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Fatigue Cracks and Their Detection 
J .W. BALDWIN, JR., H.J . SALANE, ANO R.C. DUFFIELD 

A three-span continuous composite bridge of modern design was field tested 
under fatigue loading that produced stresses equal to or greater than design 
stresses. During the fatigue loading, a regular inspection schedule was carried 
out by using radiographic, ultrasonic, and visual methods. Ultrasonic inspec
tion was the most reliable and, in the regions inspected regularly, no cracks 
are known to have grown to a length greater than 38 mm (1.5 in) before detec
tion. Radiography was nearly as reliable as ultrasonic inspection where it 
could be used, but more than half the material to be inspected was inaccessi
ble to radiography. A total of 18 fatigue cracks developed at the ends of 
welded cover plates and 2 fatigue cracks developed in base metal not adjacent 
to welds. At 471 000 cycles of loading, these cracks had propagated far 
enough to completely sever the girder flanges at five different sections. The 
fatigue life in regions where the stress range was 155 MPa (22 .5 ksi) was con· 
siderably longer than would be predicted on the basis of current code require
ments. However, the fatigue life in regions where the stress range was only 
60 MPa (8.7 ksi) was considerably shorter than would be predicted on the 
basis of current code requirements. 

During the past two decades, concern about the po
tential for fatigue failures in highway bridges has 
increased dramatically. Major laboratory studies 
have been carried out to determine load versus fa
tigue-life relationships and to establish design 
criteria (.!_,~). The design code of the American As
sociation of State Highway Officials (AASHO) (~), 

which made little reference to fatigue considera
tions in the 1950s, now contains highly restrictive 
fatigue considerations that virtually eliminate cer
tain types of construction. An intensive inspection 
program has been instituted by the Federal Highway 
Administration (FHWA) to evaluate the condition of 
bridges that were designed and constructed before 
fatigue was recognized as a serious problem. 

Laboratory studies are by far the most efficient 
and cost-effective means of determining fundamental 
behavior modes in structures, but a certain amount 
of extrapolation is always required when design cri
teria for full-scale structures are developed from 
laboratory data. This is particularly true in the 
case of fatigue because fatigue behavior is highly 
sensitive to fabrication details, which are ex
tremely difficult to model in scaled-down laboratory 
studies. Thus, an occasional check of design cri
teria through testing of full-scale structures under 
controlled loading conditions is highly desirable. 
An unusual opportunity to conduct such a test was 
created when flood-control work by the u.s. Army 
Corps of Engineers on the St. Francis River in 
southeast Missouri necessitated the removal of a 12-
year-old highway bridge. 

OBJECTIVES 

The entire bridge was to be loaded cyclically at 

stress levels equal to or greater than service-load 
stresses until one or more girders failed. Objec
tives of the test were twofold. First, the fatigue 
behavior of the bridge was to be observed and com
pared with both laboratory results and current de
sign criteria. 

Before loading began and periodically during the 
test, the bridge was to be inspected by using sev
eral modern crack-detection techniques. The second 
objective, then, was to compare these techniques and 
to evaluate the effectiveness of each. This was to 
be the equivalent of inspecting a bridge every few 
years for its entire lifetime under normal service 
conditions. Since small cracks missed during one or 
more inspections would eventually grow into large 
cracks or failures, this procedure would provide in
formation concerning sizes and types of cracks that 
are likely to be missed as well as those that are 
likely to be found. 

DESCRIPTION OF TEST BRIDGE 

The two-lane bridge was made 
28.3, and 21.9 m (72, 93, and 

up of three [21.9, 
7 2 ft)] continuous 

concrete-on-steel composite-girder spans. It was 
designed during early 1962 according to 1961 AASHO 
specifications for one Hl5-44 loaded lane. [For a 
general schematic of the bridge, see Figure 1 in 
Salane, Baldwin, and Duffield in this Record; see 
also the report by Salane and others Cil·l Girders 
and cover plates were of American Society for Test
ing and Materials (ASTM) A36 steel, and the unshored 
slab was cast from concrete with a 28-day compres
sive strength of 36.6 MPa (5720 psi). Shear con
nectors were C4x5.4 channels 159 mm (6.25 in) long 
fillet-welded to the top flanges of the girders. 

Channel diaphragms 460 mm (lB in) deep bent from 
610x8-nun (24x0.31-in) plates were bolted to 114x9.5-
mm ( 4. 5xO. 38-in) bearing stiffeners over the sup
ports and to 76x9.5-nun (3x0.38-in) web stiffeners in 
the spans. '!'here were two interme<1iate diaphraym>J 
in each end span and four intermediate diaphragms in 
the center span. 

DESCRIPTION OF FATIGUE TEST 

A total of 471 000 fatigue cycles were applied to 
the bridge over a period of approximately five 
weeks• Desired dynamic stress ranges were obtained 
by exciting the bridge at its first-bending-mode 
resonant frequency by using the closed-loop electro
hydraulic shaker shown in Figure 1. This shaker 
consisted of 40 kN ( 9 kips) of steel weights at
tached to the top of an 89-kN ( 20-kip) servocon-
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trolled hydraulic actuator that was bolted to the 
girders through the deck slab at the center of the 
bridge. During fatigue loading, approximately 178 
kN (40 kips) of concrete ballast was anchored to the 
deck slab at the center of each span. This ballast 
produced a mean stress on which the cyclic stress 
was superimposed so as to produce a loading similar 
to the application and removal of load under service 
conditions• 

Strain gauges were located on the top and bottom 
flanges of each girder at seven sections along the 
bridge as illustrated in Figure 2. Since these sec
tions were critical in the girders, both strain
gauge locations and section locations were desig
nated in terms of the section numbers and girder 
numbers shown in Figure 2. A designation of 2.4B 

Figure 1. Electrohydraulic shaker. 

Figure 2. Strain-gauge locations. 
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means section 2, girder 4 (north exterior girder), 
bottom flange. 

Additional instrumentation included deflection 
gauges at the centers of all spans, gauges to mea
sure slip between the slab and the girders, and ac
celerometers at several locations. All strain and 
deflection gauges were read and recorded automati
cally either on punched paper tape by using a peak 
detector and a 100-channel scanner or on magnetic 
tape by using a high-speed analog-to-digital con
verter. 

Prior to the start of fatigue loading, the bridge 
was thoroughly inspected for cracks by using all the 
techniques except dye penetrant. During fatigue 
loading, the test was stopped periodically for in
spection by the various crack-detection techniques . 
Inspection intervals varied from approximately 
20 ooo to 60 000 eye es depending on the degree of 
cracking activity that was occurring at the time. 
It was possible to conduct visual and some ultra
sonic inspection while fatigue loading wa~ being ap
plied, and these observations were used as a guide 
in selecting the times at wh i ch the test shouJ.d he 
stopped for complete inspection. A complete des
cription of the test procedure has been presented by 
Baldwin, Salane, and Duffield (2_). 

FATIGUE CRACKS 

Ultrasonic inspection prior to loading revealed only 
one detectable flaw , and follow-up inspections dur
ing the test indicated that this flaw did not 
develop into a crack. The feasibility study for the 
project indicated that the critical regions for fa
tigue cracking would be at the ends of the bottom
f lange cover plates in the end spans, gauge sections 
2 and 6. 

Bottom-Flange Critical Section 

Nominal stresses at these sections , including dead 
load , ballast , and dynamic load, were from approxi
mately 138 MPa ( 20 k.sil compression to 17 MPa ( 2. 5 
ksi) tension , or a stress range of 155 MPa ( 22. 5 
ksi). Variations from girder to gir der were ap
proximately +10 percent from these values . 
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Du ing the inspection at the end of 19 500 cycles 
of load , cracks of the order of 6.4 mm (0.25 in) 
len<jth were detected ultrasoni cally in five of the 
e i ght. critical flange regions· After 287 000 fa
tigue cycles, crac.ks had been detected in all eight 
of these critical regions. These cracks did not 
initiate at the toe of the weld as might have been 
expected but started at the root or heel of the weld 
at some point across the end of the cover plate as 
shown in Figure 3. These cracks did not enter the 
girder flange at this point hut propagated along the 

Figure 3. Crack initiation at heel of weld. 

WEB 

GIRDER FLANGE 

FILLET WELD 

Figure 4. Crack propagation. 
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Figure 5. Cross section of flange showing two fatigue cracks. 
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fusion line to the surface of the weld and across 
the end of the cover plates. In most cases, they 
turned the corner of the cover plate and proceeded 
along the beveled edge until at some point the crack 
turned into tpe weld metal propagating perpendicular 
to the axis of the beam (Figure 4). Once the cracks 
had entered the weld material, they continued 
through it into the base metal of the bottom flange 
and continued to grow in the typical semielliptical 
pattern. In five of the eight critical flange re
gions, the cracks propagated into the base metal on 
both sides of the cover plate, which resulted in two 
separate cracks in the base metal (Figure 5). 

In all there are 13 separate cracks that entered 
the base material of the bottom flanges at the ends 
of cover plates. Two of these cracks, located at 
section 6. lB, propagated to failure and completely 
severed the bottom flange at 455 000 fatigue 
cycles. The crack on the south side at section 2.2B 
propagated to a total length of 90 mm ( 3. 5 in) at 
438 000 cycles but showed no perceptible additional 
growth beyond that point (Figure 5). No growth was 
observed in any of the other 10 cracks beyond ap
proximately 415 000 fatigue cycles. 

In the design of ductile structures subjected to 
static loads, it is normal practice to consider 
stresses that result from directly applied loads and 
neglect " locked-in" stresses such as cooling resid
ual stresses and erection stresses. Under static 
l.oading, these locked-in stresses are dissipated by 
local yielding with very little effect on the gen
eral behavior of the structure. Fatigue-crack 
growth, however, is g.overned by the actual stress 
cycles in the zone around the tip o f the crack, and 
locked-in stresses are superimposed on the nominal 
stress cycle in this zone. Thus the actual stress 
cycle has the same stress range as the nominal cycle 
but a significantly different mean stress. 

It is reasonable to assume that the test bridge 
contained tensile residual stresses equal to the 
yield point in regions of the flanges in which fa
tigue c r acks entered the base metal from the weld. 
Considerati on of these res i dual stresses results in 
the stress-cycle pattern shown in Figure 6. Both 
dead load of the slab and ballast loads produced 
compressi on in the bottom-flange crltlvo.l sections 
that reduced the total stress at the crack-initia
tion points from the yield point of 262 MPa (38 ksi) 
to 202 MPa (29.25 ksi). The cyclic dynamic load was 
then superimposed on this mean stress and as the 
amplitude built up to +77.6 MPa (11.25 ksi), the 
maximum stress again reached the yield point, which 
caused local yielding. This yielding relieved part 
of the residual stress, which in turn lowered the 
mean stress. 

Mean stress at the crack tip then remained con
stant and maximum stress reached the yield point on 
each cycle as the crack propagated through the ten
sile-residual-stress zone. As the crack propagated 
from the tensile-residual-stress region into the re
gion of zero residual stress, the mean stress de
creased to -60 MPa (-8.75 ksi), the sum of dead load 
and ballast stresses. 

A total of 13 cracks propagated in the tensile
residual-stress zones where the mean stress was 20 2 
MPa, but even though the stress range remained con
stant, all except one of these cracks stopped grow
ing when the mean stress dropped to -60 MPa. This 
suggests that mean stress at the tip of the crack 
must be significant in at least those cases in which 
part of the stress cycle is in compression. 

This observation is consistent with a fracture
mechanics analysis if it is assumed that fatigue
crack growth is governed primarily by the stress-in
tensity range t>K1 • The general form of the 
equation for computing Kr is as follows: 
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Figure 6. Fatigue stress cycles. 
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(1) 

where C is a constant dependent on the geometry of 
the member and type of crack, er is the nominal 
stress, and a is the crack length. This equation is 
derived from an elastic analysis of the stress field 
around the crack tip and is based on the assumption 
that no stress is transmitted across the crack. As 
long as the entire stress range in the vicinity of 
the crack is in tension, the following holds: 

(2) 

and the mean stress does not enter into the analy
sis. However, if the mean stress is such that com
pressive stress is transmitted across the crack 
during part of the cycle, Equation l becomes invalid 
during that part of the cycle. In fact, there is 
probably very little change in the stress intensity 
during that part of the cycle when the crack is 
closed. 

The foregoing analysis does not account for the 
possibility of erection stresses or stresses that 
arise from differential settlement. Such stresses 
could be either tensile or compressive, could vary 
from girder to girder, and are impossible to esti
mate accurately. If they were tensile, they would 
cause immediate local yielding and no increase of 
total stress in regions where initial tensile resid
ual stresses were already to the yield point. 

The total stress would remain at the tensile 
yield point and stress cycles would be unaltered 
during crack initiation and growth through the ten
sile-residual-stress zone. Once the crack tip 
reached the zero-residual-stress region, presence of 
tensile erection or settlement stress would raise 
the mean stress above the level shown in Figure 6 by 
an amount equal to the erection or settlement stress. 

Erection or settlement stresses algebraically 
less than -17 MPa (-2.5 ksi) would lower the entire 
stress pattern and force the complete stress cycle 
into the compression zone before the crack tip 
reached the region of zero residual stress. 

Stresses of this type could easily account for 
variations in the lengths at which crack growth was 
arrested in different sections. 

Top-Flange Critical Sections 

Calculations during the feasibility study indicated 
that stress ranges at the ends of the top-flange 
cover plates in the end spans, gauge sections 2 and 
6, would be 90-97 MPa (13-14 ksi) and that there was 
the possibility of failure before 500 000 cycles. 
The initial test plan therefore called for con
tinuous ultrasonic monitoring of these regions. 

Once the test load was under way, strain measure
ments indicated that there was considerably more 
composite action at these critical sections than had 
been assumed during the feasibility study. Nominal 
stresses under test loading were from approximately 
41 to 101 MPa (6.0-14.7 ksi) tension, which produced 
an average stress range of only 60 MPa ( s. 7 ksi). 
Both the AAS HO specifications and previous research 
results presented by Fisher indicated a fatigue life 
of nearly 2 million cycles under this low stress 
range. Because of this and the fact that ultrasonic 
testing was the critical activity in a very tight 
testing schedule, ultrasonic monitoring of the top 
flanges was discontinued. 

However, at 415 000 fatigue cycles, a routine 
visual inspection of the bridge revealed that cracks 
approximately 150 mm ( 6 in) long had developed in 
the top flanges of girder 1 at section 2 and girder 
2 at section 6· Ultrasonic monitoring of the top 
flanges at sections 2 and 6 was immediately rein
stated, but no additional cracks in top flanges were 
detected during the tests. The cracks in girder 1 
at section 2 and girder 2 at section 6 propagated to 
failure, completely severing the flanges at 453 000 
and 462 000 cycles, respectively. After completion 
of the fatigue test, the slab was removed and cracks 
in the welds at the ends of the cover plates were 
detected by using dye penetrant at sections 2. lA, 
2.3A, and 6.lA. 

The fact that two of the eight sections subjected 
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Figure 7. Detail of top-flange critical section. 
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to essentially the same loading failed at less than 
25 percent of the cycles permitted by the current 
code is reason for concern. In addition to the mag
nitude of stress range, there were two primary dif
ferences between these top-flange critical sections 
and the bottom flanges immediately below them. In 
the top flanges, the nominal stress range was en
tirely in the t ension region; the maximum tensile 
stress was 101 MPa (14 - 7 ksi), whereas the nominal 
stress range in the bottom flanges was primarily in 
the compression region and the maximum tensil e 
stress was only 7 MPa ( 2. S ksi) • The other dit
f erence was the particularly severe weld detail in 
the top flange. A channel shear connector had been 
fillet-wel.ded to the base metal of the top flange 
anjacent to the end of the cover plate so that the 
two fillet welds were toe to toe and slightly over
lapped (Figure 7). 

In the vicinity of the welds where the cracks be
gan, any effect of the difference in maximum nominal 
stresses between the top and bottom flanges would 
have been negated by the fact that tensile residual 
stresses would have raised the maximum stress at the 
crack tip to the yield point in both cases. Thus, 
any differences in crack initiation between the top 
and bottom flanges must have been due to differences 
in stress range and detail. It is clear that the 
stress range in the lup flange was not great enough 
to initiate cracks in the same way that they were 
initiated in the bottom flanges. The five cracks 
that did begin in the top flanges all started at the 
intersection of the two fillet welds. The fact that 
two of the cracks started much earlier than the 
other three and that there were three top flanges in 
which no cracks w-ere detected suggests that there 
were significant differences in the severities of 
flaws in these regions. At section 6.2A there was a 
5--nun (0.19-in} slag inclusion that apparently ini
tiated the crack. Unfortunately, the nearly two 
years that elapsed between the end of the fatigue 
test and demolition of the bridge deck permitted 
severe corrosion of the fracture surfaces, and at
tempts to identify the point of crack initiation at 
section 2.lA were unsuccessful. 

Because the only top-flange cracks that grew 81~

nificantly were quite large before they were de
tected, it is difficult to draw conclusion s regard
ing the growth rates of these cracks . However, the 
fatigue lives of the top f langes that did develop 
cracks early were rather short for the stress range 
involved. This would have been influenced some by 
the size of the flaws that initiated the cracks. It 
was also undoubtedly influenced considerably by the 
length of the zone of high res.idual ten.sile stress. 
The geometry of the weld detail. was such that these 
cracks would have grown in the zone of high tensile 
stress in which the maximum stress at the crack tip 
was equal to the yield point for more than one third 
of the width of the flange. 
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At 415 000 fatigue cycles, cracks at sections 
6.2A, 2.1A, and 6.lB were all approximately the same 
length. Even though the stress range at section 
6.lB was 2.5 t i mes those at the other two sections, 
the first failure was 2. lA and all three sections 
failed within a 9000-cycle period. During the 
p eriod from 415 000 cycles to fai lure , all three 
cracks were growing in regiohs of hase metal in 
whi.ch there was probabl y little or no residual 
stress and little influence from weld details. 
Thus, the growth rate at section 6.lB must have been 
retarded by the fact that much of the stress cycle 
was in compression. 

Center Span 

At 373 500 fatigue cycles, the bottom flange at 
girder 2 failed with a loud hang at the center of 
the center span . Although the stress cycles at this 
section were from essentially nothing to 223 MPa 
(32.3 ksi), there were no welds on the flange, and 
base metal at a stress range of 223 MPa wouln not he 
expected to fail .until more than 1.25 million fa
tigue cycles had been applied . Examination of the 
f racture revealed that a fatigue crack had started 
at a heat number stamped on the face of the bottom 
flange (Figure 8) . 

A piece of the beam around the fracture wan cut 
out for laboratory examination and a bolted splice 
applied so that the test could continue. At 470 700 
fatigue cycles , this girder fractured again at 
another heat number about 1 0 2 mm (4 in) from the end 
of the splice. Although girder 2 suffered two frac
tures, no cracks were detected in the girders on 
either side of this girder even though they were 
both subjected to the same stress conditions and 
were also heat-stamped on the face of the bottom 
flange. Girder 2 was from a different heat of steel 
than the girders on either side, which led to specu
lation that there was a difference in the fatigue 
resistance of these two levels of heat. However, 
subsequent tests of mate.rial cut from these three 
girders have shown no s ignificant differences in 
material properties. Thus, the difference appears 
to have heen in the shnrpness of the heat-stamp dies. 

CRACK-DETECTION METHODS 

Ultrasonics 

During the course of the fatigue test , a total of 17 
inspections were conducted by using a conventional 
pulse- echo ultrasonic unit . For crack detection, 
the transducer was a S- MHz 45-deqree transceiver 
probe. For the initial inspection , a S-MHz 90-de
gree split- crystal probe was also used to locate the 
channel shear connectors , which were welded to the 
top of the top flange and embedded in the slab. 

The initial inspection was conducted before test
ing started and included complete inspection of both 
the top and bottom f l anges at the ends of the cover 
plates in both the end and center s~nn~. This ini 
tial inspection also included locating and marking 
the ends of the cover plates and shear connectors on 
the top flanges . The only flaw detected during this 
inspection was in ·the fillet wal.d at the end of the 
top-flange cover plate on girder 3 at section 6 . 
However , this flaw did not develop into a crack and 
there was no noticeable c hange in the flaw during 
the entire test. 

Because bad weather had forced a very condensed 
testing schedule and ultrasonic i nspection proved to 
be quite time consuming , subsequent inspections w-ere 
in general limited to the critical regions of the 
bottom flanges around the ends of the cover plates 
in the end spans. The second inspection was con-
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Figure 8. Fatigue crack initiated by heat stamp. 
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ducted after 19 530 fatigue cycles. A total of six 
cracks each approximately 6.4 mm (0.25 in) long were 
discovered during this inspection. In every case, 
the ultrasonics clearly indicated that the crack was 
not at the toe of the weld, as might be expected, 
but rather at the heel of the weld. 

At 95 000 cycles, a total of 10 cracks had been 
detected ultrasonically, but it was not until 
202 000 fatigue cycles that any of these cracks were 
seen on the surface. Even then they could be seen 
only with the aid of a dye penetrant. Visual oh
servations by using dye penetrant indicated that in 
some cases the crack in the weld was considerably 
longer than indicated by the ultrasonic measure
ment. This was due at least in part to the fact 
that without special techniques there is an ultra
sonic blind spot directly below the web of the 
beam. In many cases in which two craclrn were re
corded, one on either side of the web, they were 
actually connected through this blind spot and 
formed a single crack. 

All these cracks were monitored for the remainder 
of the test, and a complete record of crack lengths 
as measured ultrasonically is presented in Table 1. 
In those cases in which the cracks propagated across 
the entire width of the flange, it was possible to 
trace their growth ultrasonically to within approxi
mately 2.5 mm (O.l in) of the edge before the crack 
became visible on the edge. 

After completion of the test, two sections that 
each contained two cracks that had stopped during 
the test were cut from the bridge and separated in 
the laboratory. It was then possible to compare the 
actual lengths of these four cracks with the lengths 
indicated by ultrasonic measurements. For two of 
the cracks the ultrasonic measurements were essen
tially correct. One ultrasonic measurement was in 
error by 6.4 mm (0.25 in) and the other by 10 mm 
(0.4 in). 

For the critical regions at the ends of the cover 
plates on the bottom flanges, the conventional 
pulse-echo ultrasonic unit proved to be quite reli
able in finding fatigue cracks under field condi
tions. All cracks that grew large enough to be 
detected visually had previously been detected ul
trasonically when they were less than 38 mm (1.5 in) 
long and 60 percent of them were detected at a 
length of 6.4 mm. 

Ultrasonic inspection of the critical regions at 
the ends of cover plates on the top flanges was not 
so successful. Because stress ranges were low in 
the top flanges, ultrasonic inspection was dis
continued early in the test and was not resumed un-
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til two cracks had been observed visually. Of 
course, the failure to detect these two cracks ul
trasonically cannot be interpreted as an adverse 
reflection on the capability of the ultrasonic in
spection because no attempt was made to detect 
them. However, subsequent ultrasonic inspections of 
the other six critical top-flange regions that were 
suhjected to essentially the same stress histories 
revealed no additional cracking. The cracks that 
were detected by using dye penetrant subsequent to 
removal of the deck were missed completely by the 
ultrasonic inspection. Examination of the geometry 
of the detail at this joint indicates that it is 
very difficult to detect cracking at the toe of the 
fillet weld, as shown in Figure 9. Under ideal con
ditions the surface of a crack is sometimes rough 
enough to reflect a signal directly back to the 
transducer even though the angle of incidence is 
other than zero, but under field conditions in which 
the transducer must be acoustically coupled through 
a painted surf ace that tends to be rough or irregu
lar, it is almost essential that the signal be re
flected either by a surface perpendicular to the 
ultrasonic beam or by doubling a corner if it is to 
be strong enough for detection. Thus, there is 
serious doubt about the reliability of conventional 
ultrasonic inspection to detect cracks in a detail 
of this type. 

Two undetected cracks developed and grew to com
plete failure in girder. 2 near the center line of 
the bridge. Since cracking was not expected in this 
region, there had been no ultrasonic inspection 
prior to development of the first c racl<;. Immedi
ately after the first crack developed, the entire 
area was scanned ultrasonically but no additional 
cracks were detected. Although there was frequent 
monitoring of this region during the remaining 
93 000 cycles of the test, no additional cracks were 
detected ultrasonically and the final failure was by 
sudden fracture of girder 2 approximately 1 m (3 ft) 
from the first fracture. The cracks leading to both 
these fractures had initiated at heat numbers 
stamped into the flange . After the test loading had 
been stopped , these regions were again examined very 
carefully by using the ultrasonic probe , but no 
cracks were detected. 

Dye Penetrant 

Once the ultrasonic inspection indicated that cracks 
in the weld were 12.7 mm (0.5 in) or more in length, 
repeated attempts were made to observe these cracks 
visually at the surf ace • When these at tempts 
failed, a dye penetrant was introduced to enhance 
the visibility of the cracks. These attempts were 
also unsuccessful until the paint was removed from 
the area to be inspected. However, once the surface 
was free of paint, the dye penetrant gave a vivid 
indication of cracks that were previously invisible 
to the unaided eye. By reapplying the dye penetrant 
periodically, it was quite easy to trace the 
progress of crack growth during the remainder of the 
test. 

Since dye penetrant is quite easy to apply and 
interpretation of the results requires no special 
training or skill, it would seem to be an excellent 
field-inspection tool. However, for routine bridge 
inspection, the removal of paint in all the areas to 
be inspected would be both difficult and expensive. 
It is quite likely that once the cracks open up 
enough to crack the paint, the dye penetrant could 
he used without removal of the paint. During this 
test, the paint was removed from all areas soon 
after the cracks had been detected ultrasonically, 
and no data were recorded that would indicate how 
large the crack in the base metal must be before it 
penetrates the paint layer. 
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Table 1. Ultrasonic crack measurements in bottom flange. 

Crack Length at Indicated Section (mm) 

2. IB 2.2B 2.3B 2.4B 6.IB 6.2B 6.3B 6.4B 
Inspection Cycles 
No. (OOOs) N s N s N s N s N s N s N s N s 

I 0 
2 19.5 6" 5• 6" 6" 6" 6" 
3 75.4 13• 138 108 13" 
4 95.1 6" 6" 13• 6" 6" 6" 6' 138 19" 18" 
5 215.4 6" 6" 25• 6' 6" 6" 6' 13 3 23• 25 8 

6 287.0 32• 33• 25 323 383 383 383 38" 38" 383 38" 33 8 383 38° 25" 
6 20 15 27 

7 337.5 38 3 38' 38 8 38 38 8 38' 388 388 47 46 14 27 388 38" 38' 
18 6 6 6 6 

8 348.7 38' 52 51 30 
9 360.9 22 6 38 38" 6 18 6 65 58 19 34 6 6 6 

10 380.0 22 II 48 69 58 19 37 
11 402.l 22 15 53 38" 6 18 6 74 66 20 41 38 6 6 
12 415.5 22 15 71 383 6 18 6 85 83 20 44 38 6 6 
13 422.5 71 89 83 
14 437.8 89 
15 447.9 119 108 
16 455 .0 89 Failure 

Note: l mm = 0.0394 in; N =north side or flange; S =south side of flange. 
8 Crack between weld and end of plate; all other measurements are for cracks in base metal of girder flange. 

Figure 9. Ultrasonic inspection of top flange . 

Radiography 

Four sets of radiographs were taken by a commercial 
testing laboratory at O, 95 000, 215 000, and 
377 000 cycles of load. A set of radiographs in
cluded one 178x432-mm (7xl7-in) film on each side of 
the bottom flange of each girder at sections 2 and 
6° At 0 and 95 000 cycles, the set also included an 
identical series for the top flanges at sections 2 
and 6. Of course, it was necessary to expose films 
of the top flanges through the reinforced concrete 
deck slab 152 mm (6 in) thick, and after two at
tempts it was concluded that interference from ag
gregate particles and reinforcing bars in the slab 
would obscure and prevent detection of any cracks 
that might. hP. present in the top flange. Radio
graphs of the top flanges were discontinued after 
the second set. At 377 000 cycles, three additional 
films were shot along each side of each hottom 
flange at the c e nter l i ne of span 2. 

All exposure s were made with a 90-curie source of 
iridium 192 at a distance of 406 mm ( 16 in). Ex
posure times for the bottom flanges were 30 s and 
those for the top flanges were 15 min. 

At 95 000 cycles, no cracks were indicated on the 
radiographic examination report, whereas the ultra
sonic inspection indicated 10 cracks that varied 
from 6.4 to 19 mm (0.25 to 0.75 in) in length. At 
215 000 cycles, the radiographic examination report 
indicated five cracks across the ends of the cover 
plates at the heel of the weld, whereas the ultra-

sonic inspection still indicated 10 cracks, two of 
which were 25 mm (1 in) long. However, four of the 
cracks that were detected radiographically were in
dicated to be only 6.4 mm (0.25 in) long hy the 
ultrasonic inspection and had shown no growth since 
the previous ultrasonic inspection. The fifth crack 
had not been detected ultrasonically, and the radio
graph showed that it had already penetrated the base 
metal of the bottom flange. 

At 377 000 cycles, the radiographic examination 
report indicated 12 cracks in the critical regions 
of the hottom flanges, whereas the ultrasonic in
spection indicated a total of 16 cracks. Again, 
there was no general trend in comparing the crack 
lengths as indicated by the two methods. For some 
cracks, the radiograph indicated the greater length, 
whereas for others the ultrasonic inspection indi
caLed the greater length. The largcot crack, which 
had been observed both ultrasonically and visually 
with the aid of a dye penetrant to be in excess of 
64 mm in length, was not detected radiographically. 

The special films exposed in the center span 
covered a region of the bottom flange~ approximately 
610 mm ( 2 ft) on either side of the center line of 
the bridge. No cracks were detected other than the 
one complete fracture of girder 2. Unfortunately, 
the region covered by these films was not quite long 
enough to cover the section in which the final frac
ture occurred approximately 93 000 cycles after 
these films had been exposed. 

Radiographic inspection suffers from some of the 
same shortcomings that affect ultrasonic inspec
tion. There tends to be a blind spot in the center 
of the flange directly opposite the web. It is also 
much easier to detect cracks that are urleuLe<1 along 
a line from the film to the radiation source. This 
is because detection depends on the existence of a 
significant reduction in the density of material 
along the radiation line through the flange at the 
location of the crack. Thus, if the crack is not 
colinear with the radiation, the line intersects the 
crack for only a short length and there is little 
change in the total density of material along the 
line. Cracks can be detected only if they are open 
at the time the radiograph is taken. 

Randomdec 

The Randomdec technique of analyzing high-frequency 
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vibration signatures was employed as an inspection 
method by instrumenting the bridge with accelerom
eters at 24 stations. These stations were at the 
ends of the cover plates located on the top and bot
tom flanges of the girders in the two end spans. 
Two accelerometer stations were positioned in each 
bottom-flange region and one accelerometer station 
was positioned in each top-flange region. Detailed 
results of the Randomdec analysis are presented in a 
report by Reed and Cole (6). 

CONCLUSIONS 

Fa tigue 

Crack initiation, crack growth, and fracture are 
distinctly different phases of fatigue failure, and 
a given set of conditions may have significantly 
different effects on the initiation and growth 
phases. Thus it may not be possible to predict 
total fatigue life accurately on the basis of a 
simple relationship that involves only stress range 
and type of detail. 

Both the initiation and growth phases are 
governed by the nature of stress cycles in a small 
zone around the tip of the crack. Mean stress in 
this zone has a significant effect on crack growth 
and possibly crack initiation, at least in those 
cases in which part of the stress cycle is in com
pression. These effects tend to be masked by high 
levels of tensile residual stress in tests of weld
ment details. Of course, these residual stresses 
are also present in prototype structures fabricated 
according to current practice, but the proportion of 
the cross section subjected to tensile stress is an 
important parameter, which may vary considerably 
from one structure to another. Finally, an under
standing of the basic mechanisms of fatigue-crack 
initiation and growth may suggest changes in current 
practice that will improve the fatigue resistance of 
future structures. Additional research is needed to 
determine the exact stress conditions under which 
fatigue cracks begin as well as the conditions under 
which they propagate. 

~~e premature failure of girder 2 at midspan 
points out the potential for fatigue-crack initia
tion resulting from the stamping of heat numbers in 
the flanges. Although this practice has been 
largely discontinued for rolled sections, it is 
still common practice to stamp identification 
numbers in plates during fabrication. If the final 
location of a stamped identification number is one 
of high repeated tensile stress, there is certainly 
a potential for fatigue-crack initiation. Con
sideration should be given to controlling the use of 
such identification stamps. The depth and sharpness 
of the stamp as well as its location are important 
factors. 

Crack Detection 

A conventional pulse-echo ultrasonic unit was the 
most reliable of the inspection methods. In those 
regions that were monitored regularly, no cracks are 
known to have grown to a length greater than 38 mm 
(1.5 in) without ultrasonic detection. However, un
detected cracks did develop in regions that were not 
being monitored, and there is serious doubt whether 
those cracks would have been detected ultrasonically 
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even if the region had been monitored. 
Visual inspection appeared to be the second most 

reliable method of detection. Of course, cracks 
must penetrate the observed surface in order to be 
detected visually. Use of a dye penetrant signifi
cantly reduced the size of crack that could be de
tected visually. 

Radiography was nearly as reliable as ultrasonic 
inspection in the regions in which it could be 
used. However, more than half the material to be 
inspected was inaccessible to radi ography. 

In some of the critical fatigue zones, the 
Randomdec method of detecting cracks produced crack 
predictions consistent with the ultrasonic results. 
However, the findings indicate that the methods of 
excitation employed in this study to generate the 
vibration signatures needed for the Randomdec analy
sis are not completely adequate for reliable crack 
detection. 

The reliability of conventional ultrasonic tech
niques and radiography is sufficient to warrant the 
continued development of inspectio n programs that 
use these techniques along with visual inspection. 
However, it must be recognized that in the v i cinity 
of complex connections, some cracks may become very 
large before they can be detected. 
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