceed currently acceptable liinits(i.) they should not be removed as the resulting repair will often 
result in a worse conditionO,1). 

The fatigue strength is governed by discontinuities that are perpendicular to the applied 
stresses, not by those that are parallel. Hence, the inspection procedure used for fillet welds is 
equally applicable to longitudinal groove welds. Generally this includes a visual inspection, with 
some magnetic particle examination to determine whether or not the welds contain cracks. Ultrasonic 
and radiographic inspection are not necessary for longitudinal welds. Large internal discontinu-
ities perpendicular to the applied stresses are not possible, as would be the case with transverse 
groove welds in the web or flange. 

Transverse groove welds with the reinforcement in place result in a stress concentration at 
the weld toe. This stress concentration is associated with small discontinuities at the weld toe 
and is usually more severe (Category C) than the condition caused by other minor internal flaws 
(CategoryB). This is particularly true if a severe geometrical stress concentration exists at the 
weld toe, as in a flange attachment. 

It has been common practice in bridge construction to provide nondestructive inspection of 
groove welds transverse to the applied stresses so that the internal flaw can be minimized. This, 
coupled with the removal of the weld reinforcement, minimized the stress concentration and toe dis-
continuity. Crack growth generally initiates in these cases at a mechanical notch in the flange 
plate or in the longitudinal flange-web fillet weld. The fatigue strength thus cannot exceed that 
of the welded built-up girder. 

If the internal groove-weld discontinuities or slag inclusions are comparatively large in 
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size in a plane perpendicular to the stress field, crack growth is more critical at those locations 
The orientation of, the internal discontinuities is of primary importance. Only those 

discontinuities that are perpendicular to the applied stress, are critical. Studies by Gurney and 
Harrison( have shown that when slag inclusions were parallel to the applied stress, they had little 
little if any effect, the fatigue strength was not impaired (Category B), and crack growth did not 
occur. For example, the discontinuities shown in Figure 44 are long alumina stringer inclusions. 
They are oriented parallel to the line of stress and have no appreciable influence on fatigue 
strength. If their width perpendicular to the line of stress is substantial they will have a de-
leterious effect. 

APPLI CAT IONS 

The findings from this study should be of value to structural engineers involved in the 
design, construction, and maintenance of welded steel bridges. Another Research Results Digest 
emanating from this study will be published inthe near future and will review the methods of non-
destructive inspection now available for,  detection of fatigue cracking in bridges. 
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Weld Conditlon* CAT. 

Unequal 	Thickness - Reinf 	in Place E 

Unequal 	Thickness 	Reinf. 	Removed D 
Equal 	Thickness -  Relnf. 	In 	Place C 

Equal 	Thickness -Reinf. 	Removed B 

* For transverse loading -check transltion 

radius for possible lower category 

R CAT. 
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From discontinuities in rolled surf 

(b) From sharp gouge 
in flange tips 

Fig. 31. Typical fatigue cracks initiating from surface flaws. 

$ 
	

_ 
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Fig. 33 Etched surface of steel 
plate showing 
nonmetallic inclusion 
stringers. 

Fig. 32. Fatigue crack at flame—cut 
flange tip of beam. 

Fig. 34 Fatigue crack surface of 
rolltd beam at end of 
welded cover plate; 
inclusion condition at 
mid-thickness of flange. 

Fig. 35. Etched cross section 
showing inclusion 
condition at mid-thickness. 
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Fig. 36. Fatigue crack growth in gross section of bolted joint. 
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(a) Crack in surface of punched hole. (b) Shear tip from misaligned punch. 

Fig. 37. Discontinuities in punched holes of bolted joints 

(a) At end of longitudinal weld 

I 
I 

(b) At toe of transverse fillet weld 

Fig. 38. Fatigue cracks at ends 
of cover plates. 

1i•j .r 

Fig. 39. Fatigue cracking at 
weld termination of 
a 4—in, flange 
attachment. 
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Fig. 40. Fatigue crack at weld 
toe of a transverse 
stiffener. 

Fig. 41. Fatigue crack growth in 
multiple-coverplated beam at 
unwelded end of secondary 
cover plate. 

Fig. 42. Fatigue crack growth from 
root of partia1penetratiOn 
load-carrying fillet welds. 

Fig. 43. Crack initiation from gas 
porosity in web-flange 
fillet welds. 

Fig. 44. Alumina stringer inclusions in 
plate adjacent to groove weld. 



THE T RA NSPORTATI.ON RES EAR C'H BOARD is an agency of the National 

Research Council, which serves the, National. Academy!  of, S,ci:e,nce,s and the, National,  

Academy' of Engineering., The Board's purpose is, to, stiniulate, research coflcerning, the 
nature, and performance. of transportation systems,, to, di$seminate. 	.orrnation tha,t the,, 

research produces, and to encourage the applicatiOn f; appropriate, iesearch findings.. 
The. Board's program is, carried out, by more;  than i5O committees. and task fo,rces, 
composed of more than I ,00. administrators, engjne,ers, social scientists,, And e,ducatpr 
who serve, without, compensation. The. program is.. supported by s.tate;. transportation and 
highway, departments, the U.S, Department of Transportation,, and othe,i organizations, 
interested in the development of transportation.. 

The Transportation Research Board operates within the. Commissior on S,o.ciotech-
nical Systems of the National. Research Council. The Council was orga,ni:zed in 1916 
at the request of President. Woodro,w Wilson as, an agency' of the, National Academy' of, 
Sciences to enable the, broad community of scientists and engineers to, assnciate. t:heir 
efforts with those of the Academy membership. Members, of the Council are appointed 
by the president of the Academy and are drawn from academic,, indus,trial, and go.vern-
mental organizations throughout the United States. 

The National Academy of Sciences was established by a, congressional act of incorp.Q-
ration signed by President Abraham Lincoln on March 3, 1863, to further science and 
its use for the general welfare by bringing together the most qualified individuals to deal, 
with scientific and technological problems of broad significance. It, is. a, private, h000,rary 
organization of more than 1,000 scientists elected on the basis of outstanding contribu-
tions to knowledge and is supported by private and public funds. Under the terms of its 
congressional charter, the Academy is called upon to act as an official—yet, indepen-
dent—advisor to the federal government in any matter of science and technology.', 
although it is not a government agency and its activities are not limited to those on 
behalf of the government. 

To share in the tasks of furthering science and engineering and of advising the federal 
government, the National Academy of Engineering was established on December 5, 

1964, under the authority of the act of incorporation of the National Academy of 
Sciences. Its advisory activities are closely coordinated with those of the National 
Academy of Sciences, but it is independent and autonomous in its organization and 
election of members. 



TRANSPORTATION RESEARCH BOARD 
National Research Council 

2101 Constitution Avenue, N.W. 
Washington, D.C. 20418 

ADDRESS CORRECTION REQUESTED 

NON-PROFIT ORG. 
U.S. POSTAGE 

P A I D 
WASHINGTON, D.C. 

PERMIT NO. 42970 

'I.  

I— 

U.J

cc 

- 
0 

C 

- 	z.- 
01 
'0 
z 	I—> 
Lo 	 C —.4C1) 
Ow = 
Oz c 

0 
0— 

-r- 


