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ABSTRACT

A three-span continuous composite bridge of modern design was
field tested under fatigue loading which produced stresses equal
to or greater than design stresses. Both the primary fatigue load-
ing and loading for dynamic-property tests were imposed by a moving-
mass closed-loop electrohydraulic-actuator system. During the fatigue
Toading the bridge was inspected periodically by eight différent
inspection methods. Inspection methods included visual, ultrasonic,
radiographic, acoustic emission, and dynamic-signature techniques.

Ultrasonic inspection was the most reliable and in the regions
which were inspected regularly, no cracks are known to have grown
to a length greater than 1.5 inches hefore detection. Radiography
was nearly as reliable as ultrasonic inspection where it could be
used, but more than half of the material to be inspected was inacces-
sible to radiography.

Stiffness coefficients were calculated from the experimental
mode shapes on the basis of a multi degree of freedom system with
modified coupling. Mechanical impedance plots were made from fre-
quency sweep tests which included five resonant modes. Changes in the
bridge stiffness and vibration signatures in the form of mechanical
impedance plots were indicators of structural deterioration due to
the fatigue. The average reduction in stiffness due to a combination

of deck deterioration and steel girder cracking was approximately 20%.



A total of 18 fatigue cracks developed at the ends of welded cover
plates and two fatigue cracks developed in base metal which was 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 Tife in regions where the stress
range was 22.5 ksi was considerably longer than would be predicted
on the basis of current code requirements. However, the fatigue
life in other regions where the stress range was only 8.7 ksi was

considerably shorter than would be prédicted on the basis of current

code requirements.
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CHAPTER I
INTROQUCTION

1.1 PREFACE

Within the past decade, a considerable amount of research effort
has been focused on the fatigue performance of welded steel highway
bridges(]}*. Many of today's modern highway bridges have a myriad of
welded connections and details. These weldments give rise to microscopic
flaws that may propagate under repeated loading into macroscopic cracks.
Under certain conditions the cracks progress throughouf the entire
cross section of the structural member involved. Fatigue fractures
were noted in the bridges in the AASHO Road Tests(z). From time to
time fatigue cracks have been reported in freeway bridge girders sub-
Jected to heavy truck traffic.

In 1967 the ASCE Subcommittee on Cover Plates(a) reviewed pertinent
tests to that date and recommended an extensive reéearch study of the
fatigue life of cover-plated beams with various configurations., A
substantial test program was subsequently undertaken by Fisher et.a1.,(])
the outcome of which was a set of design recommendations for consideration
by AASHTO. The most recent recommendations(4) concerning allowable
stresses in the vicinity of weldments are currént1y under review by
AASHTO. These design criteria are based on the performance of laboratory
models of the components that are prone to fatigue.

As a result of flood control work in the St. Francis River Basin,

a relatively new (1963} three-span continuous composite girder highway

*
Numbers in parentheses refer to entries in the list of references.



bridge in Butler County, Mo. (MSHD Bridge No. R317), was scheduled for
removal. The bridge, shown in Fig. 1-1, was seen as an uncommon oppor-
tunity to perform a fatigue test on a full scale structure. Because of
the cost, full scale bridges are rarely constructéd for the exclusive
purpose of testing to destruction. MNevertheless, tests of this nature
are needed to provide some validation of the design criteria, which
are based on laboratory data.

Phase I of the overall project, which was completed in 1972, con-
sisted of analytical and laboratory studies to verify the feasibility
of conducting the fatigue test. The analysis indicated that the critical
fatigue regions occurred in the base metal of the girders in the end
spans between the end of a cover plate and the field splice. In view
of the fact that the bridge had four girders and two end spans, the
field test involved 16 critical fatigue regions including both top
and bottom flanges.

The test scheme that was adopted provided for the resonant exéita-
tion of the bridge in its first bending mode by an electro-hydraulic
actuator with a weight of approximately 10 kips attached to the piston.

Detailed results of the Phase I study are contained in a report
5)

by Salane et. a].( This report presents the findings of Phase 1I

of the project, which was primarily concerned with the field test that
was conducted in the months of August, September and October of 1975,

In the preliminary planning, the field test was scheduled for the summer
of 1973, waever, the not-to-be-denied element of weather and the
consequential delay in the flood control work resuylted in a postpone-

ment of the field test.

—



FIGURE 1-1.

TEST BRIDGE (MSHD BRIDGE NO. R317)




1.2 PURPOSE AND SCOPE

The fundamental objective of this study was to conduct an in situ
fatigue test of the full scale bridge in order to document its fatigue
behavior. To achieve the most meaningful data, the level of stress
for combined dead and dynamic loading in the critical fatigue regions
exceeded the allowable stress for 500,000 cycles as calculated from
the AASHTO formulas for fatigque. The applicable formulas were contained
in the 1969 AASHTO Standard Specifications and the 1970 and 1971 Interim
Specifications. In retrospect, the bridge was designed in 1962 prior
to the introduction of fatigue constraints in the specifications.

A second aspect of the study was to use several crack detection
techniques in periodic inspections of the bridge during the course
of the fatigue test. By so doing, some insight could be gained as
to the utility of these techniques. In addition to visual inspection
the techniques comprised the following devices and procedures:

1. Ultrasonic inspection of the fatigue regions with a hand-held
probe and transcejver,

2. Application of dye penetrant to the cracks.

3. Radiography of the fatigue regions.

4. Inspection of girders with FHWA, ACD and MCD instruments.

5. Determination of the vibration signature by Randomdec Analysis.

6. Measurement of acoustic emission by sensors located in the fatigue

regions.

p———



7. Transient, steady-state and sweep tests for one degree-of-freedom
dynamic properties.

8.  Steady-state tests for multi degree-of-freedom dynamic properties,

1.3 DESCRIPTION OF TEST BRIDGE

The two-lane, three span (72'-93'-72'), continuous composite girder
bridge crossed a levee ditch parallel to the St. Francis River, 19,1
miles S.E. of Pop]ar_B]uff, on Route U in Butler County, Missouri.

The bridge was designed in early 1962, according to 1961 AASHO specifica-
tions(6), for one lane loaded with H15-44.

The principal features of this bridge are shown in Fig. 1-2.
Section details are described in the Phase I Report(s). Four 30-
in. wide flange girderé of ASTM A36 steel, cover-plated over the main
piers (13 ft.-6 in. each side of piers), carried a six in. s]ab designed
for composite action in the positive moment regions. Bolted field
splices in the girders were located 18 ft. from the main_piers in the
end spans and 22 ft. from these piers in the center span.

Unshored construction was used during placing of the slab. The
22 ft. wide roadway had a parabolic crown. Concrete used in the slab
had a 28 day compressive strength of 5270 psi. Over the girders a
varying cohcrete haunch was used to ensure a roadway parallel to grade.
Slab reinforcing consisted of transverse #5 bars at 6 1/2 in. top and
bottom, and longitudinal #4 and #5 bars at various spacings top and
bottom. An independently cast reinforced concrete curb anchored a

steel guard rail. Shear connectors were C4x5.4, 6 1/4 in. long, fillet
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welded to the top flange of the girders at varying spacing except in
the regions 12 ft.-6 in. from the piers in the end span to 14 ft.-9
in, from the piers 1ﬁ the center span.

The abutments and piers were supported by precast concrete piles

driven to a minimum of 32 ton capacity in sand.

1.4 DESCRIPTION OF FIELD TEST

In order to conduct the field test, alterations to the test site
were necessary such as the construction of a bypass road on the north
side of the bridge. Also the area under the bridge was backfilled
to within approximately 10' of the girders so that scaffolding could

be installed. Figure 1-3 shows the physical layout of the test site.

FIGURE 1-3. PHYSICAL LAYOUT OF TEST SITE



1.4.1 Fatigue Loading

The primary aspect of the field test was the application of a
fatigue loading to the bridge until major fatigue failures occurred
in the critical fatigue regions outlined in Art. T.1. This criteria
resulted in a total of 477,000 fatigue cycles being applied to the
bridge. The fatigue loading was app]iedlin intervals of between approxi-
mately 20,000 and 60,000 cycles with some of the various crack detec-
tion tests being conducted after each loading interval.

Dynamic strain ranges needed for the fatigue test were achieved
by exciting the bridge at its first bending mode resonant frequency
with a closed-loop electrohydraulic structural vibration system. The
vibrator was constructed by attaching weights to the piston rod of a
servo-controlled hydraulic actuator. The hydraulic actuator with attached
weights was mounted in the center of a load distribution frame (see
Fig. 1-4) and this loading system was positioned at the center of the
main span as illustrated in Fig. 1-5. |

During the fatique loading each span of the bridge was loaded
with approximately 40 kips of ballast consisting of four 10 kip con-
crete modules arranged on the spans as indicated in Fig. 1-5. The
ballast was placed in each span to reduce tensile strains in central
regions of the concrete deck. These tensile strains occurred at the
center of each of the spans when they were at their uppermost position

during a fatigue éyc]e.

ey



FIGURE 1-4. HYDRAULIC ACTUATOR AND
LOAD DISTRIBUTION FRAME

The dynamic strains and deflections of the bridge were recorded
periodically throughout the fatigue loading. A strain gauge was lo-
cated on the top and bottom flanges of each of the girders at seven dif-
ferent sections along the bridge as illustrated in Fig. 1-6. The To-
cations of the strain gauges are designated for this report according
to the following scheme. Sections were numbered 1 through 7, beginning
at the west end of the bridge. Girders were numbered 1 through 4,
starting from the south side of the bridge. The top flange was labeled

A while the bottom flange was labeled B. A strain gauge location
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denoted 2.4B implies a strain gauge positioned at section 2, north ex-
terior girder, bottom flange. Strain gauges were also placed on longi-
tudinal reinforcing bars in the concrete deck at sections 3 and 5.

Cantilever beam type deflection gauges with a double amplitude
range of 8.0 in. were designed specifically for this study. The de-
flection gauges were attached to the underside of the bottom flange .
of the bridge girders at 10 locations as shown in Fig. 1-7.

The fatigue test was commenced by bringing the bridge into resonance
such that a 900 phase relationship existed between the stroke of the
actuator rod and the deflection of the bridge at mid-center span. The
phase relationship was detected and monitored by means of a Lissajous
diagram. After the bridge was at resonance, the stroke of the actuator
rod was adjusted (which in effect adjusted the total force applied to
the bridge) until the required dynamic strain range of approximately
780 p in/in was reached in the critical fatigue regions. Hand adjustment
of the actuator stroke was necessary throughout the fatigue loading to
maintaﬁn the required. dynamic strain range.

A éomp]ete description of the experimental setup for the fatigue

test is contained in App. D.

1.4.2 (rack Detection Techniques

The second aspect of this study was the application of the various
crack detection techniques at selected intervals during the fatigue
loading.

During the course of the field test a total of 17 ultrasonic in-
spections were conducted with a conventional pulse-echo unit. The

initial ultrasonic inspection was conducted before the start of the
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fatigue Toading and included a complete inspection of both the top
and bottom flanges at the ends of the cover plates in the critical
fatigue regions.

Once the ultrasonic inspections indicated that the fatigue cracks
were 1/2 in. or more in length, a dye penetrant was {ntroduced to en-
hance the visibility of these cracks at the surface. The dye penetrant
was periodically reapplied to trace and record the progress of the
crack growth throughout the remainder of the field test.

Four sets of radiographs were taken by a commercial testing labora-
tory at 0, 98,000, 215,000 and 370,000 fatigue cycles. Radiographs
- were taken in the bottom flange critical fatigue regions during all
four sets while radiographs of the top flange were taken only during
the first two sets.

Acoustic emission measurements were periodically recorded at the
gight crftica] fatigue regions as a means of monitoring crack growth
during the actual fatigue lcading of the bridge. The eight acoustic
emission sensors consisted of a piezoelectric element connected in
a differential mode to a common amplifier so that data from each sensor
could be recorded sequentially on an x-y plotter.

The FHWA provided ACD and MCD units to be used periodically during
the field test to detect cracks in the bridge girders. The Acoustic
Crack Detector, ACD, is an acoustic device which is designed for the
detection of internal flaws in steel members at some distance from
the ACD unit. The Magnetic Crack Definer, MCD, is a magnetic field and
eddy current device which defines the perpendicular direction of the

crack and is ysed in conjunction with the ACD unit.
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Nielsen Engineering and Research, Inc., developers of the "randomdec
crack detection technique" employed this technigue to analyze vibrational
responses of the bridge. Records were periodically recorded during the
fatigue loading at locations adjacent to the critical fatigue region.
The vibration responses of the bridge were obtained using two different
methods of excitation. The first excitation method employed a steel-
wheeled dolly which was towed across the bridge at periodic inter-
vals during the field test. The second excitation method was the actual
fatigue loading. However, this excitation method was not employed
until midway through the field test.

The final crack detection technique centered around whether or
-not structural damage could be determined by monitoring changes in
the dynamic properties of the bridge. In order to determine the dynamic
properties, a set of four dynamic tests was performed on the bridge.
at 0, 95,000, 215,000 and 377,060 fatigue cycles. The four dynamic
tests were:

1. Transient Response

2. Normal Mode

3. Frequency Response

4. Sweep.

The first three dynamic tests were conducted using the first three
vibrational modes of the bridge which were first bending, first torsion,
and second bending. The locations of the hydraulic actuator on the

bridge for purpose of exciting each of these three modes independently

is shown in Fig. 1-5.
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The Transient Response Test was conducted by exciting the bridge
at resonance in one of the test modes using the structural vibrational
system but employing a much smaller attached weight. Hydraulic power
to the actuator was then shut off to allow the‘bridge to undergo a
decaying free vibration which was recorded.

The Normal Mode Test was conducted by exciting the bridge at resonance
in one of the test modes. The method of establishing resonance was
the same as employed for the fatigue loading. Steady state response
of the bridge was then measured at 22 stations on the underside of deck
surface to establish the corresponding modal configuration of the bridge.

The Freguency Response Test consisted of a sequence of steady
state excitations of the bridge over a frequency interval which centered
about one of the first three resonant fregquencies. Steady state
excitations of the bridge were achieved with the vibration excitation
system. By measuring the response of the bridge at selected locations
and by including approximately 30 frequencies within the frequency
interval, it was possible to establish the frequency response curve |
for each of the test modes.

The Sweep Test was conducted for the purpose of obtaining vibra- ‘
tion signatures of the bridge over a frequency interval which included
the first five resonant frequencies. This test was conducted by
slowly but continuously varying the excitation frequency applied to
the bridge while maintaining the peak force level as constant as possible
with the experimental setup. The location of the hydraulic actuator

for the sweep test is shown in Fig. 1-5.
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Ouring each of the four dynamic tests the1v1brationa1 response
of the bridge was recorded at various locations with accelerometers.
These locations on the underside of the bridge deck are referred to
as stations in this report and are shown in Fig. 1-8. Additional de-

tails on the experimental setup for the dynamic test are contained in
App. D.
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CHAPTER 2

SUMMARY, CONCLUSIONS AND RECOMMENDATIONS

The observed behavior of the bridge during the fatigue test and
the static and dynamic analyses of the experimental data are presented
in Chapters 3 and 4. This chapter contains the conclusion based on

the experimental and analytical results of the study.

2.1 RESPONSE

Use of a closed-loop servo-controlled electro-hydraulic shaker
is a feasible method of producing service level repeated stresses in
full scale highway bridges.

Multi degree-of-freedom finite element analyses based on
fully composite and cracked-sTab composite stiffnesses provided
reliable upper and lower bounds for the response of the bridge during
the fatigue and resonance tests.

Under high amplitude 1oading overall damping of the bridge was
approximately 1.5 percent of critical and the fundamental bending
frequenty for the ballasted bridge decreased steadily from an initial
value of 2.32 Hz to 1.93 Hz at the end of the test.

In the positive moment regions which were designed for composite
action the effective moments of inertia under large numbers of cycles
of high moment were greater than design values and approximately 10
percent less than those predicted by a fully composite analysis. Effec-

tive moments of inertia in the negative moment regions were from 35
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to 300 percent greater than design values. Even though there were
no shear connectors in these regions the effective moments of inertia

were always equal to or greater than the cracked-slab composite moment

of inertia.

2.2 FATIGUE

There were eight critical regions at the ends of welded cover-
plates where the nominal stress range was approximately 22.5 ksi and
the predicted fatigue 1ife was approximately 140,000 cycles. One or
more fatigue cracks developed at every one of these critical regions,
but there was only one failure in 471,000 cycles of loading.

There were eight critical regions at the ends of welded coverplates
where the nqmina] stress range was approximately 8.7 ksi and the pre-
dicted fatigue life was approximately 2,000,000 cycles. Two of these
regions failed respectively at 453,000 and 462,000 cycles of loading.

The primary differences between these two sets of critical regions
were stress range, weld detail, and algebraically-maximum stress.

It may be concluded from this study that under fatique loading
the algebraically-maximum stress is significant at least to the extent
that there is a threshold for this stress below which fatigue cracks
do not propagate. For A-36 steel this threshold is near zero. Al-
though inconclusive there is some evidence that above this threshold
value the algebraically-maximum stress may have an influence on crack-

growth rate.
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Crack 1nit1at10h, crack growth, and fracture are dfstinct]y dif-
ferent 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 accurately predict total fatigue
life on the basis of a simple relationship involving only stress range
and type of detail.

There were regions of four girders where the stress range in
base metal was approximateiy 32.3 ksi. Although there were no welds
in these regions heat numbers had been stamped in the hottom flanges
of three of these girders. These heat numbers initiated failures
at two separate locations in one of these girders while no cracks
were detected in the other girders which were from a different heat
of steel. There.isfevidence that differences in material properties
between heats of"stee1 in thfs‘bridge were great enough to have a

significant influence on fatigue cracking.

2.3 CRACK DETECTION

Three of the crack detection techniques used in this study were
effective to some degree in detecting the.specific locations of in-
dividual cracks. The remainder were effective to varying degrees
in the detection of structural deterioration in certain regions of

the bridge. None of the techniques could be considered fooliproof.

2.3.1 Ultrasonic Inspection

A conventional pulse-echo ultrasonic unit was the most reliable

of the inspection methods. In those regions which were monitored
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regularly no cracks are known to have grown to a length greater than
1.5 in. without ultrasonic detection. An attempt to evaluate the
FHWA-MCD was unsuccessful because there was a malfunction in the only

unit available at the time of the test.

2.3.2 Visual Inspection

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 significantly

reduced the size of crack which could be detected visually.

2.3.3 Radiography

Radiogfaphy was nearly as reliable as ultrasonic inspection in the
regions where it could be used, but more than half of the material to

be 1n5pected was inaccessible to radiography.

2.3.4 Dynamic Properties - Equivalent Single Degree of Freedom

Analysis

The damping ratios and resdnant frequencies associated with the
modes in the lower order frequency regiqn of the bridge were
affected by the structural damage wHich was sustained by the bridge.
However, the results show that changes in the damping ratios and resonant
frequencies of the bridge do not provide information with regard to

the location of the structural damage.
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2.3.5 Dynamic Properties Multi Degree-of-Freedom Damping

Changes in modal damping due to structural degradation of the
bridge during the fatigue test were discernible. However, there was
no way to distinguish between the deterioration of the concrete deck

and the fatigue crack growth in the steel girders.

2.3.6 Dynamic Properties - Multi Degree-of-Freedom Stiffness

Changes in the calculated stiffness matrices based on experimental
data revealed reductions up to 40 percent in the stiffness of the
entire structure during the fatigue test. However, the reductions

were not significantly larger in the vicinity of the cracks in the

steel girders,

2.3.7 Mechanical Impedance

Indications of the general location of structural damage were
provided by changes in the vibration signatures of the bridge which
were expressed in the form of mechanical impedance plots. Structural
damage to the reinforced bridge deck appeared as an overall significant
change in the mechanical impedance plots. However, structural damage
to the girders appeared as a noticeable change only in the values
of mechanical impedance at resonance and anti-resonance in the higher

order frequency range of the mechanical impedance plots.
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2.3.8 Randomdec

In some of the critical fatigue zones the Randomdec method of
detecting cracks produced crack predictions consistent with the ultra-
sonic results. However, the findings indicate that the two methods
of excitation employed in this study to generate the vibration signa-
tures needed for the Randomdéc analysis are not completely adequate

for reliable crack detection.

2.3.9 Acoustic Emission

The acoustic emission rate monitored with eight sensors attached
to the steel girders in the critical fatigue regions was quite low.
Consequently, crack growth in these regions was not evident in
the emission rate. There was one exceptionally high emission rate
recorded from all sensors approximately 30 minﬁtes (3500 cycles)
prior to a fracture of the entire cross section of the south in-

terior girder at midspan.

2.4 Recommendations

The following are specific recommendations based on the findings

of this study.

2.4.1 Conmposite Action

Serious consideration should be given to designing bridges of this
type for composite action in the negative moment regions. Considerable
economy in the steel section should be realized at the relatively Tow
cost of adding a little extra longitudinal slab reinforcement and

some shear connectors. The results of this test indicate that these
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shear connectors could be concentrated toward the ends of the negative
moment region so as to avoid creating a fatigue problem in the highly

stressed region of the top flange directly over the support.

2.4.2 Stenciling

The premature failure of girder number 2 at midspan, points out the
potential for fatigue crack initiation resulting from the stamping of

heat numbers in the flanges. Although this pracfice has largely been

discontinued for rolled sections, it is still common practice to stamp
identifiéation numbers in plates during fabrication. [f the final
location of a stamped identification number is one of high repeated
tensile stress, there is certainly a potential for fatigue crack
initiation. Consideration 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.

2.4.3 Fatiqgue Stresses

Additional research is needed to determine the exact stress condi-
tions under which fatigue cracks initiate as well as the conditions

under which they propagate. In previous studies, these two phases of

of fatigue failure have been combined and this may have tended to
mask the effects of certain variables.

Parameters to be studied include the maximum stress as well
as the stress range. The current AASHTO code is based on tests
which indicated that only the stress range was important. Results of
the current test suggest the possibility that the maximum stress {in
the algebraic sense) may also be significant. [t is possible that in

the previous tests high tensile residual stresses {near yielding) masked
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the significance of this variable. If this is in fact an important
parameter, there are procedures through which residual stresses in
fabricated structures can be relieved. Material toughness should also

be included as a significant parameter in future fatigue research.

2.4.4 Detection Methods

The reliability of conventional ultrasonic techniques and radio-
graphy is sufficient to warrant the continued development of inspection
programs utilizing these techniques along with visual inspection. How-
ever, it must be recognized that in the vicinity of complex connections
some cracks may become very large before they can be detected.

There should be continued research into the applicability of
acoustic emission for initial screening of bridge structures. The
ability of this technique to detect the presence of crack growth even
when the transducers are a great distance from the crack shows con-
siderable promise for its use in conjunction with some type of test
loading. It may be possible to detect the presence of cracking in a
general region of the bridge with acoustic emission and then use
ultrasonic techniques to locate the crack more accurately.

Monitoring of just the lower order natural fregquencies of a
bridge and its damping properties does not appear to hold much promise
as a dynamic inspection technigue to determine crack locations. The
study did show that structural degradation can be detected by use of
mechanical impedance and changes-in-stiffness techniques. These tech-
nigues also show promise as a comparison method for locating crack
zones. Additional research is needed to refine and further develop

these techniques as a dynamic inspection method.



CHAPTER 3
BEHAVIOR UNDER FATIGUE LOADING

3.1 DYNAMIC RESPONSE

The dynamic strains were measured by electrical strain gauges
located on the inner flange surfaces at various Jocations along the
bridge. The Tocations of the strain gauges are given in Fig. 1-6. The
recorded data were the peak maximum and minimum values of the dynamic
strains. Tensile strains were taken as positive values and compressive
strains were taken as negative values. In the following discussion the
word maximum implies algebraically maximum values.

Figures 3-1 through 3-6 show representative plots of the maximum
and minimum dynamic.strains at the ends of the cover plates 1n the west
and east end spans and at midspan of the center span. The results shown
in Figs. 3-1 through 3-6 reveal that there was fluctuation in the maxi-
mum and minimum dynamic strains during the fatigue test. However, the
dynamic strain range at all sections remained relatively constant through-
out the Tatigue test except at those sections where a fatigue faflure
occurred.

Figure 3-5 shows the dynamic strain history at a section where a
fatigue fracture occurred. The results reveal that the dynamic strain
range at section 6.2A incurred a steady decrease from 438,000 cycles to
470,400 cycles. During this interval the dynamic stratin range at un-
failed sections remained nearly constant. The implications of the
strain history on the fatigue behavior of the bridge are discussed 1in

the remainder of this chapter and n App. G.
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Dynamic def]ections were measured at the center of each span by
means of electrical deflection gauges. The locations of the deflec-
tion gauges are shown in Fig. 1-7.

Figure 3-7 shows the dynamic deflection range at midspan for the
north and south exterior girders of the center span. The dynamic de-
flection range for the south exterior girder varied between 4.45 in.
and 5.4 in., while the dynamic deflection range for the north exterior
girder varied between 3.75 in. and 4.4 in. during the course of the
fatigue test. The difference in the dynamic deflection ranges for the
two girders was greater after a fatigue failure and field repair at
377,000 cycles.

Figure 3?8 shows the average deflection range at midspan for the
west, center, and east spans. The average deflection range for the
center span varied between 4.15 in. and 4.9 in. The average dynamic
deflection range for the west end span varied between 2.0 in. and 2.35
in., while the average dynamic deflection range for the east end span
varied between 2.20 in. and 2.5 in. |

The damping present in the bridge during the fatigue test was deter-
mined by the peak amplitude method which is discussed in App. A. A plot
of the damping ratio, z, vs. number of fatigue cycles is 1l1lustrated in
Fig. 3-9. The damping ratio varied between 1.25 percent to 1.6 percent
over most of the fatigue test. However, after the initial fatigque failure
in the center span the damping ratio generally increased until it was 1.82

percent at the termination of the testing program,

3.2 COMPOSITE ACTION

The original bridge design was for composite action in the posi- -

tive moment regions and non-composite action in the negative moment
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regions. Although there were no shear connectors in the negative mo-
ment regions the concrete deck slab and its reinforcement were contin-
uous from one positive moment region over the support and into the next
positivé moment region. For this type of construction there has been
considerable controversy as to just how much, if any, composite action
is developed over the support.

From strain measurements in the top and bottom flanges of the steel
girders it was possible to calculate the effective moment of inertia
during the test for each girder at each of the seven instrumented sec-
tions. These calculations were based on the assumption that plane sec-
tions in the steel girder remain plane and plane sections in the slab
remain plane but slip does occur at the joint between the slab and steel
beam. Average values of these effective moments of inertia during the
test are presented in Table 3-1 along with values calculated for fully
composite, cracked s]gb composite, non-composite, and design conditions.
In the cracked-slab composite condition there are no stresses in the
slab concrete, but the longitudinal slab steel is fully effective.

For the positive moment regions there are differences between the
calculated fully composite moments of inertia and the design moments of
inertia because of two factors. First, the design values are based on
anticipated haunch depth while the fully composite calculated values are
based on haunch depths actually measured in fhe field. Second, design
calculations do not include effects of the curb for exterior girders
while the fully composite calculated values include the curbs as a fully
effective part of the composite section.

During fatigue loading all of the instrumented sections except those

directly over the piers were subjected to alternate cycles of positive



TABLE 3-1. MOMENTS OF INERTIA (1n.4)

Calculated Effective
Cracked -
Fully Slab Non Positive Negative

Composite Composite Composite Design Bending Bending
Mid-End Spans
Exterior Girders 16600, 5870 3990 10400 15100 9800
Interior Girders 12800. 5290 3330 11800 12600 9300
End Span
Critical Sections
Exterior Girders 15900, 5760 3990 3990 12000 6670
Interior Girders 13000 5660 4460 4460 10400 6830
Over Piers
Exterior Girders 23000 9330 7430 7430 *12400° 10200
Interior Girders 20000 10800 8670 8670 *14700 11700
Mid:dnterior Span )
Exterior Girders 17700 6050 3990 11600 15900 8800
Interior Girders 13600 5400 3990 12200 12800 8100

*Pos{tive bending half of repeated loading c&c]e. The total moment was always
negative at this section.

6¢
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and negative bending. Ih each case the magnitude of the negative bending
moment was sufficient to cause extensive cracking of the slab. As a re-
sult, the effective moments of inertia were substantially higher when

the section was subjected to positive bending than when it was sub-
jected to negative bending. Even over the supports where the bending
moment was negative at all times the effective moment of inertia was
somewhat Tower when the moment was at its minimum negative level. This
was probably due to a higher degree of intergranular interference during
closing of the cracks than during openiﬁg of the cracks.

In all cases the effective moment of inertia was higher than the
design value. At sections which were designed compositely for positive
bending the effective moments of inertia were approximately 10 percent
less than the values calculated for fully compbsite action. This is in
agreement with previous experimental and analytical studies(7) and is the
result of a small amount of slip which is permitted at the interface by
the flexible nature of the shear connectors. The effective moment of
inertia for exterior girders at these sections was approximately 40
percent greater than the design value because the design calculations
do not account for the curb. Effective moments of inertia for the
interior girders at these sections wére slightly greater than the de-
sign values and this was only because the actual haunches were some-
what deeper than those assumed for the design.

Sections at the ends of the coverplates in the end spans were
designed for non-composite action because under service load condi-
tions moments are always negative at these sections. In every case

the effective moment of inertia under test conditions was greater than
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the cracked slab composite moment of inertia and for positive bending
the effective values were approximately 75 percent of the fully com-
posite values or from two to three times the design values. Even for
negative bending the effective moments of inertia were between 50 and
70 percent greater than the design values.

The sections over the piers were designed non-compositely for ne-
gative moment and were always subjected to negative moment during the
test. Again the effective moments of inertia were always at least
equal to the cracked slab composite moments of inertia and'approximate]y
35 percent greater than the design moments of inertia. During the posi-
tive bending half of the repeated load cycle effective moments of iner-
tia were approximately 67 percent greater than the design values,

It should be emphasized that these effective moments of inertia
which were substantially greater than the design values were not static
single-cycle laboratory tests but were steady-state values during nearly
a half million cycles of very severe loading on a full scale structure.
For the top flanges where fatigue is a problem in the negative moment
regions the effective section moduli show an even greater overcapacity
because the composite action alse raises the neutral axis. Details of
the composite analysis are presented in App. F.

*

3.3 CONCRETE DECK

A visual examination of the surface of the deck before testing

indicated that the deck was in excellent condition. During its twelve

year service life the deck had suffered very 1ittle spalling and there

were only a few noticeable cracks. Extensive transverse cracking of the

*See Addendum, page 89.
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deck began to develop almost immediately after full amplitude fatigue
loading was applied. This cracking occurred near the centers of the
spans as well as over the supports because dynamic deflections were
large enough to cause some negative moﬁent even in the mid-span regions.
The only uncracked regions were zones approximately 35 ft. in length at
each end of the bridge and zones about 18 ft. in length near each end of
the center span. The cracking pattern was relatively uniform with crack
spacing varying from 5 to 18 in. When the deck was wet from rain during
fatigue loading these cracks pumped a slurry of finely ground concrete
particles onto the surface of the deck making it very easy to see the
cracking pattern, Fig. 3-10.

This cracking had fairly well stabilized by the time 20,000 cycles
of Toad had been applied and there was very little additional deteriora-
tion of the deck during the remainder of the test. There was a small
amount of noticeable deterioration directly over girder 2 at midspan
which occurred immediately after the fracture of girder 2.

Although the curb was cast separately from the deck it was anchored
to the deck with Number 5 stirrups and acted compositely with the deck.
Since the top of the curb was more than twice as far from the neutral
axis of the beam as the surface of the deck, stresses in the curb were
very large and there was some crushing of concrete in the curb, Fig.
3-11.

The steel guardrails which were anchored to the deck were designed
with slipjoints to accommodate deflection of the bridge. These slip-joints
seemed to work very well. However the extremely large deflections of the

bridge {nearly 6 in. peak to peak) during the fatigue tests caused the



FIGURE 3-10A. BRIDGE DECK CRACKING

FIGURE 3-10B. BRIDGE DECK CRACKING
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FIGURE 3-11.  CRUSHING IN CONCRETE CURB

Joints to be overdriven and a number of the bolts were sheared off.

At the end of the test the deck appeared to be in relatively goed
condition and sustained the traffic of a forklift removing the ballast
without difficulty. However, the extensive cracking would no doubt have

increased its susceptibility to environmental attack.

3.4 STEEL GIRDERS

Prior to loading the steel girders were given a thorough inspection
both visually and u1trasonica11y.' This inspection revealed only one
detectable flaw and follow-up inspections during the test indicated
that this flaw did not develop into a crack. The feasibility study for
the project indicated that the critical regions for fatigue cracking

would be at the ends of the bottom flange cover plates in the end spans,

gauge sections 2 and 6.
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Nominal stresses at these sections including dead load, ballast,
and dynamic load were from approximately 20 ksi compression to 2.5 ksi
tension or a stress range of 22.5 ksi. Variations from girder to gir-
der were approximately + 10 percent from these values. Residual stresses
which were no£ measured would have had no effect on the magnitudes of
stress ranges but probably shifted all stresses at the points of crack
initiation in the tensile direction by several ksi.

During the inspection at the end of 19,500 cycles of load, cracks
on the order of 0.25 in. in length were detected ultrasonically in five
of the eight critical f]ange.regions. After 287,000 fatigue cycles,
cracks 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 ex-
pected but started at the heel of the weld at some point across the end
of the cover plate as shown in Fig. 3-12. These cracks propagated to
the surface of the weld and across.the end of the cover plates. In
most cases they turned the corner and proceeded along the beveled edge
of the cover plate until at some paint the crack turned into the weld
metal propagating perpendicular to the axis of the beam, Fig. 3-13.
Once the cracks entered the weld material they continued through the
weld material into the base material of the bottom flange and con-
tinued to grow in the typical semi-elliptical pattern. In five of the
eight critical flange regions the cracks propagated into the base metal
on both sides of the cover plate resulting in two separate cracks in
the base metal, Fig. 3-14.

In all there were thirteen separate cracks which entered fhe base

material of the bottom flanges at the ends of cover plates. Two of
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these cracks located at section 6.1 propagated to failure completely
severing the bottom flange at 455,000 fatigue cycles. The crack on
the south side at section 2.2B propagated to a total length of 3.5 in,
at 438,000 cycles but showed no perceptible additional growth beyond
that point, Fig. 3-14. No growth was observed in any of the other ten
cracks beyond approximately 415,000 fatigue cycles.

These observations seem to indicate that the algebraic maximum
stress, including residual stress, is significant at least to the
extent that there is a threshold for this stress below which fatigue
cracks do not propagate. This threshold appears to lie between ap-
proximately -2 and +8 ksi but because residual stresses were not
measured {ts exact value cannot be determined from this test. In
the one case where the algebraic maximum stress was above the thresh-
old lTevel the cycles to failure were more than three times as great
as the number predicted for an equivalent stress range from previous
observations -by Fisher(]) on beams with much higher algebraic maximum
stresses, 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 13 or 14 ksi with the possi-
bility of failure before 500,000 cycles. The initial test plan, there-
fore, called for continuous ultrasonic monitoring of these regions.

Once the test loading was underway, strain measurements 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 6.0 ksi tension
to 14.7 ksi tension producing an average stress range of only 8.7 ksi.

Both the AASHTO specifications and previous research results presented
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by Fisher indicated a fatigue life of nearly 2,000,000 cycles under

this Tow 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 of approximately six in. in length had
developed in fhe top flanges of girder 1 at section 2 and girder 2 at
section 6. Ultrasonic monitoring of the top flanges at sections 2 and
& was immediately reinstated, 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.

The fact that two of the eight sections subjected 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 magni-
tude of stress range, there were two primary differences between these
top flange critical sections and the bottom flanges immediately below
them. In the top flanges, the stress range was entirely in the tension
region with a maximum tensile stress of 14.7 ksi, while the stress
range in the bottom flanges was primarily in the compression region
with a maximum tensile stress of only 2.5 ksi. The other difference
was the particularly severe weld detail in the top flange” A channel
shear connector had been fillet welded to the base metal of the top
flange adjacent to the end of the ccver plate such that the two fillet

welds were almost toe to toe, Fig. 3-15.

Although Fisher's data would indicate that the maximum tensile stress

*See addendum, page 89.
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was not important and therefore, the severe detail must be responsible
for these early failures, there is insufficient evidence in the current
investigation to determine which of these two factors precipitated the
failures. If it is assumed that the detail was responsible, then it
must be recognized that it is possible to have details which are much
more severe than category F of the AASHTO code. If it is assumed that
the high maximum tensile stress was responsible for the premature fail-
ures, then modifications of the code to account for this variable are
in order,

At 373,500 fatigue cycles girder 2 failed with a loud bang at the
center of the center span. Although the stress cycles at this section
were from essentially O to 32.3 ksi there were no welds on the flange
and base metal at a stress range of 32.3 ksi would not be expected to
fail until more than 1.25 million fatigue cycles had been applied.
Examination of the fracture revealed that a fatigue crack had initjated

at a heat number stamped in the face of the bottom flange, Fig. 3-16.

FIGURE 3-16. FATIGUE CRACK INITIATED
BY HEAT NUMBER STAMP
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A plece of the beam around the fracture was 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 4 in. from the end of the splice. More significant than
the effectiveness of the heat stamp as a stress raiser is the fact
that girder 2 suffered two fractures while 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 1in
the face of the bottom flange. Girder 2 was from a different heat of
steel than the girders on either side and there was apparently a sig-
nificant difference in the fatigue resistance of these two heats. A
detailed study of these materials is planned for a future project.

A more detafled discussion of the fatigue behavior is presented

in App. G.

3.5 SUPPORTING STRUCTURE

The soil under the bridge consisted of a thin layer of clay over
a deep layer of sand, as shown in Fig. 3-17. Since saturated sands
have a tendency to compact and to 1iquify when subjected to vibratory
loading a study of the pile behavior was undertaken.

The piles were precast concrete, cast with an 8 in. tip diameter
and a 16 in. butt diameter. The average length of the piles under
the end abutments was about 37 ft., and for those under the main piers
about 20 ft. They were driven into the coarse sand until their bearing
capacity was reached. The bearing was obviously not firm bedrock and
it was anticipated that settlement might cccur during testing.

Prior to the testing program the channel was backfilled to about

s S —
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ET. 320. This fill added a substantial load to the piles under the
main piers. The position of the water table was probably not changed sig-
nificantly.

The test conditions produced the footing loads given in Table 3;2.

At a pile under the end abutments the axial force yaried between 23 and
47 kips at about 2.2 Hz. The pile force under the main piers oscillated
between 57 and 71 kips. Pile driving data furnished by the Missouri
State Highway Department indicated that the average allowable bearing
capacity per pile in the end abutments was 114 kips and the corrésponding
capacity of a pile in the main piers was 83 kips. These values were
based on the Engineering News Record formula which presupposes a factor
of safeﬁy of six.

It was concluded from a study of the meager data available that
settlement of the bridge foundations would not be a serious problem so
long as the prime loading frequency was substantially less than 10 cps.
Nevertheless, a set of level readings was taken on top of each end of
each pier and each abutment prior to the start of the testing. These l
level readings were repeated three times during the test period and
after the test was completed. The maximum observed settlement was l‘
0.03 ft. and at most locations the settlement was less than 0.01 ft.,

which was the resolution of the measurements.
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PILE LOADS DURING FATIGUE TEST

Abutment Main Pier

No., of piles in footing 4 10
Static Load on Footing
DL Superstructure 67k 257k
DL Substructure 59k 108
DL Earth Fill 0 225"
DL Ballast Rra _16°

Total Static Load 140 636"
Dynamic Load on Footing iﬂﬁk j_?Ok
Max imum Load 186 706%
Minimum Load 94k 566k
Resultant Load per Pile
Static Load 35K 64
Max imun Load 47% 71k
Minimum Load 23 57K




CHAPTER 4

CRACK DETECTION METHODS

4.1 ULTRASONICS

During the course of the fatigue test a total of 17 inspections
were conducted with a conventional pulse-echo ultrasonic unit. For
crack detection the transducer was a 5 MHz 45 degree transceiver probe.
During the initial inspection a 5 MHz 90 degree split crystal probe
was used to locate the channel shear connectors which were welded
to the top of the top flange and embedded in the stab.

The initial inspection was conducted before testing started
and included complete inspection of both the top and bottom flanges
at the ends of the cover plates in both the end and center spans.
This initial 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 weld at
the end of the top flange cover plate on girder 3 at section 6. How-
ever, this flaw did not develop into a crack and there was no notice-
able change in the flaw during the entire test.

Because bad weather had forced a very condensed testing schedule
and ultrasonic inspection proved to be guite time consuming, subse-
guent inspections were 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 conducted after 19,530 fatigue cycles.
A total of six cracks each approximately 0.25 in. in length were dis-

covered during this inspection. In every case the ultrasonics clearly

56
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indicated that the crack was not at the toe of the weld as might be
expected but rather at the heel of the weld as discussed in Art. 3.4,

At 95,000 cycles a total of ten cracks had been detected ultra-
sonically but it was not uﬁti] 202,000 fatigue cycles that any of
these cracks were seen visually at the surface. Even then they could
be seen only with the aid of a dye penetrant (see Art. 4.2). Visual
observations with the aid of the dye penetrant indicated that in some
cases the crack in the weld was considerably longer than indicated
by the ultrasonic measurement. This was at least in part due to the
fact that without special techniques there is an ultrasonic blind
spot directly below the web of the beam. In many cases where two
cracks were recorded, one on either side of the web, they were actually
connected through this blind spot forming a single crack.

A1l of these cracks were monitored for the remainder of the test
and a complete record of crack lengths is presented in App. C. In
those cases where the cracks propagated across the entire width of
the flange it was possible to trace their growth ultrasonically to
within approximately 0.1 in. of the edge before the crack became
visible on the edge.

After completion of the test, two sections each containing two
cracks which had arrested during the test were cut from the bridge
and separated in the laboratory. It was then possible to compare
the actual length of these cracks with the Tengths indicated by ultra-

sonic measurements. For two of the cracks the ultrasonic measurements
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were essentially correct. One ulfrasonic measurement was in error
by 0.25 in. and the other in error by 0.4 in.

For the critical regions at the ends of the coverplates on the
bottom flanges, the conventional pulse-echo ultrasonic unit proved
to be quite reliable in finding fatigue cracks under field conditions.
A1l cracks which grew large enough to be detected visually had pre-
viously been detected ultrasonically when they were less than 1.5
in. in length and 60 percent of them were detected at a length of
0.25 in. Estimates of crack length based on ultrasonic inspection
were reasonably accurate.

Ultrasonic inspection of the critical regions at the ends of
cover plates on the top flanges was not so successful. Because stress
ranges were Jow in the top flanges ultrasonic inspection was discon-
tinued earﬁy in the test and was not resumed until two cracks had
been observed visually. Of course, the failure to detect these two
cracks ultrasonically cannot be interpreted as an adverse reflection
aon the capability of the ultrasonic inspection because no attempt
was made to detect them. However, subsequent ultrasonic inspections
of the other six critical top flange regions which were subjected
to essentially the same Stress histories, revealed no additiocnal
¢racking. At the time of this writing the deck has not been removed
from these girders and it is, therefore, not known whether or not cracks

actually exist in these regions* However, examination of the geometry

*See addendum, page 89,

~———
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of the detail at this joint indicates that it would be very difficult
to detect cracking if it were to develop at the toe of the fillet
weld as shown in Fig. 4-1. Under ideal conditions the surface of
the crack is sometimes rough enough to reflect a signa] directly back
to the transducer, but under field conditions where the transducer
must be acoustically coupled to a painted surface which tends to be
rough and irregular, it is almost essential that the signal be reflected
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;r

Two undetected cracks developed and grew to complete failure
1n_gjrder 2 near the center line of the bridge. Since cracking was
not expected in this fegion,there had been no ultrasonic inspection
prior to development of the first crack. Immediately after the first
crack developed the entire area'was scanned ultrasonically but no
additional craeks were detected. Although there was frequent monitor-
ing of this region during the remaining 93,000 cycles of the test,
no additional cracks were detecfed ultrasonically and the final faf]ure
was by sudden fracture of girder 2 approximately 3 ft. from the first
fracture. The cracks leading to both of these fractures had initiated
al heat numbers stamped into the flange. After the test loading was
stopped, these regions were again examined very carefully with the

ultrasonic probe but no cracks were detected.
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4.2 DYE PENETRANT

Once the ultrasonic inspection indicated that cracks in the weld
were 0.5 in. or more in length, repeated attempts were made to ob-
serve these cracks visually at the surface. When these attempts 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 which were pre-
viously 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 the dye penetrant is quite easy torapply, and dinterpretation
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 of 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
be used without removal of the paint. During this test, the paint
was removed from all areas soon after the cracks were detected ultra-
sonically, and no data were recorded which would indicate how large

the crack in the base metal must be before it penetrates the paint

layer.
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4.3 RADIOGRAPHY

Four sets of radiographs were taken by a commercial testing labora-
tory at 0, 98, 215, and 377 thousand cycles of load. A set of radio-
graphs included one 7 in. by 17 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 sec-
tions 2 and 6. Of course, it was necessary to expose films of the
top flanges through the six in. thick reinforced concrete deck slab
and after two attempts it was concluded that interference from aggre-
gate particles and reinforcing bars in the slab would obscure and
prevent detection of any cracks which might be present in the top
flange. Radiographs of the top flanges were discontinued after the
second set. At 377,000 cycles, three additional films were shot along
each side of each bottom flange at the centerline of span 2.

A1l exposures were made with a 90 curie source of jridium 192
at a distance of 16 in. Exposure times for the bottom flanges were
30 seconds and exposure times for the top flanges were 15 minutes.

At 95,000 cycles, no cracks were indicated on the radiographic
examination report, while the ultrasonic inspection indicated ten
cracks varying from 0.25 in. 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, while the ultra-
sonic inspection still indicated ten cracks two of which were 1 in.
in length. However, four of the cracks which were detected radio-

graphically, were indicated to be only 0.25 in. in length by the
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ultrasonic inspection and had shown no growth since the previous ultra-
sonic inspection. The fifth crack had not been detected ultrasonically
and the radiograph showed that it had already penetrated the base
metal of the bottom flange.

At 377,000 cycies, the radiographic éxamination report indicated
12 cracks in the critical regions of the bottom flanges while the
ultrasonic inspection 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, while for others the ultrasonic inspection indicated the greater
length. The largest crack, which had been observed both ultra-
sonically and visually with the aid of a dye penetrant to be in excess
of 2.5 in. in length, was not detected radiographically.

The special films exposed in the center span covered a region
of the bottom flanges approximately two feet 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 gquite long enough to cover the section where
the fina1.fracture occurred approximately 93,000 cycles after these
films were exposed.

Radiographic inspection suffers from some of the same shortcomings
as ultrasonic inspection. There tends to be a hlind spot in the center
of the flange directly opposite the web. It is also much easier to

detect cracks which are exactly perpendicular to the face of the
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flange. This is because detection depends on the existence of a signifi-
cant reduction in the density of material along a straight line through
and perpendicular to the flange at the location of the crack. Thus, if
the crack is not perpendicular to the face of the flange, the line inter-
sects the crack for only a short length and there is little change

in the total density of material along the line. It is also much

easier to detect cracks which are open than those which are tightly

closed.

4.4 ACOUSTIC EMISSION

During the fatique test, acoustic emission measurements were
made at eight locations on the bridge as a means of mohitoring crack
growth. Acoustic emission sensors were attached to the bottom flanges
of the steel girders in the end spans where the welded cover plates
over the piers terminated. These locations were in the critical fatigue
regions that were subjected to periodic ultrasonic inspections during
the fatiqgue test. The locations of the sensors are shown in Fig.
4-2,

Each sensor consisted of a piezoelectric element connected in
a differential mode. The resonant frequency of a sensor was 230 KHz.
and the electronic filters in the instrumentation setup provided a
frequency bandpass from 100 KHz to 400 KHz.

Acoustic emissions data were recorded as an amplitude count per
second of time. A one second interval was tantamount to approximately

two fatigue cycles for the bridge. An emission count at each location
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was taken over a 150 second interval. The eight sensors were coupled
to a common amplifier so that data from each sensor could be recorded
serially on an x-y plotter.

The fatigue test was initiated prior to installation of the
sensors. Consequently, the first set of data was taken at 56,000
fatigue‘cycles. Fourteen sets of data were obtained during the fatigue
test. At the outset of the emission monitoring there appeared to
be a repetitive noise in the sensor output signal during a portion
of the bridge fatigue cycle. Therefore, the emission count was in-
hibited over that portion of the cycle. The inhibit circuitry was
subsequently disconnected after the seventh data set was recorded
at 281,000 cycles.

VFigure 4-3 illustrates the mean value of the emission amplitude
count'per second for each of the 14 data sets for sensors 1 and 8.
Fai]Qres occurred in the girder f]anges within three feet of sensors 1, 5
and 6. Ultrasonic inspections (see Art. 3.4} revealed these failures
after 462,000, 455,000 and 453,000 fatigue cycles respectively. The
maximum nominal tensile stress due to dead, ballast and inertial load-
ing was 15 ksi at the locations of sensors 1 and 6. The corresponding
tensile stress at the location of sensor 5 was 2 ksi. At these stress
levels the acoustic emission rate is normally quite low. Consequently
the growth of fatigue cracks at these locations is not discernible

in the recorded emission count.
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However, one notable failure of an entire cross section of a
girder did occur at the midspan of the south interior girder at
373,500 cycles. In this section the maximum nominal tensile stress
was 27 ksi. The emission count recorded at 370,000 cycles was un-
usually high for all sensors. Figure 4-3 illustrates this for sensors
1 and 8. The failure occurred approximately 25 minutes after the
data were obtained. |

Appendix E of this report contains a more detailed description

of the test procedures and results.

4.5 RANDOMDEC

The Randomdec technique of analyzing high frequency vibration
signatures was employed as an inspection method by instrumenting the
bridge with accelerometers at 24 stations as shown in Fig. 4-4. These
stations were at the ends of the cover plates located on the top and
bottom flanges of the girders in the two end spans. Two accelerometer
stations were positioned in each bottom flange region and one accelero-
meter station was positioned in each top flange region.

Two means of excitation of the bridge were employed for this
study. The first method of excitation was a high freguency excitation
in the form of a steel-wheel dolly towed across the unballasted bridge
by a fork 1ift truck. The second method of excitation was the fatigue
loading of the ballasted bridge. The use of the second method of
excitation permitted a greater number of acceleration records to be

recorded during the fatigue test than was possible with the first

e
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method. However, the decision to employ the second method of excita-
tion was made approximately midway through the fatigue test.

Detailed results of the Randomdec analysis of the accelerometer
records are presented in reference(s). However, some of the signifi-
cant results obtained from this study are presented below.

Changes 1in the structural characteristics of the bridge were
detected using both the dolly loading and the fatigue loading. Results
obtained from the fatigue loading of the bridge will be discussed
first. The Randomdec analysis of the acceleration records at station
10 (Section 6.1B) revealed that a large change in the vibration signa-
ture took place between 250,000 and 314,000 cycles. However, the
amount of change in the vibration signature decreased between 314,000
and 360,000 cycles with very little change occurring after 365,000
cycles. This result is consistent with the findings of the ultrasonic
inspection (see section 6.1B in Table C-2) which showed very little
growth of the cracks in this zone between inspections at 360,870 and
380,000 cycles. The analysis of the acceleration records associated \
with station 19 (section 2.2B) showed that a drastic change occurred i
in the vibration signatufe between 278,000 and 320,000 cycles. This
sudden change in the vibration signature correlates with the ultrasonic
inspections of this zone {see section 2.2B in Table C-2) in which
no cracks were detected at 215,000 cycles, but large cracks were ob-
served at the next ultrasonic inspection which occurred at 287,000

cycles.
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No changes in the vibration signature were observed in the bottom
flanges of the girders as a result of the dolly loading. It is
felt that this is due to the fact that the dolly loading was not
sufficient to. open up the cracks which were initially in com-
pression due to the dead load of the bridge. However, both the dolly
and the fatique loading produced results which show changes in the
vibration characteristics at some of the top flange locations. The
analysis of the accelerometer records at station 21 (section 2.2A)
indicated that a severe change in the vibration signature occurred
: _ between 270,000 and 302,000 cycies. This result suggests that this
drastic change in the vibration signature is an indication of a sudden
fracture in the top flange in the vicinity of section 2.2A. However,
no fatigue fracture was observed visually at this location.

Finally, the failure which occurred in one of the interior girders
ih the center span was not predicted during this aspect of the study
since none of the accelerometer stations were anywhere near the center
of the midspan. The closest accelerometer station was 75 ft. from
the fajlure and this distance was too large for a change in the
vibration signature to be detected from the accelerometer records .

which were recorded only over a high frequency range of the response.

4.6 FHWA ACOUSTIC AND MAGNETIC CRACK DETECTOR UNITS

The Acoustic Crack Detector, ACD, unit is designed for the detec-
tion of internal flaws in steel members at some distance from the

unit. This device emits acoustic waves which are passed through
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a couyplant to the steel member. The reflection of the acoustic wave
off of a flaw or discontinuity in the steel is used to estimate electro-
nically the presence and location of a crack or edge of the member.

The Magnetic Crack Definer, MCD, un1t was designed to be used.
in conjunction with the ACD. The MCD is a magnetic field and eddy
current device which has a very limited operating range and thus is
not employed until a crack or discontinuity has been detected by the
ACD. The MCD is used to essentially define the perpendicular direc-
tion of a flaw or discontinuity.

During the checkout of the ACD with a test block, it was observed
that proper readout could not be obtained because of a failure of
some of the LED's (Light Emitting Diodes) in the probe-readout head.
However, an attempt was made to use this probe to detect cracks in
a test bar and to locate the edge discontinuities of a girder flange.
Nefther of these tests produced positive indications of flaws or dis-
continuities.

A new probe for the ACD unit was obtained from the FHWA. A checkout
of this probe indicated that a major malfunction had occurred. An
‘examination of the probe in consultation with FHWA technicians showed
that the malfunction was in the plug. When this problem was corrected,
a probe readout and battery check indicated that the unit was operable.
However, the new probe would not give the proper indications when
coupled to the calibration block on the ACD pack. No further efforts

were made to use the ACD unit.
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4.7 DAMPING RATIOS, RESONANT FREQUENCIES AND VIBRATION SIGNATURES

The dynamic tests were performed for the purpose of evaluating
changes in the dynamic prdperties of the bridge. Three of the
dynamic tests performed on the bridge were

1. Transient Response Test,

2. Frequency Response Test, and

3. Sweep Test.

The objectives of the first two dynamic tests were to determine the
equivalent linear viscous damping of three different modes and to
evaluate the usefulness of damping in detecting structural damage.

The purpose of the sweep test was to obtain vibration signatures of

the bridge in the form of mechanical impedance plots and to evaluate
whether or not changes in the mechanical impedance signify the presence

of structural deterioration. This section presents the Significant
results from these tests. A detailed discussion of the analysis technique
and a more comprehensive presentation of the results is contained

in App. A.

Damping ratios were calculated from the transient response
of the first three modes of the bridge by the logarithmic decrement
and Fourier transform decay methods. The bandwidth method was used
to determine the damping ratios for the first three modes from the
frequency response curves associated with both up and down sweeps of
a quasi-steady forced excitation of the bridge.

Table 4-1 presents a summary of the damping ratios associated

with the first three modes of the bridge as determined from the experi-
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COMPARISON OF DAMPING RATIO'S AS OBTAINED FROM
FOUR DIFFERENT CALCULATION METHODS

tirst Bending Mode Damping Ratio's (% Critical)

Dynamic¢ Transient Response Freaquency Response(l) Normal
Test No. | Log Decrement | Transform Up Sweep | Dn. Sweep Mode
) T.1* | 1.2%* 1.1 1.3 1.8 1.3
2 1.6 1.7 2.5 1.0 1.4 2.0
3 2.2 1.0 1.7 1.7
4 2.7 1.8 2.1 1.9
(1) From data taken at Station 17
*  Based on linear curve fit to data
** Based on quadratic curve fit to data
First Torsional Mode Damping Ratio's (% Critical)

Dynamic Transient ReSponse(z)‘ Frequency Response(z) Normal
Test No. | Log Becrement | Transform Up Sweep | Dn. Sweep Mode
! . .b 1.6 1.7 1.9 1.3
2. 1.4 2.2 3.3 .8 2.9 2.2
3 3.1 .8 2.0 2.0
4 2.7 1.6 2.1 1.7

(2) From data taken at Station 16

Second Bending Mode Damping Ratio (4 Critical)

Dynamic Transient Response 3 Frequency Response 3 Normal

Test No. [ Loo Decrement| Transform Up Sweep { Dn. Sweep Mode
T 1.0 1.4 1.2 1.3 1.6 1.3
2 1.6 2.3 2.8 1.5 1.6 1.9
3 2.2 1.4 1.7 1.6
4 2.1 1.3 1.4 1.5

(3) From data taken at Station 29
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mental data by the various damping ratio calculation methods employed
during this study. The damping ratios, as determined by the logarithmic
decrement method, are presented only for the first two tests in Table
4-1 because it was not possible to.use this method in Tests 3 and

4 due to the presence of multi-frequency components in the transient
response. The normal mode results presented in Table 4-1 are discussed
in more detail in Art. 4.8 and App. B.

The damping ratios obtained by the various methods show some
differences in the magnitude of the results for a given test. However,
all of the various methods predict the same overall trends in the
damping ratjos between the different tests and the three modes.

The cumulative damage to the bridge had a considerable influence
on the damping ratios associated with each of the three modes over
the course of the fatigue test. In génera],-there is a cbnsiderab]e
increase in the damping ratio for each of the modés between Test 1 and 2.
This increase in the damping ratio can be accounted for by (1) slippage
which developed between the deck and the girders; and (2) working
of the cracked surfaces in the refnforced concrete deck. This latter
influence on the damping of the bridge was very evident during a rain-
storm in which a lime slurry was pumped from the crécks. A1l three
modes show a general but moderate decrease in the damping ratios between
Tests 2 and 3. This decrease is probably due to a decrease in the

working of the cracked surfaces in the reinforced concrete deck. Although
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there is a change in the damping ratios for all three modes between

Tests 3 and 4, there is no definite trend. However, the damping present

in the bridge is still higher in Test 4 for each of the modes than
-it was in Test 1.

Although the damping ratio as a dynamic property is affected
by the cumulative fatique damage, there is no indication from the

results found in this part of the study that changes in the damping

ratio will provide information on the location of the damage. However,

the monitoring of changes in the damping ratio over the service life
of the bridge may provide information that changes are taking place
in the structural integrify of the bridge.

Table 4-2 presents the resonant frequencies of the bridge as
determined from the frequency response curves associated with the
first three modes. A1l of the results are for a forced excitation
level of 0.7 g's peak single amplitude relative acceleration of the
moving mass.

The results show that the first three resonant freguencies of
the bridge decreased continuously from Test 1 to Test 4 with one ex-
ception. The exception occurred in the second bending mode where
there was an increase in the resonant frequency from Test 2 to Test 3
Thus, the resonant frequencies of the bridge are definitely affected
by the structural damage to the bridge and are an indicator that some

change is taking place in the dynamic characteristics of the bridge.



TABLE 4-2 EXPERIMENTAL RESONANT FREQUENCIES

DYNAMIC TEST NO.{ TEST 1 TEST 2 TEST 3 TEST 4

MODE .| UP DOWN up DOWN up DOWN up DOWN

First Bending 2.828| 2.813 | 2.640| 2.640 | 2.596| 2.581 | 2.446| 2.448

First Torsion 3.5401] 3.536 | 3.259| 3.238 | 3.174] 3.185 | 2.995] 2.980

Sacond Bending [4.520] 4,526 | 4.134] 4.150 | 4.175] 4,175 | 4.070| 4.086

LL
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However, changes in the resonant frequencies give no indication as
to the location of the damage.

The most significant indications of change in the dynamic properties
of the bridge are provided by the vibration signatures in the form
~ of mechanical impedance plots. These plots, which included the lowest
five resonant frequencies of the bridge, indicate the deterioration in
the reinforced concrete déck between Tests 1 and 2 and the failure
and fatigue damage in the girders which occurred between Tests 3 and
4. Figures 4-5 through 4-7 show a set of overlays of the mechanical
impedance plots for Tests 1 and 2, Tests 2 and 3, and Tests 3 and
4, associated with station 15.

The structural damage to the reinforced concrete deck which mainly
occurred between Tests 1 and 2 appears as an overall significant change
in the mechanical impedance plots, as illustrated in Fig. 4~5. The
greatest change in the mechanical impedance plots between Tests 3
and 4 occurred at stations 9 and 15, which were the closest stations
to points of fatigue damage and fai]ure‘in the bridge girders. The
change in the mechanical impedance plots between Tests 3 and 4, as
shown in Fig. 4-7, suggests that structural damage to the girders
appears as a change in the values of mechanical impedance at resonance
and anti-resonance in the higher order fregquency range.

The use of vibration signatures in the form of mechanical impedance
plots shows promise as a means of detection of fatigue damage and
thus, may have future potential as an inspection technique. However,

further study is needed to fully evaluate this method as an inspection

technique-
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4.8 MULTI DEGREE-QF-FREEDOM

Prior to the field test, an extensive series of dynamic analyses
was performed to predict the force requirements and response (deflec-
tions and stresses) of thé bridge. Both ballasted and unballasted
cases were considered in the finite-element analysis. Three states
of deterioration of the bridge deck were included in the analyses.
These states were fully composite, composite and cracked slab composite.
The fully composite state assumed that the deck over the entire length
of the bridge was acting compositely with the girders. In the com-
posite state, the deck was assumed to be acting compositely with the

'girders in the positive dead load moment regions. In the negative
moment regions, only the reinforcement acted compositely with the
girders; whereas, in the cracked slab composite state, only the deck
reinforcement acted compositely with the girders over the entire length
of the bridge. The fully composite and cracked slab composite states
provided upper and lower bounds respectively for the anticipated be-
havior.

One aspect of this study was to evaluate the dynamic properties
of the bridge. To accomplish this task, a series of forced vibration
normal mode resonance tests was conducted prior to initiating the
fatigue test and during interruptions in the fatigue test. Each series
of normal mode tests consisted of exciting the unballasted bridge
in its first bending mode, second bending mode and first torsional
mode. The level of excitation during these tests was approximately
1/8 of the excitation applied in the fatigue test. Accelerations

were measured at 22 locations (stations) on the underside of the
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bridge deck in order to establish the mode shapes. These mode shapes
were subsequently used in the calculations fof the dynamic properties
of the bridge.

TabTe 4-3 presents the calculated frequencies for the three states
and the measured frequencies during the fatigue test and normal mode
tests. A comparison of the tabulated frequencies reveals that the
changes in frequency during the fatigue test were small. For the
normal mode tests, the frequencies increased slightly in some instances
in the third and fourth tests. It should be noted that Test 4 was
conducted with the fracture in the flange and web of the south interior
girder at midspan.

Plots of the measured accelerations at arbitrary stations revealed
that the bridge response was symmetric in all modes in Test 1. However,
in Test 3, the negative portion of the response in the firstzbending
mode was not symmetfic with respect to the positive portion of the .
response. The lack of symmetry was more pronounced in Test 4. The
torsional and second bending modes appeared to be symmetric in all
four tests.

A spectral analysis was performed on all of the acceleration
data. This analysis displayed the presence of a harmonic component
in the response in only the first bending mode in Tests 3 and 4.

The harmonic in Test 4 was expected in view of the fracture in the
girder at midspan. However, the harmonic was also present in Test 3

which was conducted 62,000 fatigue cycles prior to the fracture. A
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TABLE 4-3. PREDICTED AND MEASURED FREQUENCIES

FATIGUE TEST

Predicted Measured
State _Hz Fatigue Cycles (k) _Hz
Fully Composite 2.600 0 2.32
Composite 2.480 31.3 2.067
Cracked Slab Composite 1.600 91.5 2.066
190.2 2.025
241.0 2.032
470.4 1.932

NORMAL MODE TESTS

Predicted (Hz)

State First Bending First Torsion Second Bending
Fully Composite 2.908 3.104 4,633
Composite 2.530 2.769 4.420
Cracked Slab Composite 1.892 -— 3.020

Measured (Hz)

Test 1 Test 2 Test 3 Test 4
First Bending 2.869 2.507 2.638 2.385
First Torsion 3.507 3.270 3.047 3.136

Second Bending 4.507 4.120 4.177 3.987

—
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spectrum of the response in the first bending mode in Test 3 is shown
in Fig. 4-8,

Lack of symmetry and the harmonics in the respense of the
bridge in the first bending mode in Tests 3 and 4 were indications
that the structure had deteriorated.

The mode shapes for the two exterior girders obtained from a
spectral analysis of the acceleration data were also plotted. These
plots disclosed that the shapes for the two girders differed. This
ﬂ:was evident in all the normal mode tests. Figure 4-9 depicts the
second bending shape in Test 3. The difference in shapes increased
. as tﬁé fatigue tests progressed.

. Démping ratios calculated for each of normal mode tests ranged
 {from I.j to 2.2 percent. The ratios increased from Test 1 to Test 3
- and then decreased in Test 4. This trend was also observed in the
Phase~1(5) study.

Stiffness and damping coefficients based on a lumped para-
meter system ana]ysis_were computed for the exterior_girders. Changes
in these coefficients between Tests 1 and 3 (AK(B-l)’ AC(3_])) and
Tests 1 and 4, (AK(4_]), AC(4_1)) are shown for the south girder in
Fig. 4-10.

The stiffness pIots demonstrate that the bridge was deteriorating.
However, the fracture in the interior girder adjacent to Station 11
is not evident from an examination of Fig. 4-10,

A detailed description of the test procedures and the results

is contained in App. B.
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ADDENOUM

Subsequent to the initial writing of this report and just prior
to its publication, the contract for demolition of the bridge was com-
pleted, making it possible to examine the top'girder'f1anges which had
previously been embedded in the concrete deck. The following is a brief
summary of observétidns made at that time.

During demolition, the concrete was quite easily broken away from
the reinforcing bars and shear connectors, indicating that damage to
the concrete during the test had been extensive. It was clear that
on many of the bars, especially the transverse reinforcement, bond had
been broken by the prolonged high amplitude fatigue loading.

A total of five shear connectors had failed by fatique. Four of
the failures were at the east end of the center-span positive-moment
region of girder number 1. The other failure was the end connector
at the west or opposite end of the center-span positive-moment region
of girdér.no. 1. A1l of these failures were by fatigue of the channel
web with the exception that in one case a small region of the channel
flange was also broken out, Fig. 5-1. A few additional shear connectors
had also developed fatigue cracks, Fig. 5-2.

In addition to sections 2.1A and 6.2A where the top flanges were
completely severed by fatigue cracking, cracks in the welds at the ends
of the cover plates were detected with dye penetrant at sections 2.2A,
2.3A, and 6.1A, Figs. 5-3 through 5-5. Details of the welds between
the shear cbnnectors and the ends of the cover plates at these locations
were not exactly as indicated by the drawings, Fig. 3-15, in that the
two fillet welds tended to overlap forming a shallow trough rather than

a deep sharply-defined V notch, Fig. 5-6.
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These welds which were made in 1962 were probably done with a
stick welder and there is evidence that the weld beads were restarted

in the region of overlap. Thus, although the general geometry of the

joint is not sharp it is quite possible that cold laps or even shrinkage

cracking existed at the weld intersection. 1If in fact such defects
were present they could account for the relatively low number of cycles
to failure of sections 2.1A and 6.2A.

In all cases the cracks did initiate at the intersection of the
two welds. In the case of section 2.1, this intersection was very near
the end face of the cover plate. Unfortunately, the nearly two years
which elapsed between the end of the fatigue test and demolition of
the bridge permitted severe corrosion of the fracture surfaces and so
far it has not been possible to determine the exact point of crack
initiation at section 2.1. At section 6.2 there was a three-six-
teenths inch slag inclusion, Fig. 5-7, at the weld intersection, and
it is highly 11ke1y that the fatigue crack initiated from this point.
None of these cracks in the top flanges were detected ultrasonically

prior to visual observation.
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FIGURE 5-1. FATIGUE FAILURE OF
SHEAR CONNECTOR

FIGURE 5-2. FATIGUE CRACK IN
SHEAR CONNECTOR




FIGURE 5-3.

FIGURE 5-4.,

62

DYE PENETRANT CRACK
DETECTION AT SECTION 2.2A

DYE PENETRANT CRACK
DETECTION AT SECTION 2.3A
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FIGURE 5-5. DYE PENETRANT CRACK
DETECTION AT SECTION 6.1A

FIGURE 5-6. FAILURE AT
SECTION 2.1A



FIGURE 5-7.

FAILURE AT
SECTION 6.2A



95

REFERENCES

Fisher, J. W., Frank, K. H., Hirt, M.A., and McNamee, B. M.,
"Effect of Weldments on the Fatigue Strength of Steel Beams,"
NCHRP Report 102, Highway Reséarch Board, 1970.

Highway Research Board, "The AASHO Road Test, Report 4, Bridge
Research," Special Report No. 6117, National Academy of Sciences
National Research Council, Washington, D.C., 1962.

American Society of Civil Engineers, Subcommittee on Cover Plates
of the Task Committee on Flexural Members, J. W. Fisher, Chairman,
Commentary on Welded Cover-Plated Beams," Journal of the Structural
Oivision," ASCE, Vol. 93 No. ST4, Aug. 1967, pp. 95-122.

Fisher, J. W., "AISC Guide to 1974 AASATO Fatigue Specifications,"
Draft Copy.

Salane, H. J., Duffield, R. C., McBean, R. P., Baldwin, J. W.,
and Galambos, T. V., "An Investigation of the Behavior of a Three-
Span Composite Highway Bridge," Report 71-5 Missouri Cooperative

Highway Research Project, University of Missouri-Columbia, Nov.
1971.

American Association of State Highway Officials, Standard Specifica-
tions for Highway Bridges, Washington, D.C., Eighth Editien,

1967.

McGarraugh, J. B. and Baldwin, J. W., "Lightweight Concrete-on-
Steel Composite Beams," AISC Engineering Journal, July 1977,

Reed, R. E., Jr. and Cole, H. A., Jr., "Randomdec: Mathematic
Background and Application to Detection of Structural Deteriora-
tion in Bridges," FHNA—RD-?S-]ST.



APPENDIX A

SINGLE DEGREE OF FREEDOM DYNAMIC PROPERTIES

A.T ANALYSIS TECHNIQUES AND EXPERIMENTAL PROCEDURES

A.1.1 Transient Vibration Test

The transient vibration test is one of several types of dynamic
tests which can be performed as a means of determining the equivalent
viscous damping ratio z. The most common method of determining the
damping ratio ¢ from a transient vibration test is the Togarithmic
decrement method. This method of measuring damping is valid for a
multi-degree-of-freedom system provided that the system vibrates in a
single mode. The Togarithmic decrement method is fairly easy to apply
provided the transient response is completely isolated to a Sing]e mode
of vibration or if the influence of other frequency components on the
transient response is negligible.

When significant multifrequency components are present in the
transient response of a structure another method of determining the
damping ratio must generally be used since it is very difficult to
filter-out the unwanted frequency components using analog or digital
techniques without distorting the modal component of interest. In
this investigation, the damping ratio ¢ was determined from the Fourier

Transform of the transient response when multifrequency components were

present in the response signal.

A.1.1.1 The Logarithmic Decrement Method

The expression for the determination of the damping ratio g from
the transient response can be derived from the transient solution of

the equation of motion for a single-degree of freedom system or from

Al
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the transient modal solution for a muiti-degree of freedom_system. The
logarithmic decrement method (A2) makes use of the natural Togarithm of
the ratio of an initially selected peak of the transient vibration to
the nth successive peak as shown in Fig. A-1 and is expressed by the
(A2)

equation

X

1 _ '
t=5= Ln (= ) n=0,1,2,. ... (A.1)

xn+1

where r = Tinear viscous damping ratio
i1 = selected peak amplitude of acceleration
in+1 = peak amplitude of acceleration after n cycles
n = number of elapsed cycles of vibration
The use of various experimental values 6f §n+1 in Eq. A.1 will usually
not yield a unique value for the damping ratio z. Because of the experi-

mental variation in ¢, a_better evaluation of damping can be obtained

from a semi-log plot of

versus the cycle number n as illustrated in
X

Fig. A-2. In equation for%, the curves in Fig. A-2 are represented as
X
In T+1 = -2mng
X

.
where n = 0,1, 2, 3, .

[f the type of damping in the structure is equivalent linear vis-

cous damping, then the curve joining the points in the semi-Tog plot

of E+] vs. number of cycles will be a straight line as shown in Fig.
A-2. nwhen the curve in Fig. A-2-is convex downward this indicates that
the damping ratio ¢ decreases with decreasing amplitude; while a con-

vex curve indicates that the damping ratio z increases with decreasing

amplitude.
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The determination of the damping ratio ¢ from the semi-log plots,
of the type shown in Fig. A-2, is best accomplished by fitting a poly-
nomial least squares curve to the experimental data. A straight line
least square fit to the data will allow the determination of an equiva-
Tent linear viscous damping ratio ¢ from the slope of the line. From
a second or third order polynomial Teast squares fit to the data, a
value of the damping ratio ¢ can be determined which is the amount of

damping present in the system at the level of vibration associated with

the nth elapsed cycle.

A.1.1.2 Transform Decay Methods

The transform decay methods presented in this subsection were de-
veloped because of the presence of significant frequéncy components in
the transient response of the bridge as discussed previously. The trans-
form decay method of analysis uses the same transient vibration response
signal as was used in the logarithmic decrement method of analysis. The
transform method of determination of damping from the experimental data
does not appear to be very sensitive to the presence of multi-frequency
components because the frequency components are effectively separated
in the frequency domain(A]). The transform decay technique makes use
of the properties of Discrete Fourier Transforms (DFT), which are dis-

cussed in detail 1in references(A1’ A3, A4).

For a single-degree of freedom system the equation of motion for

free vibration(Az) is given by

X + 2 oWy X+ mnz X=20 (A.2)




AbS

where = displacement of structure at midspan

X
1 = velocity
X = acceleration

W (. K/M = square of circular natural frequency
K = equivalent stiffness
M = equivalent mass
g = C/CC, damping ratio

C = damping coefficient

CC = Critical damping = Zan

The transient or homogeneous solution of Eq. A.2 is
Y 47 W A 2
X(t} = Ae *“n" Cos (1 - ¢ wt + B) (A.3)

in which A and 8 are constants to be evaluated from the initfal conditions
at time t = 0.

The continuous time series represented by Eq. A3 can be transfbrmed
into the frequency domain by use of the Fourier transform(As). The ex-
pressions for the transform of a continuous function are determined by

the use of the Fourier integral which is expressed by

+

X(w) =_s X(t) et gpr (A.B)

where X{w) = Fourier transform function
X{t) = Time domain function
w = circular frequency
t = time

i = ¥-T, symbol denoting an imaginary quantity.

*Some authors define the Fourier integral with a negative exponential.



A6

The application of Eq. A.4 to Eq. A.3 when ¢ = 0 results in a Fourier

transform which can be expressed as a complex function in the form

X(w) = a(w) + 1[b (w)] (A.5)
where y ) = » o (ng + w2) )
alw) = ReX{w) = .
(wn2 _ m2)2 + 4rt;2%2!”2
b{w) = Im X(w) = A olo” * mnz (2" - 1)) (A.7)
w) = 1M w) = .
(“nz _ w2)2 + 4c2wn2m2

Plots of Re X{w) vs. w and Im X(w) vs. w are illustrated in Fig. A-3,
The equivalent damping ratio ¢ associated with a transient response
signal can be calculated from the Fourier transform of the transient re-
sponse signal by the following method. Figure A-3 indicates that the
maximum and minimum values of the imaginary component of the transform
are separated along the frequency axis by 2Cmn. Thé value of r can thus

be found from the relation
5= = - ToF (A-8)

where wg (f]) and Wy (f2) are the circular frequencies (response frequencies)
associated with the maximum and minimum values respectively of the imaginary
component of the Fourier transform.

The techniques for using Eq. A.8 for the determination of z when
phase shifting and multi—frequéncy components are present in the transient
response data, which was the case 1n this investigation, are presented in

reference(A1).
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A.1.1.3 Experimental Procedures for the Transient Test

A transient test was conducted at each of the first three reson-

ant frequencies of the bridge during each of the four sets of dynamic

tests. The resonant frequencies were associated with the following

vibrational modes:

1. Tst Bending,

2. 1lst Torsion andr

3. 2nd Bending

The transient test consisted of exciting the bridge with a quasi-
steady state excitation, supplied by the hydraulic actuator, until the
resonant frequency associated with the selected mode could be detec--
ted with the aid of a Lissajous diagram as discussed in App. D. Once
the resonant condition was. established, accelerometer signals from
three locations on the bridge were recorded for an interval of ten
seconds. As soon as the ten second steady-state interval of response
was achieved, the hydraulics to the actuator were shut down almost in-
stantaneously which placed the bridge in a state of transient decaying
response. Thirty seconds of transient response data were recorded for

a total of forty seconds of continuous data for the transient test.

A.1.2 Frequency Response Generation Test

A.1.2.1 Dynamic Properties

A frequency response curve describes the response of a structure
to a steady state forced excitation over a selected frequency range
which generally includes one or more of the structure's natural fre-
quencieé. The analysis and examination of the experimental data ob-

tained from a Frequency Response Curve Generation Test can provide
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information about dynamic properties such as
1. Resonant frequencies of a structure and,
2. Equivalent linear viscous damping ratios of a structure.
The analysis approach used in this aspect of the study depends
on the frequency response curve generated about a resonant frequency
of the structure being dependent only on the response due to that mode.
In order to precisely obtain the above information from the experimental
data several conditions must be met or achieved.
If the forced steady-state excitation is harmonic, then the natural
frequencies of the structure must have sufficient separation to mini-
mize tﬁe influence of the other modes on the particular mode of in-
terest. It should be recalled that a steady-state harmonic forced vibra-
tion excites all modes at the frequency of the excitation(As). However,
due to the characteristics of resonance, the influence of the other modes
on the mode of interest will be minimal, if not negligible, 1f sufficient"
separation exists between the natural frequencies.
When the forced vibration is periodic but nonharmonic, that is when
the excitation contains multiples of the fundamental excitation frequency,
then the conditions exist for the response to have significant multi-frequency
components. When the steady-state forced vibrational response contains multi-
frequency components, such as occurred in this experimental program, then
the response must be subjected to either analog or digital filtering methods.
The experimental data taken during the dynamic tests was filtered
prior to recording in digital form with a 10 Hz low-pass analog filter.
The digital data was further effectively filtered by the use of Fast

Fourier transform'techniques as outlined in reference(A1).



When the fréquency response curve can be established for a single
mode, then an equivalent Tinear viscous damping ratio z can be deter-
mined from the frequency response curve provided the response is suffi-
ciently linear. One method that can be used tgo calculate the damping
ratio ¢ is the Bandwidth method. This method requires obtaintng from
the frequency response curve the frequency at resonance fn and the fre-
guencies f1 and f2 associated with amplitude of response equal to 0.707
times the amplitude at resonance as shown 1in Fig. A-4. These latter two
points are referred to as the half-power points. The eguivalent linear

viscous damping ratio z can then be determined from the equatian

fa-

= S | (A.9)
an _

The above expression for the determination of the damping ratio ¢ can be
derived from the steady-state solution for the equation of motion for a
single degree of freedom system or from the steady state modal solution
for a multi-degree of freedom system, Reference(A7) contains a deriva-

tion of Eq. A.9 along with a detafled discussion of the Bandwidth method.

A.1.2.2 Experimental Procedure for the Frequency Response

Curve Generation Test

The frequency response curve generation test was conducted three times
for each of the four sets of dynamic tests at the first three resonant
frequencies, fr, of the bridge. The test was conducted in two phases
which consisted of a primary or set-up phase and the final phase which
was the actual experimental generation of the response of the bridge

about a resonant frequency. For both phases of the test, the bridge
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was subjected to an independent steady state excitation force, of 788
pounds. This level of excitation was necessary to achieve sufficient
voltage levels from the transducers. However, the strain levels in
the bridge girders were quite low for this level of excitation as com-
pared to the strain levels reached during the fatigue test phase of
the study.

The primary phase of the test consisted of bringing the bridge
into resonance at one of the selected resonant frequencies with the
aid of a Lissajous diagram, After the resonant frequency was deter-
mined, a frequency range for the test was established which was equal
to fr + 0.2 Hz. Approximately 30 points within this frequency range
were selected for conducting the test.

The final phase of the tests always commenced at the lower limit
of the frequency range. The frequency was then incremented un-
til the upper limit of the frequency range was achieved while always
maintaining a constant level of excitation. The bridge was allowed to
vibrate at each point within the frequency range long enough for the
bridge to reach a steady-state response. When the test from the 1ower
Timit to the upper limit of the frequency range was completed the test was
repeated. However, the repeated test started at the upper 1imit of
the frequency range and ceased at the Tower Timit. The purpose of con-
ducting the test over both an increasing and decreasing frequency in-

crement was to establish any existence of the nonlinear jump phenomenon.

A.1.3 Sweep Test
A.1.3.1 Introduction

Sweep tests were conducted on the bridge as a means of obtaining
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a vibration signature of the bridge. The resulting experimental data
was analyzed to obtain a vibration signature in the form of a mechani-
cal impedance plot. Mechanical impedance is a complex quantity which
js expressed in terms of the ratic of the input force to the response

velocity at a point on the structure and the phase angle between the

force and the velocity.

A.1.3.2 Mechanical Impedance

The response of a multi-degree of freedom system to a point force

can be expressed in terms of the convolution integra1(AIO).

L]

X.(t) = r hjk (t - T) fr (T) d (A.10)

where

Xj(t) response at the jth point
hjk(t) = response at the jth point due tp an
impulse at the kth point
and fk(t) = excitation force applied to the kth point.

In reference(AB)

it is shown that the mechanical impedance ratio
can be derived from Eq. 10 by taking the Fourier Transform of both

sides of the equation and the corresponding result can be expressed as

F ()
Ziglo) = v ey (A.17)

where
ij(m) = mechanical impedance of the jth point due to
a force at the kth point
Fk(m) = Force at the kth point
Vi (w

velocity at the jth point due to the Force at
the kth point
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The mechanical impedance ij(w) 1s a property of a linearly elas-
tic structure and is independent of the excitation force Fk(t) and its
corresponding Fourier Transform Fk(m). [f the structure has a non-
linear stiffness then the mechanical impedance is also a function of
the magnitude of the excitation.

When discussing mechanical impedance, the terms point and transfer
impedance are used. When the velocity is measured at the point of ap-
plication of the force, the impedance is referred to as the point impe-
dance, i.e., in Eq. A.11 point impedance occurs when j = k. However, if
the velocity is measured at a point other than the point of.app1ication
of the force, the impedance is termed the transfer impedance, i.e. in
Eq. A.T1 § # k.

A typical mechanica] impedance p}ot Ts shown in Fig. A-5 along with
the corresponding phase angle diagram which is also {1lustrated in Fig.
A-5. There are several major observations to be made about a mechanical
impedance plot.

1. The minimum points in Fig. A-5 are associated with the

resonant point of the structure.

2. The phase angle between the force and the velocity at

these resonant points is zero as 4]lustrated in Fig. A-5,
3. The maximum points in Fig. A-5 are called the anti-resonant
points and occur theoretically when the phase angle between
the force and the velocity 1s again zero as shown in Fig. A-5.
4. The point mechanical Impedance provides a measure of the

damping in a structure at resonance.
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A.1.3.3 Experimental Procedure for the Sweep Test

The sweep test was performed once during each of the four sets of
dynamic tests and was conducted in two phases. In the primary or setup
phase the bridge was subjected to a quasi-steady state excitation. The
first five resonant frequencies of the bridge were then established
with the aid of the Lissajous diagram. A frequency range was then es-
tablished for the test which had a lower 1imit of 0.5 Hz below the first
rescnant frequency. The upper limit of.the frequency range was a mini-
mum of 0.5 Hz above the fifth resonant frequency of the bridge.

The second phase of the test was the carrying out of the actual
sweep test. One of the goals of this test was to apply by means of
the hydraulic actuator a linear swept sinewave excitation to the bridge.
However, the establishment of a constant force level is dependént on
the compressor speed of the electronic controller for the hydraulic
actuator. The amplitude controller used in these tests was able to
achieve a constant force level in the laboratory using a single-span
bridge mode1(A7). However, in the field test the amplitude controller
did not have sufficient compressor speed to maintain a constant forée
level and thus an excitation in the form of a swept sinewave with varying
amplitude was applied to the bridge over the chosen frequency ranges of
the test. The sweep rate for both the laboratory and the field tests
were the same. The actual force versus frequency levels achieved during
the field tests are discussed in reference(A1).

The actual sweep test was conducted at a sweep rate of 0.02 Hz/sec.
and the test was started at the lower 1imit of the .frequency range. The

test ended when the upper 1imit of the frequency range was reached.
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A.1.4 Peak Amplitude Method

The damping ratio z was determined from the dynamic response data

recorded during the fatique test by means of the peak amplitude method(A7).

The damping ratio for this method is given by the equation

-.m Z
ST Mem 2X (R.12)

Z was the single amplitude stroke of the actuator, and m was the mass of
the "moving mass" which was 25.3 1bs-sec2/1n. The effective mass, M, of

the bridge was determined from the equation

we X (A.13)
“n

where k is the effective stiffness of the structure. The effective stiff-
ness of the bridge was obtained by applying a static Toad at midspan of
the center span and measuring the correspending def]éction. The term w
was taken as the circular frequency of the bridge at the very beginning

of the fatigue test. It was assumed during the calculation of the dahp1ng
ratio, z, by the peak amplitude method that the effective mass, M, was

invariant. The effective mass was determined to be 341.4 1bs-sec2/ in.

A.2 EXPERIMENTAL RESULTS

A.2.1 Transient Response

The analysis of the transient response data for the determination of
the amount of equivalent Tinear viscous damping present in the bridge was
achieved by using both the logarithmic decrement and Fourier transform
decay methods. However, the logarithmic decrement method was used only

to analyze the transient response data from Tests 1 and 2 because of

————



serious discrepancies introduced by the multifrequency components present
in the transient response data obtained in Tests 3 and 4. The contribu-
tion of various multifrequency components to the transient response can
be observed in a frequency spectrum. The frequency spectrums shown in
Figs. B-9a and B- 9c were obtained from the steady-state forced vibra-
tional response test conducted for Tests 1 and 4. The frequency spec-
trums show that the multifrequency components had a much greater influ-
ence on the transient response in Test 4 than in Test 1. Thfs is indi-
cated by the greater amplitude of response of the higher order frequency
components in Test 4 than in Test 1. The Fourier transform decay method,
as discussed in reference(A1), is generally not influenced to a very .
great extent by the multifrequency components encountered during the
transient tests; therefore, it was possible to determine the damping

ratios by the Fourier transform method for Tests 1 through 4.

A.2.1.1 Damping Ratio Results (Logarithmic Decrement)

The results of the analysis of the transient response data by the
logarithmic decrement method are presented in this section in two forms:
selected graphs of the damping ratio, z, versus number of free vibra-
tion cycles and a tabular summary of selected values of the damping
ratio. The graphs of the damping ratio vs. the number of free vibra-
tion cycles represent quadratic curve fits to the damping ratios deter-
mined from the analyses of the data. A quadratic curve fit was chosen
because many of the non]iﬁear mathematical models for damping(Ag) are
quadratic in fprm. Figures A-6 through A-8 illustrate the magnitude of
the damping ratic, z, versus number of free vibration_cyc]es for the

first bending mode at station 17, the first torsion mode at station 16
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and the second bending mode at station 5. The location of these various
stations on the bridge deck are given in Fig. 1-8. The graphs {i1lustrated
in Figs. A-6 through A-8 are generally representative of the damping ratio,
z, versus the number of free vibration cycles at other stations on the
bridge deck.

The graphs indicate that the damping ratio, z, for both the first
bending and second bending modes in Test 1 decreased as the bridge under-
went a decaying vibration; whereas, for the torsional mode, the damping
ratio, z, for the most part increased as the bridge underwent a decaying
motion over the first 35 cycles. The results from Test 2 show that
changes have occurred in the damping ratfos for each of the three modes.
The results clearly indicate that there has been an overall increase in
the damping present in the bridge from Test 1 to Test 2 as determined by
the logarithmic decrement method. Also, the first torsional and second
bending modes now show a decrease in damping as the bridge undergoes a
decaying motion up to 35 cycles. The damping associated with the first
bending mode has undergone a noticeable change in that the damping ratio,
£, shows a momentary increase and then decrease during the first 35 cy-
cles of vibration. Since the amplitude of the bridge is decreasing during
each cycle of motion, the results given by Figs. A-6 through A-8 indicate
that the damping present within the bridge is dependent on a parameter or
parameters associated with the amplitude of the oscillatory motfon. Al-
though not illustrated in the graphs, the results also show that damping
ratios associated with the cycles of oscillation greater than 35 approach
a constant magnitude.

Table A-1 presents a selected set of damping ratios. The west, center

and east notations given)in Table A-1 refer to the spans of the bridge.




TABLE A-1 EXPERIMENTAL DAMPING RATIOS BASED ON LOGARITHMIC
DECREMENT METHOD (DETERMINED FROM POSITIVE PEAK)
Positive Peaks (¢ Critical)
Linear ~2nd Deqree Cyc 5 2nd Degree Cyc 30
Hest Center East Hest Center East West Center East
DBy | 90 | 106 | 104 | 1.43 1.64 | 1.93 .87 | 1.04 | 1.0
S ' '
T Ty .78 .94 .98 .56 .57 .84 .82 .99 1.02
] 32] 1.02 1.21 1,03 1.49 2.02 1.4 .99 .95 1.01
T 312 1.32 1.6] 1.76 1.61 1.72 1.79 1.36 1.66 | 1.83
E
S
T T]z - 1.35 1.27 - 2.15 2.38 - 1.31 1.21
5 :
Boo | 1.61 -- 1.64 2.14 - 2.26 1.59 -- 1.63

£ v



TABLE A-1 EXPERIMENTAL DAMPING RATIOS BASED ON LOGRAITHMIC
DECREMENT METHOD (DETERMINED FROM NEGATIVE PEAKS)

Negative Peaks (% Critical)-

Linear 2nd Degree Cyc 5 2nd Degree Cyc 30

West | Center East Vest Center East West Center East
T B]] .83 .89 .96 1.21 1.02 1.45 .83 .89 .94
% Ty .81 .99 1.02 .37 .66 .96 .87 1.04 1.04
1| B,y | 1.02 99 | .97 | 1.40 1.3 | 1.8 ] .99 1.1 .96
T 18, | 12 1.47 1.48 2.11 1.48 1.84 1.16 1.48 1.46
S
T Ty, .- 1,26 .94 -- 2.23 1.46 -- 1.22 .93
‘ By, |1.59 = 1.66 | 1.95 -- 2.15 | 1.59 -- 165

vl v
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The station location within the span can be obtained from Fig. 1-8. The
damping ratios presented in Table A-1 are based on the determination of
the damping ratio by the logarithmic decrement method using both the
positive side and the negative side of the decaying response. The terms
"positive" and "negative" do not refer here to the direction of motion

of the bridge but refer to the positive or negative voltage output of

the transducer used to measure the decaying response. Table A-1 shows
that there is a notable difference between the damping ratios determined
from the positive side of the transient response signal as opposed to the
damping ratios determined from the negative side. This again fndicates

a dependence of damping on the amplitude of oscillation.

A.2.1.2 Damping Ratio Results (Fourier Transform Decay Method}

The equivalent Tinear viscous damping of the bridge determined by
the means of the Fourier transform decay method from the transient re-
sponse data 1s presented in Table A-2. The table contains the damping
ratic determined for each of the three spans of the bridge. The statfon
locations for each of these three spans are shown in Fig. 1-8. In addi-
tion, the table also gives the damped natural frequencies of each of the
first three vibrational modes of the bridge as predicted by the Fourfer
transform decay method. A discussion of the damping results based upon
the Fourier transform decay method 1s not presented in this appendix.

The discussion is contained in Art. 4.7 where all of the results based

on the various methods for determining the damping present in the bridge

are compared and the results analyzed. It should be noted, however, that
the Fourier transform decay method shows a consistency in the calculation

of the damping ratio in each of the three spans for each of the three
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TABLE A-2 EXPERIMENTAL VISCOUS DAMPING RATIOS & FREQUENCIES

DETERMINED FROM FOURIER TRANSFORM DECAY METHOD

First Bending
Damping Ratio (% Critical)
Test MNo. Frequency {Hz) Fast ! Cénter ‘ Vest
1 2.92 (2.90)* 1.0 1.1 1.0
2 2.66 (2.73) 2.6 2.5 2.5
3 2.67 2.2 2.2 2.1
4 2.49 2.9 -— 2.5
First Torsion
.Damping Ratio (% Critical)
Test Ho. Frequency (Hz) East Center ilest
1 3.62 (3.60) 1.7 1.6 1.7
2 3.34 (3.42) 3.3 3.3 ---
3 3.1 3.2 3.1 3.0
4 3.19 2.6 2.7 2.7
Second Bending
Damping Ratio (% Critical)
Test No. | Frequency (iiz). East Center West
1 4.59 (4.57) 1.1 —— | 1.3
2 4.23 (4.28) 2.8 _—- 2.7
3 4.29 2.1 2.1 2.2
4 4.14 2.2 2.1 2.1

*Numbcr in parcntheses indicate damped natural frequency

‘determined from the time transient response 51gna1
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modes. It should be noted in Table A-2 that the damped natural frequencies
which are contained in parentheses are values determined by a computer
analysis of the actual time response signal. A comparison of the two

sets of damped natural frequencies for Tests 1 and 2 shows a generally

good agreement between the values predicted by the Fourier transform

approach and those cobtained directly from the time response signal.

A.2.2 Results Based on the Frequency Response Curves

This section presents the results obtained from the frequency re-
sponse curves associated with the bridge. A1l of the frequency response
curves were obtained from response data which was generated at a steady-
state single amplitude excitation level of 0.7 g's peék relative accel-
eration of the "moving mass". The frequency response data were obtained
at three different stations on the bridge deck for each of the first
three modes of vibration. The frequency response curves shown in Figs.
A-9 through A-T11 are associated with the first bending mode at station 17
for dynamic tests 1, 3 and 4. Reference(AT) contains the remaining fre-
quency response curves for first torsion and second bending modes at sta-
tions 16 and 29, respectively, for all the dynamic tests. A single graph
shows both response curves for a quasi-steady up and down sweep of the
excitation frequency.

Table A-3 présents the damping ratio, z, as determined by the band-
width method from the frequency response curves associated with both thé
up and down quasi-steady sweep of the excitation frequency. Table A-3

also givgs the magnitude of the damping ratio as determined for each of

the three spans of the bridge.
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TABLE A-3a EXPERIMENTAL DAMPING RATIO DETERMINED BY
THE BANDWIDTH METHOD (TESTS 1-3)

Test Station p{up) p(Dn)
No. No. (%) (%)
| 5 136 1.83
B11 17 1.30 1.78
29 1.35 1.82
4 1.83 2.06
™ 16 1.71 1.93
' 28 1.86 2.05
5 1.23 1.41
B21 14 1.80 1.9
29 1.33 1.55
5 1.01 1.44
B12 17 .96 1.40
29 1.01 1.43
| a .75 3,15
T2 | 16 .78 2.85
28 .80 3.31
5 . 1.34 1.40
B22 14 ' 2.35 2.34
' 29 ' 1.51 1.60
5 1.08 1.77
B13 17 1.04 1.1
29 1.09 1.78
4 .39 2.33
5 1.17 1.54
B23 14 2.59 2.3

29 1.37 1.68
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TABLE A-3b EXPERIMENTAL DAMPING RATIOS DETERMINED BY
THE BANDWIDTH METHOD (TEST 4)

Test Station p(Up) p(Dn)
No. .. No. : (%) (%)
5 1.91 2.13
B14 (.7 g's)* 17 1.84 2.07
...... 29. 1.91 2.12
4 1.96 2.37
T4 (.7 g's) 16 1.64 2.12
28 2.14 2.46
— — —
824 (.7 g's) 14 2.32 2.52
29 1.26 1.35
5 1.38 1.57
B14 (.4 g's) 17 1.33 1.55
29 1.38 1.57
4 2.46 2.64
T4 (.4 g's) 16 2.07 2.35
28 2.49 2.72
5 - -
B24 (.4 g's) 14 2.57 2.37
. 29 1.30 1.29

*Excitation Level
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Table 4-2 presents a summary of the resonant frequencies of the
bridge as obtained for the first three fundamental modes associated with
Tests 1 through 4. The results clearly indicate that the resonant fre-
quencies of the bridge decreased from Test 1 through Test 4 for all three
modes with one exception. The exception occurred in.the torsional
mode where there was an increase in the torsional resonant frequency
from Test 2 to Test 3. The decrease in the resonant freguencies of
the Hridge from Test 1 to Test 4 is a definite indication that the struc-

tural damage to the bridge from the fatigue test caused a decrease in the

stiffness of the bridge.

A.2.3 Results From The Sweep Test

This section presents the results from the sweep test. Results are
presented in the form of mechanical impedance plots. For each test,
mechanical impedance was determined from data taken at four different
Tocations on the bridge deck, stations 4, 9, 15 and 30.

A set of mechanical impedance plots for Tests 1 and 2, Tests 2 and. 3,
and Tests 3 and 4 were constructed from computer generated plots of mechan-
ical impedance for stations 4, 9, 15 and 30. These plots are illustrated
in Figs. A-12 through A-20 for stations 4, 9 and 30. The plots for sta-
tion 15 are given in Figs. 4-5 through 4-7. An examination of the mechan-
ical impedance plots reveals that significant changes occurred in the
mechanical impedance of the bridge between Tests 1 and 4.

The greatest change in mechanical impedance occurred between Test 1
and Test 2 as illustrated in Fig.'s A-12, A-15, A-18 and 4-5. These
graphs show that there was a significant decrease in all of the five

resonance frequencies indicated on the mechanical impedance plots. Also,
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these graphs indicate that there was an increase in the magnitude of the
mechanical impedance at all five resonant frequencies. This increase
implies an increase 1n the damping of the bridge between Tests 1 and 2,
This finding concurs with the damping results presented in sections A.2.1
and A.2.2. The large change in mechanical impedance between Tests 1 and 2
appears to be associated with the deterioration of the deck of the bridge.

Figures A-13, A-16, A-19 and 4-6 reveal that there was very little
change in mechanical impedance of the bridge between Tests 2 and 3. This
is indicated by the very small change in the five rescnant frequencies and
by the small amount of decrease 1n the magnitude of mechanical impedance
at resonance. However, the decrease 1n mechanical impedance at the
resonanf frequencies does imply a decrease in the damping of the bridge
which 1s consistent with the damping results presented in Sections A.2.]
and A.2.2, ‘These findings also agree with the fatigue history of the
bridge, in which visual observations of the bridge deck indicated minimal
fatigue damage between Tests 2 and 3..

Figures A-14, A-17, A-20 and 4-7 11lustrate the changes which occurred
in mechanical impedance at stations 4, 9, 15 and 30 between Tests 3 and 4.
These graphs reveal that there was a greater change in mechanical impe-
dance of the bridge between Tests 3 and 4 than there was between Tests
2 and 3. This is a definite indication of the effect of the cracks and
failure in the girders. It 1s significant to note that Figs. A-17 and
4-7, which represent the plots of mechanical impedance at stations 9 and
15, show the most significant change. Station 15 was located near the
center of the bridge where the failure occurred in the south interior

girder. It should be noted that the greatest change in mechanical impedance



A 44

between Tests 3 and 4 occurs at the higher order frequencies. This is
indicated by the changes in the values of the resonant and anti-resonant

frequencies and the values of mechanical impedance at both resonance and

anti-resonance.

A.2.4 Discussion Of Experimental Results

A summary of the damping ratios obtained from the four dynamic tests
by the various damping ratio calculation methods employed during this
study are presented in Table 4-1. The damping ratios obtained by the
various methods show some disparity in the magnitude of the results.
However, all of the various methods predict the same overall trends in
the damping ratios between the different dynamic tests and the three modes.

The disparity in the magnitude of the damping ratios for a given dy-
namic test can be generally accounted for by the fact that each of the
methods for determining damping is based on the assumptions that the
damping present is linear viscous damping and that the stiffness of the
vibratory system is Tinear. However, the results presented in Art. A.2.1
indicate that the damping present in the bridge is not linear. Deviation
from the assumptions associated with the various calculation methods will

produce variations in the damping ratios as determined by each of these

methods.

The remainder of the discussion of the resylts is contained in Art. 4.7,




Al.

A3.

Ad.

A5.

A6,

A7. -

As.
A9,

A0,

A 45

REFERENCES

Brady, R. K., "An Expérimenta] Study of the Dynamic Characteristics
of a Composite Highway Bridge," Master's Thesis, University of
Missouri-Columbia, August 1977.

Thomson, W. T., "Vibration Théory and Applications," Prentice-Hall,
Inc., Englewood Cliffs, N.J., 1965. ‘

Childer, D. G. and Durling, A. E., "Digital Filtering and Signal
Processing,” West Publishing Co., St. Paul, Minnesota, 1976.

Brigham, 0. E., "The Fast Fourier Transform," Prentice-Hall, Inc.,
Englewood Cliffs, N.J., 1974.

'Popoulis, A., "The Fourier Integral and its Applications," McGraw-

Hi1l Book Company, Inc., New York, 1962,

Hurty, W. C. and Rubinstein, M. F., “Dynamics of Structures,"
Prentice-Hall, Inc., Englewood Cliffs, N.J., 1964.

Salane, H., J., Duffield, R. C., McBean, R. P., Baldwin, Jr., J. W.,
and Galambos, T. V., "Investigation of the Behavior of a Three-Span
Composite Highway Bridge," Report 71-5, Missouri Cooperative Highway
Research Program, November 1971.

Amdall, J. K., “Investigafion of Mechanical Impedance Techniques,”

Master's Report, University of Missouri-Columbia, January 1974.

Reed, R. R., "Analysis of Structural Response with-Different Forms
of Damping,“ NASA TN D-3861.

Jenkins, G. M. and Watts, D. G., "Spectral Analysis and its Appli-
cations,” Holden Day, San Francisco, 1968. )



APPENDIX B
MULTI-DEGREE OF FREEDOM DYNAMIC PROPERTIES

B.1 INTRODUCTION AND PROBLEM STATEMENT

This appendix contains the results of a study of the dynamic
behavior of the aforementioned bridge based on a multi-degree-of-
freedom system. One of the objectives of this study was to determine
whether the bridge properties are significantly altered by cumulative
damage during the service life of a bridge and whether a forced vibra-
tion test can be used to detect this damage. The study includes both
preliminary analyses and an evaluation of the data obtained from the
field testing of the structure. Preliminary analyses were performed
for the fatique and dynamic tests.

Deterioration of the bridge at various stages of the fatigque
test was also considered in the preliminary analyses. The results

of the preliminary analyses are compared to those obtained experi-

mentally.
B.2 PROCEDURE

In the computations the bridge is presented as a Tumped para-
meter, multi-degree-of-freedom system, with linear, elastic theory
being utilized. Damping is assumed to be proportional to stiffness
or mass or a linear combination thereof. The number of degrees-of -

freedom (DOF) used in the acquisition of test data differed with that

B 1
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used in the analytical study but thosé points which were considered
critical are included in both cases.

Both dynamic and static responses are obtained from the analyti-
cal study. The static responses are used in calculating dead load
stresses and deflections. Calculated responses are compared with
corresponding experimental results to determine the reliability of
analytical predictions.

Changes 1in the stiffness and damping properties of the bridge
are also evaluated from the dynamic tests. The setup for these tests
is similar to the fatigue test except all the ballast is removed and
three resonant frequencies rather than one are excited. Accelerations
are measured at various points on the bridge and then analyzed to
evaluate the stiffness and damping properties.

In this report the normal mode tests are identified by B1X for
first bending, T1X for torsion, and B2X for second bending where X

is the number of the test, (X=1,2,3,4).

B.3 DESCRIPTION OF NORMAL MODE DYNAMIC TESTS

B.3.1 General

Four sets of normal mode tests were performed to determine the
changes in the dynamic properties of the bridge at various stages
of the fatigue test.

For each normal mode test the bridge was excited at one of . its

natural frequencies. A1l ballast was removed for these tests and

i ey
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the exciting force reduced to the extent that stresses were approxi-
mately 12 percent of those induced in the fatigue test. Sketches

of the mode shapes are shown in Fig. B-1.

B.4 PRELIMINARY ANALYSES
B.4.1 General

Preliminary dynamic analyses of the test bridge were performed
prior to the field test. These analyses were performed so that values
could be obtained for the response and forces which would be required
in the fatigue and dynamic tests. In this manner parameters such
as actuator requirements and transducer ranges could be established
before the actual field test began. The results from these analyses
also provides a source for comparison between analytical and experi-

mental results.

Two computer programs were used in the preliminary analyses.

One program, DYNBM,(B]) was prepared in-house. The second program

was STRUDL (Structural Design Language) from the ICES (Integrated
Civil Engineering Systems) package prepared by the Massachusetts In-
stitute of Technology. In DYNBM the bridge is modeled as an equivalent
one-dimensional beam with 25 DQF, while in the STRUDL analysis the
bridge is modeled as a two-dimensional, 74 DOF grid. Both programs
are based on linear, elastic theory.

The analyses were performed with and without ballast on the

bridge. In this way values were obtained for both the fatigue test

and the dynamic tests.
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B.4.2 Bridge Properties

The'structural properties of the bridge would be changing as
the fatigue test progressed due to deterioration qf the bridge deck.
This presented a problem in the preliminary analyses since the rate
of deterioration was unknown. It was decided that three &ifferent
states of deterioration would be included in the analyses of the
structure. These three states are fully composite, composite, and
cracked slab composite. In fully composite action, the entire slab
is acting compositely with the girders; no deterioration has yet occurred
in the slab. In composite action, however, the concrete is assumed
to be acting compositely with the girder in the regions of positive
~dead load moment, while in the regions of negative dead load mdment
only the slab reinforcement is included in the composite section.
Finally in the cracked slab composite state, the deck has deteriorated
to such an extent that only the slab reinforcement is acting compositely
with the girders along the entire length of the bridge.

The results obtained by using these three states provided an
upper and lower bound for the dynamic response and the experimental
requirements of the test equipment. Two percent equivalent viscous
damping was assumed in all analyses.

A noncomposite action was assumed when determining dead load
stresses since the dead load of the slab and structural steel was

completely carried by the girders.
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B.5 COMPARISON OF PREDICTED AND EXPERIMENTAL RESULTS

B.5.1 General

In this article the analytical results obtained from DYNBM and
STRUDL are compared with the experimental results. By comparing the
results of the two programs, an evaluation can be made as to whether
the additional degrees of freedom used in the STRUDL analysis make
a significant difference in predicted response to warrant the addi-
tional cost 1hcurred. The STRUDL analysis costs approximately eight
times as much as the DYNBM analysis.

Experimental data from the éecond set of normal mode tests ap-
peared to be erronegus. Therefore,.comparison of these data will

not be included in this report.

B.5.2 Tabulation of Experimental Results

The experimental results used for comparison are listed in Tables
B-1 and B-2. The notation is defined at the end of this article.
A1l values, except damping, were measured directly during the testing.
Peak strains and deflections were measured at station 16 (see Fig. 1-8)
for all tests except the second bending mode of the normal mode tests
in which case station 4 was used. All strains were measured at the
top of the bottom flange. Strains are converted and listed in terms
of stress using a modulus of elasticity of 29,500 ksi. Only the ranges
(double amplitudes) of stresses and deflections are listed since only

the ranges will be used for comparison.

—————



TABLE B-T EXPERIMENTAL RESULTS - FATIGUE TEST

Cycles f X . E 4
(K) (in) (Hz) {in) (uwin/in) (%)
A DA DA

0.0 0.500 2.320 1.53 237 1.5
31.3 1.295 2.067 4.78 684 1.3
76.2 1.350 2.042 4,88 723 1.4
91.5 1.300 2.066 5.09 770 1.3
125.3 1.370 2.045 4.78 702 1.5
154.5 1.325 2.042 5.17 76 1.3
190.2 1.230 2.025 5.11 773 1.2
241.0 1.200 2.032 5.12 761, 1.2
313.5 1.450 2.030 4.88 729 1.6
470.4 1.505 1.932 4.89 711 1.8

SA = Single amplitude
DA = Double amplitude
MOVING MASS = 9,76 kips

L 8




TABLE B-~2 EXPERIMENTAL RESULTS - NORMAL MODE TESTS

DA = Double amplitude
SA = Single amplitude

4 f X E 4
Test - {in} (Hz) (in) {u in/in) (%)

SA ) DA DA
B11 0.800 2.869 0.200 8% 1.3
™m 0.503 3.507 0.144 74 1.3
B21 0.325 4.507 0.075 29 1.3
B12 0.990 2.570 0.202 83 2.0
T2 0.600 3.270 0.150 4] 2.2
B22 0.385 4.120 0.076 50 1.8
B13 0.960 2.638 0.250 65 1.7
T3 0.720 3.047 0.115 27 2.0
B23 0.365 4,177 0.080 47 1.6
B14 1.110 2.385 0.266 59 1.9
T14 0.665 3.136 0.101 27 1.7
B24 0.425 3.987 0.074 38 1.5
(moving mass = 1.115 kips)

8 8
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The notation used is defined as follows:

f = frequency (Hz)

0 = stress {Ksi)

€ = strain (in./in.)

Z = damping ratio (%)

X = peak deflection (in.), double amplitude

Z = stroke of actuator {in.), single amplitude.

The forcing function is sinusoidal for all tests and stroke will

be presented here and throughout the report as single amplitude.

B.5.3 Tabulation of Comparisons

Comparisons between the results from the preliminary analysis
programs and the experimental results are tabulated in Tables B-3
through B-8. Stress and deflection comparisons are made at station
4 for the second bending mode of the normal mode tests and at station
16 for all other tests. Composite action is assumed when comparing
experimental data with results determined by preliminary analysis.

Stresses and deflections from the preliminary analyses are scaled
proportionally so that the damping ratios agree with those obtained

from experimental data.

B.6 RESULTS OF DYNAMIC ANALYSIS

B.6.1 General

In this article the results of fhe analysis of the normal mode

data are discussed. The objective of the analysis is to determine



TABLE B-3 PREDICTED AND EXPERIMENTAL

FREQUENCIES - FATIGUE TEST

Calculated - Hz.

Experimental

STATE STRUDL  DYNBM % DIFF.
Fully Composite 2.60 2.50 3.8
Composite 2.48 2.41 2.9
Cracked Slab 1.585 1.53 4.1
Composite
Cycles Frec.
(K) (Hz)
0.0 2.320
31.3 2.067
76.2 2.042
91.5- 2.066
125.3 2.045
154.5 2.042
190.2 2.025
241.0 2.032
313.5 2.030
470.4 1.932

[r——
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TABLE B-4 PREDICTED AND EXPERIMENTAL FREQUENCIES
- NORMAL MODE TESTS

Calculated - Hz.

FIRST BENDING STRUDL DYNBM % DIFF.
Fully Composite 2.908 2.780 4.4
Composite 2.530 2.780 2.8
Cracked Slab
Composite 1.892 1.790 5.4
SECOND BENDING
Fully Composite 4.633 4.480 3.3
Composite 4.420 4.320 2.1
Cracked Slab
Composite 3.020 2.900 4.0
Experimental - Hz.
TEST | EXPT. STRUDL % DIFF DYNBM % DIFF
| (F)
B11 2.869 2.908 -1.4 2.780 3.1
T 3.507 3.104 11.5 -- --
B21 4.507 4.633 -3.6 4.480 0.6
- (C) (C})
B13 - 2.638 2.530 4.1 2.460 6.7
T13 3.047 2.769 9.1 -- --
B23 4.177 4.420 -5.8 4.320 -3.4
B14 2.385 2.530 -6.1 2.460 -3.1
T14 3.136 2.769 11.7 -- --
B24 3.987 4.420 -10.8 4.320 -8.3

(F}) - Fully Composite

(C) - Composite
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TABLE B-5 PREDICTED AND EXPERIMENTAL DEFLECTION
RANGES - FATIGUE TESTS

DYNBM vs., STRUDL; Center Midspan

STAGE % DIFF
Fully Composite 5.9
Composite 6.2
Cracked Slab Composite 7.7

_ STR-DYN
% DIFF = X 100

Experimental Results, Sta. 17

Cycles Expt. STRUDL % DIFF DYNBM % DIFF
(k) DA DA DA
0.0 1.53 1.57 -2.6 1.47 3.9
31.3 4.78 4.71 1.5 4.40 7.9
76.2 4.88 4.55 6.8 4.25 12.5
91.5 5.09 4.72 7.3 4.42 13.2
125.3 4.78 4.32 9.6 4.04 15.5
154.5 5.17 4.82 6.7 4.51 12.8
190.2 5.11 4.85 5.1 4.53 11.4
241.0 5.12 4,73 7.6 4,43 13.5
313.5 4.88 4.29 121 4.02 17.6
470.4 4.89 4.80 1.8 4.50 8.0

DA = Double amplitude (in.)



DYNBM vs.

TABLE B~6 PREDICTED AND EXPERIMENTAL DEFLECTION

RANGES - NORMAL MODE TESTS

STRUDL

FIRST BENDING % DIFF
Center Midspan
Fully Composite 9.6
Composite 7.0
Cracked Slab Composite 1.9
SECOND BENDING
Center End Span
Fully Composite 3.5
Composite 5.5
Cracked Slab Composite 1.1
Experimental Results, Sta. 16
TEST EXPT STRUDL % DIFF DYNBM % DIFF
DA DA
B11 0.200 0.237 -18.5 0.211 -5.5
T11 0.144 0.172 -19.4 -- --
*B21 0.075 0.083 -10.7 0.071 5.3
B13 0.250 0.218 12.8 0.193 22.8
T13 0.115 0.153 -33.0 -- --
*B23 0.080 0.076 5.0 0.065 18.8
B14 0.266 0.225 15.4 0.200 24.8
T4 0.101 0.166 -64.4 -- --
*B24 0.074 0.095 -28.4 0.080 -8.1

*Compared at Station 4
DA = Double amplitude (in.)
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TABLE B-7 PREDICTED AND EXPERIMENTAL STRESS
RANGES - FATIGUE TEST

DYNBM vs, STRUDL, Sta. 7, Top of Bottom Flange

STAGE % OIFF
Fully Composite 4.6
Composite 8.5
Cracked Slab Composite 8.6

Experimental Results, Sta. 7, Top of Bottom Flange

Cycles Expt STRUDL % DIFF DYNBM % DIFF
DA DA DA

0.0 8.0 8.0 -0.0 6.6 17.5
31.3 23.2 24.0 -3.4 19.7 15.1
76.2 24.5 23.3 4.9 19.0 22.4
91.5 26.1 24.2 7.3 19.7 24.5
125.3 23.8 22.0 7.6 18.0 24.4
154.5 25.8 24.6 4.7 20.2 21.7
190.2 26.2 24.7 5.7 20.2 22.9
241.0 25.8 24.2 6.2 19.8 23.3
313.5 24.7 21.9 11.3 17.9 27.5
470.4 24.1 20.2 16.2 16.5 31.5

Comparison based on composite action

DA = Double amplitude (ksi)

p——n
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TABLE B-8 PREDICTED AND EXPERIMENTAL STRESS
RANGES - NORMAL MODE TESTS

DYNBM vs. STRUDL, Sta. 16, Top of Bottom Flange

FIRST BENDING % DIFF
Center Midspan

Fully Composite 11.3

Composite 7.1

Cracked Slab Composite 4.5

SECOND BENDING - Sta. 4

Fully Composite . 6.6
Composite 4.6
Cracked Slab Composite 4.5

Experimental Results, Sta. 16, Top of Bottom Flange

TEST EXPT. STRUDL % DIFF DYNBM % DIFF
DA DA
B11 3.0 3.7 -23.3 3.4 13.3
™ 2.5 2.5 0.0 -- --
*B21 2.0 1.8 10.0 1.7 ' 15.0
B13 2.2 3.4 -54.5 - 3.2 -45.0
T13 1.8 2.1 ~16.7 -- --
*B23 1.6 1.7 6.3 1.6 0.0
B14 2.0 3.5 -75.0 3.3 -65.0
T14 1.8 2.5 -38.9 -- --
*B24 1.3 2.1 -61.5 2.0 -53.8

*Compared at Station 4

DA = Double amplitude (in.)
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the changes in the dynamic properties. The stiffness and damping
matrices are compared as the fatigue test progressed.

A study of the raw data signals and mode shapes also reveals
deterioration of the bridge. The trends aobserved in these data indi-
cate what should be expected from the analysis. A discussion of the
changes observed in the signals and mode shapes is also included in
this Appendix.

The normal mode test data recorded during Test 2 appears to be

erroneous and will not be included with these results,

B.6.2 Study of Data

Changes in the structure can be noted by a study of data prior
to performing an analysis. This article will illustrate those changes
which can be seen by studying raw data signals, mode shapes of the

response, and a spectral analysis of the data.
B.6.2.1 Raw Data

By observing plots of the raw data at a station for each mode
of the normal mode tests, a definite trend is noticed. As expected
the signals from all modes of Test 1 are a smooth sinusoidal curve.
However, the signal of the first bending mode of Test 3 shows that
the negative portion of the cycle is not symmetric with respect to
the positive portion of the cycle. The first bending mode of Test
4 displays an even larger anomaly. This indicates that the bridge

is no longer vibrating in a pure first bending mode. The wave shape

e,

,_m.,_......,
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of the torsional and second bending modes are smooth in all tests.
The presence of the additional frequency in the first bending mode
revealed the need for a spectral analysis. A plot of the accelera-

tions at the reference station is shown for various normal mode tests

in Figs. B-2a through B-Ze.

B.6.2.2 Spectral Analysis

A spectral analysis of the data reveals the presence of a harmonic
component in the first bending mode of Tests 3 and 4, with the amplitude
of the harmonic becoming larger in Test 4. No significant harmonic
-is detected in the spectrum of the other modes. Plots of the spectra
for several modes are in Figs. B-3a through B-3e. Although the Nyquist
frequencies of the first bending and torsional modes are 35 Hz and
50 Hz for the second bending mode, the plots are only valid to 10 Hz.
This is due to the analog filter with a low band pass of 10 Hz which
was applied to the accelerometer signals.

Spectral analysis of the exciting force for the first bending
mode in Test T shows a small harmonic component. This is shown in
Fig. B-4.  None of the other excitations were recorded. The anomaly
visiblé in the first bending mode plot of the raw accelerometer signal
is a harmonic and its absence in Test 1 and subsequent growth in Tests
3 and 4 indicate the structure is deterjorating. As it does, it ap-
parently becomes more susceptible to the harmonic component of the

exciting force. Since no significant harmonic is visible in the torsional
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or second bending response data, it appears that the bridge has not
yet deterijorated sufficiently for the higher harmonics of the exciting
freguencies to have a noticeable effect. Deterioration is also shown
in all modes by the decrease in the natural frequencies from Tests

1 to 4. The modal frequencies for each of the tests are tabulated

in Table B-2.

8.6.2.3 Mode Shapes

Mode shapes of the bridge were obtained by plotting the positive
and negative peaks at each station. These mode shapes illustrate the
response of the bridge with the harmonic included.

A study of these maode shapes shows the south girder has a larger
deflection and the difference between the deflections of the north
and south sides increased as the fatigue test progressed. This would
indicate that the south side of the bridge is deteriorating at a faster
rate. It is in agreement-with the visual and ultrasonic inspections
(82) which revealed extensive crack growth in the end span of the south
exterior girdér at the ends of the cover plates and the south interior
girder was.comp1ete]y fractured at the center of the mid span when
Test 4 was performed.

The mode shapes of the torsional mode appear to contradict the
results obtained from the inspections. The torsional mode shows.the

north side of the bridge deflecting more than the south side. Figures

B-5a through B-51 display the plots of the mode shapes for each of

the three tests.
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B.6.3 Dynamic Properties

The results cbtained from an analysis(83) of the normal mode test

data are presented in this article.

B.6.3.1 Damping Ratio

Damping ratios for the normal mode tests are shown in Table B-9.
Very little insight into the location of deterioration can be derived
from the damping ratjos determined from the experimental data. The
damping ratios increased initially and then decreased as the fatigue

test progressed. This same trend was observed in the model study in

Phase 1(81).

TABLE B-9. NORMAL MODE DAMPING RATIOS

TEST DAMPING
RATIO (z)
(%)
B11 1.3
T11 1.3
B21 1.3
B13 1.7
T13 2.0
823 1.6
B14 1.9
T14 1.7
B24 1.5

Due to the harmenic component present in the exciting force, the
modal damping ratio for Tests B13 and B14 are too high. The mode

shapes are derived from a spectral analysis of the response data, thus
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removing any response due to the harmonic component. However, no force
data was recorded for Tests 3 and 4 so the harmonic cannot be removed
from the exciting force. Therefore, the modal damping ratios are too
high because the force if} includes the harmonic component while the
mode shapes {4} do not. Figures B-6a through B-6f show the difference
between the mode shapes of the south girder as obtained from the peak

response and the values obtained from a spectral analysis.

B.6.3.2 Stiffness Matrix

The stiffness matrix for the bridge is obtained from the normal
mode equations. Since the bridge has 22 DOF and three measured modes
were determined experimentally, 66 equations are available. Various
types of couplings were tried which yielded less than 66 unknowns with
the simple cross coupling shown in Fig. B-7 yielding the best results.
This type of coupling results in 53 unknowns and forms a matrix with
the nonzero coefficients being clustered symmetrically about the diagonal
as shown in Fig. B-8. For best results a coupling should be used
which has a matrix with nonzero elements clustered as closely as
possible about the diagonal.

The diagonal elements are considered to be most significant.
Hence, they are used in comparing the stiffness matrices for the dif-
ferent tests. To show how the stiffness varies each test is compared

to Test 1. The percent difference used for comparison is calculated

————my
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K_i-K'I
A K(i-1) = K, x 100 (B-1)
where
I<,i = a diagonal coefficient of the stiffness matrix for
Test i, i = 3,4
K1 = corresponding diagonal coefficient for Test 1.

The percent differences in stiffness calculated for Tests 3 and 4 are
shown in Fig. B-9.

While this type of cbup]ing does result in some increases in the
calculated stiffness, it does yield significant decreases along the
entire south side of the bridge. These decreases focus toward the
center of the mid span and the regions at the end of the cover plates
in the end spans. This agrees with the results obtained from visual
and ultrasonic inspections. The reason for reductioﬁs at the 21st
and 22nd nodes is not known. However, the stiffness consistently de-
creases in each test.

The determination of the stiffﬁess matrix is very sensitive to
errors in the mode shapes. Because coupling is incomplete, a least
squares reduction is used. The solution to the equations is dependent
upon the magnitude of the individual mode shapes. Therefore, by scaling
any one mode shape the solution is changed. This makes the stiffness
susceptible to variations in force level or the presence of a harmonic
since either could affect the magnitude of the mode shapes. To establish
a consistent set of vectors for each mode, the accelerations for each
mode are normalized with respect to the reference accelerations. The
normalized accelerations are then checked for orthogonality. Weights

inversely proportional to the square of the orthogonality errors are

assigned to the vectors,

RS
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A six DOF system is also applied to the structure as is shown
in Fig. B-10. Only Tests 1 and 4 are compared but the results show
the same tendencies as those demonstrated by the 22 DOF analysis.

Table B-10 shows the percent difference in stiffness obtained in the

six DOF analysis.

|
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B.6.3.3 Damping Matrix

The damping matrix is obtained from solution procedures similar
to those used for the stiffness matrix.

Aé in the stiffness matrix comparisons, only diagonal coefficients
are considered by calculating the percent difference using Test 1 as

the reference. Therefore

Ci-C]
where
Ci = diagonal coefficient of damping matrix from
Test i, i = 3, 4
C] = corresponding diagonal coefficient of damping

matrix from Test 1.
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The differences in damping for the tests are shown in Fig. B-11. The
changes in the diagonal coefficients of the damping matrix exhibit

an increase followed by a decrease.
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APPENDIX C
ULTRASONICS

€C.1 INTRODUCTION

Ultrasonic inspection is based on the transmission of energy
through the test material in the form of a sound wave. As the wave
passes through the material it can be reflected by a flaw, a free sur-
face, or a combination of the two. The primary task involved in ultra-
sonic inspection is that of detection and interpretation of the re-
flected wave.

The basic components necessary for ultrasonic testing are
(1) a unit which will generate an electric signal, (2) a probe (search
unit) capable of transmitting energy through a test specimen, (3) a probe
(search unit) capable of receiving the transmitted or reflected energy,
and (4) a unit which will visually display information concerning the

energy as it passes through the test specimen(cz).

€.2 TYPE OF EQUIPMENT

Conditions which surround a field inspection of a full scale high-
way bridge require that ultrasenic inspection equipment be portable.
The unit chosen for the Butler-County bridge test was entirely self

contained. The power supply, the probe(s), and the display unit could

be carried and operated by one individual.

C1
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C.2.1 Scope

The basic unit used for the field inspection was a pulse-time
flaw detector. The unit utilized an A-span presentation, Fig. C-1, to
visually display flaws.

Briefly, an A-scan presentation makes use of the assumption that
the velocity of sound remains constant throughout a homogeneous ma-

CS). This assumption neglects mode changeé, which do in fact

teria1(
occur, but‘wiI1 suffice to explain the functions of an A-scan presenta-
tion. Therefore, if the velocity of sound through a given material

is known, the time required for a sound wave to travel a given distance
can easily be determined. A-scan presentation converts time directly
into distance and visua]ly displays the results on a cathode ray tube
(CRT). Distance, in inches, is calibrated on the horizontal scale,

and return signal amplitude, in dB, is calibrated on the vertical

scale.

C.2.2 Probes

Two types of probes were chosen for the actual field inspection(C4).

The first type was a 5 MHz transmittér-receiver probe, Fig. C-2, con-

taining a sp]if-crysta]. One side of the crystal transmitted the sound
wave while the other side received the reflected wave. The sound wave
was projected into the test specimen at an angle of 90° to the surface

upon which the probe was coupled.
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The second type was a 5 MHz angle beam transceiver probe (Fig.
C-3) containing a crystal which was capable of acting as both transmitter
and receiver. Two angle beam transceiver probes were chosen for the
field test. The angle probes projected sound waves at 45° and ?OO,

with respect to a vertical axis through the test specimen, respectively.

C.3 MECHANICS OF SOUND WAVES

€.3.1 Piezo-electric Effect

The characteristic which enables the crystals placed within the
probes to function as transmitters and receivers of energy is known
as the piezo-electric effect. Basically, this is the ability of a
material (crystal) to transform electrical impulses into mechanical -
energy, and mechanical energy into electrical impu1ses(cs). This
phenomenon is accomplished through the expansion and contraction of
the crystal as it is electrically or mechanically stimulated. The

type of piezo-electric crystal found within the chosen probes was lead

zirconate titanate.

€.3.2 Reflection and Refraction

When an ultrasonic wave strikes the interface between two different
materials, part of the wave is reflected and part refracted. The portion

that is reflected may be determined from the following equation(cs)

»

A M LA

r
= = : (C.3.1)
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where

E. = reflected energy

E; = incident energy

Py = density of first material

Py = density of second material

V] = velocity of wave in first material

V2 = velocity of wave in second material,

At an air to solid interface, essentia]]y 100 percent of the sound
wave is reflected. At a plastic to steel interface, approximately
60 percent of the sound wave is reflected.

Refraction takes place when an ultrasonic wave passes from one

medium to another at an angle other than 90°(C2’ ¢3, CS).

A difference
in material properties between the two respective surfaces causes a
change in velocity, which in turn causes the sound wave to bend. The
bending process obeys Snell's Law, which is stated mathematically in
Eq. €.3.2, and which is shown graphically in Fig. C-4. The angle of
incidence for which the angle of refraction equals 90° is called the
critical angle of refraction. At angles greater than the critical

angle the sound wave is totally reflected, that is, no energy enters

the second materiaI(CZ’C3’C5’C6).

Sin ¢] Sin ¢2
v1=v

(C.3.2)
2
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where

Rsd
—
i

angle of incidence

ha
P
|

= angle of refraction
V1 = velocity of wave in first material

VZ = velocity of wave in second material.

FIGURE C-4
GRAPHICAL PRESENTATION QF SNELL'S LAW

C.3.3 Skip Distance

As previously mentioned, the angle probes project a sound wave
into the test specimen at some pre-designed angle of refraction. The

beam, if uninterrupted by a flaw or discontinuity, will continue through

the test specimen being reflected each time it strikes a surface as
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shown in Fig, C-5. The first, second and third skip distances are
shown, thus defining the term, skip distance.

When a sound wave is interrupted by a flaw oriented at 90° to a
free surface, the path followed by the sound wave is shown in Fig.
C-6. The sound wave reflects off the free surface, then reflects off
the flaw surface and is finally returned to the angle probe. Figure
C-6 illustrates the mechanism by which flaws were located during the

actual field inspection.

ANGLE PROBE

— SCAN DIRECTION

— o o=
r_F'IRST SKIP ’?ECOND SKIP = THIRD SKIiP

FIGURE C-5
ANGLE PROBE BEAM PATH AND SKIP DISTANCE IN TEST MATERIAL

C.3.4 Attenuation

Scattering of a sound wave due to large grain size within the
test specimen, test surface irregularities, flaw surface irregu-

larities, beam spread, or flaw surface size, can result in an attenuated

(C3)

signal Due to the attenuation of the sound wave as it passes
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through the test material, it becomes advantageous to locate all flaws

within the first skip distance, Fig. C-5 and Fig. C-6.

C.3.5 Minimum Detectable Flaw

Theoretically, ultrasonic waves are not reflected effectively
from flaws whose dimensions are less than the wavelength of the re-
fracted ultrasonic waves. The wavelength of the angle probes selected
for the field test was 0.065 cm., or 1/40 of an inch, which makes them
sensitive to small flaws, but also susceptible to spurious defects
such as grain boundaries. However, practice with the test equipment

prior to field inspection eliminated confusion regarding these spurious

indications.

C.3.6 Ultrasonic. Couplant

A material must be provided through which the sound waves can
travel from probe to test specimen. The material can be any liquid,
semi-Tiquid, or paste which meets the criteria for a good ultrasonic
couplant. A good ultrasonic couplant is one that provides a smooth
surface on which to work, is easily applied, easily hand]éd, nen-corrosive
to the test specimen and permits no air between the probe and test

(C3)

surface

The couplant chosen for the field test was Hercules Natrasol 250
HXR Powder mixed with water. The mixture, proportioned by weight,
was 60 parts water to one part Natrasol powder. This mixtufe provided
a moderately viscous couplant which could be applied in thin Tayers

to overhead surfaces without dripping. The residue from this couplant
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literally dries up and blows away within an hour or two after it is
applied. Ideally, the thinner the layer of couplant between probe

and test specimen, the less susceptible is the sound wave to critical

angles of refraction.

C.4 INSPECTION FOR FATIGUE CRACKS

C.4.1 Calibration of the Angle Probes

Accurate interpretation of field inspection results required careful

calibration of the angle probés(C4’C9). Calibration was accomplished

by placing each respective angle probe on the calibration block as
shown in Fig. C-7. Appropriate instrument adjustments were made to
properly position the reflections created by the free surfaces of the

~angle calibration block. When properly calibrated, the free surface

PROBE LOCATION FOR CALI-B‘U

FIGURE C-7
ANGLE PROBE CALIBRATION BLOCK

J—
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reflections (for both the 45° probe and the 70° probe) occurred at

2 in. and 6 in. on the scope's horizontal scale.

C.4.2 Calibration of the Split-Crystal Normal Probe

The calibration block shown in Fig. C-8 was used in conjunction
with the split-crystal normal probe. Appropriate instrument settings
were made to properly position the free surface reflections created

by each successive step. When properly calibrated, multiple reflections

from each step coincided with the scope's horizontal sca]e(cg).

STEEL 0.25" J
0.50"

0.10"

0.75"
.OO" ' ALUMINUM

FIGURE C-8.
STEPPED CALIBRATION BLOCK'

£.4.3 Technique

The inspection technique used in the field hinged on a thorough
understanding of the beam's path and geometry. Figure C-6 and Table
C-1 were used to facilitate field inspection.

Prior laboratory work indicated that due to the beam geometry
and crystal size there was a finite area within which the probe must

be positioned to effectively locate a flaw at the toe of the fillet



weld. Based on data from Table C-1 and laboratory experiments, scan
areas for field inspections were developed, Figs. C-9, and C-10.

The reinforced concrete bridge deck completely encased the top
cover plates and the outer surfaces of fhe top girder f1anges! Before
inspection of the top critical sections could take place, it was neces-
sary to locate and permanently mark the ends of the cover plates.

The split crystal normal probe was used to trace the fillet welds at
the ends of the cover plates. There was no reflected wave when the
probe was directly below a fillet weld around the cover plate or a
shear connector. At all other locations there was a reflection from
the smooth top surface of the flange. Lines were drawn on the flanges
of the girders to designate the weld lines. Then the appropriate scan
areas were located and marked.

1)

Based on Fisher's work( , the fatique cracks were expected to

originate in the base metal at the toe of the fillet welds, at the

ends of the cover plates. The flaws were expected to grow in an ellipti-

cal pattern through the thickness of the flange and outward in the
direction of the flange width. The flaw surfaces were expected to

be generally perpendicular to the horizontal flange surfaces, and per-
pendicular to the plane of the girder web. Therefore, the angle probes
were primarily oriented parallel to the web. This positioning was
designed to focus the sound wave at right angles to any fatigue crack,
thus providing a maximum of returned energy. The probes were rotated
about a vertical axis to inspect for flaws which might not be at right

angles to the web.
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Crack lengths in the base metal were measured by the 6 dB

method(C4). The angle probe was positioned near the crack such that

a maximum of energy would be returned to the probe. Instrument adjust-
ments were made so that the return signal amplitude registered 10 dB.
The probe was then moved parallel to the plane of the crack until the
return signal amplitude dropped 6 dB. At this point the centerline

of the sound path should have been located at one end of the crack
being measured. The probe;s position was marked on the girder f]ange
and the process was repeated at the opposite end of the crack. The

distance between the two respective marks was the ultrasonically indi-

cated flaw length,
C.4.4 Limitations

Physical limitations impaired the effectiveness of the ultrasonic
inspection. As wﬁs seen in Figs. C-9 and C-10, the web and web-flange
fillets obscured inspection of an area approximately 0.75 in. in width
directly beneath the web. Extra time was required to manuever around
additional measuring devices placed on the bridge girders to monitor
bridge behavior.

The presence of the weld itself makes it difficult to detect fatigue
cracks at the toe of the fillet weld when scanning from the back side
of the weld. This is due to the fact that there is no flange surface
to reflect the sound wave, Fig. C-11.

There is serious doubt about the ability of ultrasonic inspection

to detect a crack at the toe of the fillet weld at the end of the
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cover plate in the top flange in this bridge. As can be seen in Figure
C-12 the weld detail provides no suitable surface for reflection of
the wave.

Although the probe can be rotated to find cracks which are not
perpendicular to the axis of the beam, it cannot be rotated to compensate
for a crack that is not perpendicular to the bottom face of the flange.
If a crack is not perpendicular to the face of the flange the reflected
wave which doubles that corner is not parallel to the transmitted wave
and does not return directly to the probe. In cases where the deviation
from 90 degrees is small the width of the ultrasonic beam is great
enough that part of the wave is recejved. However, if the deviation
is more than a few degrees the reflection may be completely missed.

Inspection of the large area of weld material proved to be a tedious
process requiring a great deal of time. During each full inspection,

530 inches of weld material were scanned. The process took approximately
- 9.5 hours to complete.

Mechanical limitations inherent to ultrasonic inspection are briefly

touched upon in the preceding sections. In-depth study can be obtained

from the Non-destructive Testing Handbcok(C3).

C.5 PRESENTATION OF FIELD DATA

€C.5.1 Introduction

Each ultrasonic inspection for fatigue cracks was assigned an in-
spection number. Table C-2 is a listing of the test numbers at the

corresponding number of fatigue cycles. Inspection “Number 1" was
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g SECTION NUMBER

% 2 2.18 22B| 23B | 24B | 6.1B | 628B | 6.3B | 6.4B
EEENSN[SNSNSNSNSNFSNS
4 |8/12 ; ;

2 19/2 [19.53 (029 0.20) (0.29) (0.25)(0.25)|(0.25)
3 {9/7 |75.40 (©.50) (0.50)4(0.40)|(0-50)
4 [9/12 [95.06{0.25) 0:25) (0-50) (o.as)l(o.zs) (0.25) (0.25) (0.50){(0-75)((0.70)
5 19/20]215.39(0.25) (0.25) (l.oo)(o.zs)'(o.zs) (©.25) (0.23)| (0:59|(0.90)(1.00)
6 [9/24(287.0 [(.25) k(l.ao) 1.00 {(1.29)[(1.50) (32(2 ("SO)I%.E:&;(())) ((')'2(2 ("50)0;-.3? (1.39)|(1.50(.50) {(1.00)

CRACK SIZE = INCHES

( )-‘—‘CRACK AT JUNCTION OF FILLET WELD & COVER PLATE , REMAINING VALUES
ARE BASE METAL FATIGUE CRACKS.

N = NORTH SIDE OF GIRDER FLANGE

S =s50UTH SIDE OF GIRDER FLANGE

TABLE C-2. ULTRASONIC CRACK MEASUREMENTS AT BOTTOM CRITICAL SECTIONS

te 3




(.50

7 |9/25|337.5 K:‘)‘T’?Oc)) (.50 [(1.50)} 1.50 |(1.50)|(.50) (2-52(2 s | -85 | 180|055/ 1.05 (1.50) ('c';cz I(;Z?
8 |9/25(348.7 (150) | 205{ 200 120

9 110/3 |360.87{ 0.85 Q25 1.50 {(1.50)[ 0.25[0.70{0.25| 255[2.30 [0.75| .35 { 0.25{0.25 0.25
10 |I0/4 |380.0 |0.85 045] 190 2.70| 2.30{075| .45

I {1o/4 |402.08| 0.85 060| 2.10(.50|0.25}0.70{ 0.25 | 2.90| 2.60| 0.80| .60 | 050 0.25 0.25
12 [10/5 [415.5 | 0.85 060(2.80 [(1.50)| 0.25|0.70| 0.25[3.35{3.25 | 0.80{ .75 | 0.50|0.25 0.25
13 [10/5 [422.5 2.80 3.50|3.25

14 [10/5 (437.8 3.50

15]10/5 |447.9 470} 4.25

16 |10/ 5 |453.0

17 {10/5 |455.0 350 FAILURE

TABLE C-2 {cont.) ULTRASONIC CRACK MEASUREMENTS AT BOTTOM CRITICAL SECTIONS

¢¢ J
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performed prior to any test ]oadiné. The inspection consisted of
tracing and marking the cover plate weld lines, as well as a preliminary
examination for fatigue cracks. One flaw was found at section 6.3A;

The flaw was Tocated beneath the fillet weld on the south side of the

tapered portion of the cover plate. No additional cracking took place

at this location.

C.5.2 Location of Fatigue Cracking In Bottom Critical Sections

Ultrasonic tést "Number 2" provided the first indication of crack-
ing in the bottom critical sections. It was noted that some separation
had occurred between the transverse fillet welds and the ends of the
bottom cover plates, Fig. C-13.

In detecting these cracks the ultrasonic wave was interrupted
and followed a path represented by the double-headed arrows shown.

The resulting peaks displayed on the ultrasonic inspection unit occurred
at points between 2.4 in. and 2.9 in. depending on the girder being
tested. Lengths of these cracks as indicated ultrasonically are shown
in parentheses in Table C-2. At this point there was no apparent crack-
ing of the base metal beneath the transverse fillet welds.

Ultrasonic inspection was continued at the ends of the cover plates
in an effort to monitor the cracking of the welds. Cracking occurred
at all eight bottom critical sections, completely across the Junction
of the fillet welds and the ends of the cover plates (Fig. C-14 and
Fig. C-15). Portions of these cracks turned the corners at the ends
of the cover plates and continued in the fillet welds along the tapered

sections of the cover plates, Fig. C-16. To this point there still

had been no apparent fatigue cracking in the base metal.
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CRACK AT JUNCTION OF
FILLET WELD & COVER PLATE

GIRDER
FLANGE

FIGURE C-14. EARLY CRACK GROWTH IN
TRANSVERSE FILLET WELD

FIGURE C-15. CRACK AT JUNCTION OF FILLET WELD AND COVER PLATE,
SECTION 6.1B
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SECTION 6.18
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Figure C-17 clearly shows the manner in which the cracks in the
fillet welds eventually entered the base metal. The cracks traversed
those portions of the fillet welds that ran along the tapered sections
of the cover plates, and entered the base metal directly beneath the
welds. This was the case for all eight bottom critical sections.

The only notable differences were the positions along the tapered
portfons of the cover plates at which the cracks entered the base metal
and the extent of the base metal fatigue cracking.

For the most part, beyond ultrasonic test "Number 6", Table C-2
is a log of fatigue crack growth in the respective girder flanges.

It can be seen from Table C-2 that sections 2.28, 6.1B and 6.2B exhibited
the largest amounts of fatigue crack growth. This fatigue crack growth
is displayed for the three respective sections in Figs. C-18 through
C-26. Observation of the fatigue cracks was enhanced through the aid

of dye penetrant. Note the locations at which the fillet weld cracks

entered the girder flanges.

C.5.3 Location of Fatigue Cracks In Top Critical Sections

It had been determined prior to the full scale fatigue test that
the top flanges were not as susceptible to fatigue cracking as were
the bottom flanges, the measured teéf stress ranges were even smaTle;
than those that were predicted prior to the full scale fatigue test.

Therefore, ultrasonic inspections were stopped after the first inspection.




FIGURE C-18. SECTION 2.2B AT 337,500 CYCLES

FIGURE C-19.

SECTION 2.2B AT CONCLUSION OF FATIGUE

TEST
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FIGURE C-20.

FIGURE C-21.
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FIGURE C-22. SECTION 6.1B AT 402,000 CYCLES

FIGURE C-23.

SECTION 6.1B AT CONCLUSION OF FATIGUE TEST

——



FIGURE C-24. SECTION 6.2B AT 337,500 CYCLES

FIGURE C-25. SECTION 6.2B AT 402,000 CYCLES




¢ 32

SECTION
NUMBER
2.1 A 6.2 A
TEST
NUMBER
i 0.00 0.00
12 6.02 6.25
|13 6.32 6.65
I4 7.65
15 8.80
16 FAILURE
17 8.32
' FAILURE
FINAL 462 KC

CRACK SIZE = INCHES

KC = KILOCYCLES

TABLE C-3. ULTRASONIC CRACK MEASUREMENTS
AT TOP CRITICAL SECTIONS
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However, it was visually observed that at 415,500 cycles the top flanges
were experiencing fatigue cracks at the ends of the cover plates.

At this point during the test the loading of the bridge was stopped

and a full ultrasonic inspection was performed on the top critical
sections. Results of this and subsequent inspections are listed in
Table C-3.

The cracking at the top critical sections was ultrasonically indi-
cated to originate in the vicinity of the fillet welds which were used
to connect the cover plates and the shear connectors to the girder
flanges, Fig. C-12. Growth of the cracks proceeded outward toward
the flange tips, and down the web in a direction toward the battom

flange, Fig. C-27 and Fig. C-28.

FIGURE C-26. SECTION 6.2B AT CONCLUSION OF FATIGUE TEST
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€C.5.4 Additional Fatigue Cracking

At approximately 373,500 fatigue cycles, the Butler-County bridge
experienced a fracture at section 4.2B. The section had been subjected
to a minimum stress of 0.0 ksi and a maximum stress of 32.3 ksi includ-
ing ballast and dead load. No ultrasonic inspections had been performed
at section 4.2B because the predicted Tife of this plain rolled beam
was approximately 1.25 million cycles.

Fatigue cracking initiated at one of the heat numbers which had
been rolled into the bottom flange, Fig. C-29. Heat numbers were spaced
at 36 in. for the entire length of the bridge girder.

The failed section was removed and replaced with a bolted repair
splice. A thorough ultrasonic inspection was conducted on the bottom
flanges of all four girders for several feet on each side of section
4 but no additional cracking was detected. These regions were monitored
frequently during the remainder of the test but no cracks were found.

At 470,400 fatigue cycles a second complete fatigue failure occurred.
Fatigue cracking had initiated at the heat number, 36 inches to the

west of section 4.28, Fig. C-30.

C.5.5 Ultrasonic Flaw Size vs. Actual Flaw Size

Sections 6.2B and 2.2B were separated in the laboratory to expose
and measure the fatigue crack surfaces. Comparisons were made between
the last ultrasonic crack measurements and the laboratory measurements.
Three of the four comparisons shown in Table C-4 were in close agree-

ment., The crack on the north side of section 2.2B was ultrasonically
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2/1424,.0-/8

FIGURE C-29. FATIGUE CRACK INITIATION
AT SECTION 4.28B

FIGURE C-30. FATIGUE CRACK INITIATION
36 INCHES WEST OF SECTION 4.2B

ey
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TABLE C-4
ULTRASONIC FLAW SIZE vs. ACTUAL FLAW SIZE

Flaw Size at End of Test

ULTRASONIC LABORATORY

SECTION MEASUREMENTS MEASUREMENTS
2.2B N 0.60 1.00
2.2B S 3.50 3.50
6.28 N 0.80 0.80
6.2B S 1.75 2.00

N = North side of girder flange

S = South side of girder flange
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measured to be 0.6 in. long, however, the crack was actually 1.0 in.
long. When examining a crack of this size directly beneath a fillet
weld, portions of the ultrasonic wave become attenuated. This attenuated
signal may have resulted in the 40 percent difference between respective

measurements.
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APPENDIX D
EXPERIMENTAL SETUP

D.1 INTRODUCTION

This appendix is concerned with the experimental setup which was
employed during both the fatigue and dynamic test phases of the three-
span composite highway bridge field tests. The vibration excitation
systems, transducers, and electronic .data acquisition systems employed
during these field tests are presented here in detail. Additional in-
formation on the experimental setup employed during the dynamic tests

is contained 1h reference(A]).

D.2 VIBRATIONAL EXCITATION SYSTEM

A1l of the field tests employed a closed-loop electrohydraulic
structural vibration system. The vibrator was constructed by attaching
weights to the piston rod of a servo-controlled hydraulic actuator. The
closed-Toop system provided complete control of stroke or acceleration

and frequency of the hydraulic actuator which was a critical requirement

of the field tests.

- The hydraulic actuator was mounted in the center of a load distribu-

tion frame as shown in Fig. D-1. The load distribution frame was used
to distribute the static and dynamic loads to the two Interior girders
and was tied down to these girders during the fatigue tests. However,
the Tead distribution frame was not tied down to the bridge during the
dynamic tests. This was possible since the maximum accelerations of the
bridge deck during the dynamic tests never exceeded 0.16 g's.

The Tocation of the hydraulic actuator and load distribution frame

during both the fatigue test and dynamic tests are shown in Fig. 1-5.

g1
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D.2.1 Ballast

During the fatigue test each span of the bridge contained 40 kips of
ballast consisting of four 10 kip concrete modules arranged on the spans
as indfcated in Fig. 1-5. The concrete modules were composed of four
2.5 kip reinforced concrete slabs mounted on wooden blocks. The concrete
modules were secured fo the bridge deck by a chain attached to anchors in
the deck to prevent their movement during the fatigue test. The methed
of support and anchoring of the ballast was chosen to minimize the effect

of the modules on the stiffness and damping characteristic of the bridge.

D.2.2 Moving Weights

The moving weights employed during the investigation were fabricated
from 36 in. x 36 in. by 1 1/4 in. steel plate. Twenty-one weights were
used during the fatigue test, which in additfon to the weight of the actuator
rod plus other attachments gave a total moving weight of 9,760 1bs. The
total moving weight during the dynamic tests was 1,115 1bs., which con-

sisted of two weights, actuator rod plus other attachments.

D.2.3 Hydraulic and Electronic Control Systems

The vibration excitation systems employed for the fatigue tests and
the dynamic tests are respectively shown in Figs. D-2 and D-3. Each of
the vibration excitation systems consisted of a hydraulic section and an
electronic control section. The hydraulic section, which was the same
for both vibration excitation systems, was composed of two 35 gpm, 3,000 psi
hydraulic power supplies, two 60 gpm hydraulic control manifolds, a

90 gpm high performance servo-valve and a 25 kip hydraulic actuator.
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The electronic section for the dynamic tests was basically a closed-
loop (feedback) electronic control system that was cépab]e of automatic
closed-Toop control of the excitation force. Control of the excitation
force was achieved by controlling the relative acceleration of the
"moving mass" with respect to the base of hydraulic actuator. The elec-
tronic control system contained main and secondary control loops in
which the main control Toop was composed of an amplitude controller and
the relative acceleration. The secondary control loop was composed of
a servo-controller and an LVYDT.

The electronic control system for the fatigue test differed from
the electronic control system for the dynamic tests in that there was
only a single control-loop, which provided closed-loop control of the
stroke of the actuator. Control of the stroke of the actuator proved
to be satisfactory for achteving and maintaining the excitation levels

needed to conduct the fatigue test.

D.3 TRANSDUCERS

D.3.1 Accelerometers

Two piezoresistive 25-g accelerometers were used only during the
dynamic tests. One of the 25-q accelerometers was attached to the top
of the "moving mass" as shown in Fig. D-3. The function of this acceler-
ometer, denoted as the control accelerometer, was to sense the absolute
acceleration of the "moving mass". The other 25-g accelerometer was
located on the test frame near the base of the hydraulic actuator as
illustrated in Fig. D-3. This accelerometer, called the reference
accelerometer, sensed the absolute transverse acceleration of the bridge

deck at the Tocation of the test frame. The relative difference in the
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acceleration sensed by the control and reference accelerometers was used

to control the excitation force being applied to the bridge.
Servo-accelerometers were used to sense transverse accelerations of

the bridge during the dynamic tests. The type of servo-accelerometers

employed was based on the "Q-flex" design and had a range of + 15 g's,
The locations where acce]erometér measurements were made during

the dynamic tests are given in Fig. 1-8.

D.3.2 Deflection Gauges

Double cantilever beam type deflection gauges were designed for this
study to sense the transverse dynamic deflections at various locations on
the bridge during both the fatigue and dynamic tests. The deflection gauges
were attached to the underside at the bottom flange of_the bridge girders
and were located parallel with the girders as shown in Fig. D-4. The ten
locations chosen for the deflection gauges are illustrated in Fig. 1-7.

As illustrated in Fig. D-4, the deflection gauges were predeflected
by pulling the free ends of the gauges downward five inches from their
initial straight position and then securing the free ends of the gauges
in this position by means of a music wire which was attached to an earth
anchor. The electronic sensing element employed for the def]éct1on gauges
was a Wheatstone bridge composed of four 120 chm strain gauges arranged

in such a manner that only bending strains could be detected.

D.3.3 Strain Gauges

The strain gauges utilized for this study were 120 ohm gauges and they
were attached to the bridge with an epoxy adhesive after proper prepara-

tion of the surface of the steel girder 1n accordance with Micro-Measurement

Instruction Bulletin B-137-3 dated August 1974.
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The locations of the strain gauges on the bridge girders and on re-

inforcing bars in the bridge deck are shown in Fig. 1-6.

D.3.4 LVDT

The hydraulic actuator had a LVDT located inside the static position-
ing chamber which sénsed not only the static position of the actuator rod,
but also its dynamic displacement. A description of the function of the
LVDT in the feedback Toops of the control systems associated with both

the fatigue and dynamic test is contatned in Art. D.2.3.

D.3.5 OC Differential Transformer

Six DC differential transformers (DCDTs) were mounted on the bridge at
the field splice locations 1n the east end of the bridge as illustrated in
Fig. D-5. The DCDT's were attached between the bottom of the bridge deck
and the top flange of a girder as shown in Fig. D-6. The DCDT was used

to measure the slippage between the deck and a girder at a field splice

location.

D.4 ELECTRONIC DATA ACQUISITION SYSTEMS

This section presents the data acquisition systems used during the
field tests. The presentation is broken down into a separate discussion
of the signal conditioning systems employed for the accelerometers, strain
gauges, deflection gauges, DCDTs and LVDT. The presentation concludes with a
discussion of the data recording and monitoring systems utilized through-

out the field tests. A photograph of the data acquisition system 1s shown
in Fig. D-7.
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D.4.1 Signal Conditioning System

D.4.1.1 Accelerameter System

Two different signal conditioning systems were employed for the
piezoresistive and servo-accelerometers. One system was used only for
the sweep test and the other system was used with the Transient Response,
Normal Mode and Frequency Response Curve Tests., Schematics of the two
respective signal conditioning systems are given in Figs. D-8 and D-9,

It was necessary during the dynamic tests to filter the accelero-
meter signals. The signals from the servo—acce]efometers were filtered
with a low-pass filter with unity gain having a cut-off frequency of
10 Hz. As illustrated in Fig. D-8, the conditioned signals from the
two piezoresistive accelerometers were fed to a difference junction
whose output was the relative acceleration between the attached weights
on the hydraulic actuator and the bridge deck. The relative acceleration
signal was filtered by means of a tracking filter set for unit gain. The
tracking filter used a 2.0 Hz bandpass filter with the centering frequency
furnishéd'by the sweep oscillator contained in the vibration excitation
control system. During dynamic test No. 4, the tracking filter was re-
placed because of a malfunction with a Tow-pass filter with unity gain

having a cut-off frequency of 10 Hz.

D.4.1.2 Deflection and Strain Gauyges

The deflection gauges and 8 channels of the strain gauges were signal
conditioned with a signal conditioning system furnished by the FHWA as
i1lustrated in Fig. D-10. The 8 strain gauges connected to the FHWA
System are those at sections 2 and § on the concrete deck. The sig-

nals from the FHWA system were fed to a specially modified 100-channel
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data acquisition system to be recorded. This recording system is dis-
cussed 1n Section D.4.2.17.

The remaining 60 channels of strain gauges were signal conditioned
with the signal conditioning section of the 100-channel data acquisi-

tion system as illustrated in Fig. D-10.

D.4.1.3 LVDT
The LVDT located in the base of the hydraulic actuator was signal
conditioned with an AC transdycer conditioner. The LVDT conditioned

signal was recorded during some parts of the first dynamic test.

D.4.1.4 DCDT
The DCDT's were powered by the 100-channe] data acquisition system
as 11lustrated in Fig. D-10. The output signal from the DCDT's was fed

back to the 100-channel unit to be recorded without further signal con-

ditioning.

D.4.2 Data Recording Equipment

Three different data recording systems were employed during the
field tests and they consisted of two separate digftal recording sys-

tems, and an oscillograph system,

D.4.2.1 Digital Recording System

The primary digital recording system for the dynamic tests con-
sisted of an analog to digital converter and a tape transport as shown
in Fig. D-11. The analog to digital (A-D) unit converted a contfinuous

analog signal into its discretized digital equivalent. The magnetic
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tape drive unit wrote the discretized value onto a 9-track magnetic tape
at a density of 800 bits per inch, a block size of 2,048 bytes and 12 bit
binary. The two units used together formed a multi-channel, variable sam-
ple rate A-D recording system. Ouring the dynamic tests, up to 5 channels
of data were automatically scanned and sampled at a preselected rate of
70 or 100 samples per second.

The second digital recording system was a 100-channel data acquisi-
tions system which was modified to be controlled by a Mini-Computer. A
schematic of this system is shown in Fig. D-10. Each channel of this
system was sequentially monitored by a channel scanner which was con-
trolled and activated by a software program within the mini-computer. The
signal from the channel scanner was fed to a filter, set up as a 16 Hz low-
pass filter with unity gain. The analog output from the filter then went
to a Peak Detector and Digital Indicator which detected either the maximum
or the minimum peak of the analog signal. The peak value of the analog
signal was then stored in digital form in the storage buffer of the mini-
computer. When the required number of channels had been scanned and the
peaks stored in the mini-computer's storage buffer, the digital recording
system was then ready to output the data to a teletype which was equipped
with a standard line printer and a paper tape punch. The software pro-
gram of the mini-computer controlled the rate of output from the storage

buffer and formatted the data for the teletype.

D.4.2.2 0scillograph

A light-beam type oscillograph was used to obtain a graphical analog
record of the signals from the accelerometers. The analog signals to the

oscillograph were signal conditioned with a OC power amplifier in order
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to accentuate the analog signals for proper graphical display on the
strip chart and to provide the necessary current to drive the galvan-

ometers.

D.4.3 Resonance Monitoring

The principle used for the detection of a resonant frequency was
based on the 90° phase relationship that must exist between the steady-
state harmonic excitation applied to the bridge by the hydraulic actua-
tor, and the corresponding response at resonance. This phase relation-
ship was established during the field tests with a Lissajous diagram.

The Lissajous diagram was displayed cn a dual beam oscilloscope. The
signals associated with the LVDT, located 1n base of the hydraulic actua-
tor, and a single deflection gauge connected to the oscilloscope as shown
in Fig. D-12 were used to obtafin the Lissajous diagram. The def]ect1oh
gauge located on the south exterior girder of the center span, transverse
positioﬁ 1 1n Fig. 1-7, was used to obtain the Lissajous diagram in Ist
bending and 1st torsion during the dynamic tests and also during the

fatigue test. In 2nd bending, during the dynamic tests, the deflection

gauge located on the south exterior girder of the west end span, trans-

verse position 1 in Fig. 1-7, was used to obtain the Lissajous diagram.
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APPENDIX E
ACOUSTIC EMISSION

E.1 INTRODUCTION

Acoustic emission sensors were utilized to monitor the growth
of fatigque cracks in the bridge girders during the fatique test. The
intent in this study was to use off-the-shelf acoustic emission equipment
which was readily available. Acoustic emission techniques have been
successfully applied in testing pressure vessels, wire rope and gas

pipe]ines(E]).

Work has been done at Battelle-Northwest to determine
the applicability of acoustic emission techniques to assess the structural
integrity of bridges(E1).

The cdncept of using acoustic emission to detect structural de-
gradation in a bridge is promising. When a structure is under load,
elastic stress waves called acoustic emissions are generated by plastic
deformations which occur at imperfections in the material. These emissions
can be detected by a piezoelectric sensor. The analog signals from
the sensor are amplified and recorded in a form convenient for further
analysis. In a bridge structure, one place these deformations can occur
is at flaws in the weldments.

However, there are inherent problems in monitoring low level

stress waves associated with the micro fracture events induced by fatigue

loading and at the same time eliminating the background noise. Two

E 1
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procedures used in the test to eliminate extraneous noise were gating
and filtering of the analog signal. The filtering was done electroni-
cally at the amplifier stage. Also, at the outset of the acoustic

emission monitoring, the incoming signal was gated, or inhibited, aver

a portion of the fatigue cycle.

E.2 EXPERIMENTAL PROCEDURE

The acoustic emission equipment for the test was leased from the
Trodyne Corp. A block diagram of the equipment is shown in Fig. E-1.
Eight sensors were used to monitor the acoustic emissions in the critical
fatigue regions in the end spans of the bridge. Each sensor was clamped
to the bottom flange of a stee] girder within six in. of the end of
@ cover plate. Sensors 1, 2, 3 and 4 were in the west end span and
sensors 5, 6, 7 and 8 were located in the east end span. Figure 4-2
in Art. 4.4 shows the locations of the eight sensors. In operation,
the sensors were individually monitored by manually switching the gang
signal adaptor. Fourteen sets of data were recorded during the course
of the fatigue test. For each sensor an amplitude count of acoustic
emission per second was made over a time interval of 150 seconds.

The amplitude counts vs. time were recorded on an xy plotter. During
the fatigue test the frequency of the ballasted bridge changed from

2.32 Hz at the outset of the fatigue test to 1.93 Hz at the conclusion
of the fatigue test. In the time interval of 150 seconds during which

acoustic emissions from each sensor were recorded, the bridge underwent



£ 3

GANGED
AE SENSOR [—™ PREAMPLIFIER —— SIGNAL
ADAPTER
_INPUT
EXTERNAL
AMPLIFIER ™ PROCESSOR INHIBIT
SIGNAL
SUPPLY
l |
DISPLAY LIN=-
- RATE
XY PLOTTER
FIGURE E-1. BLOCK DIAGRAM OF ACOUSTIC EMISSION SETUP



E 4

approximately 300 cyc]es of vibration. The analog acoustic emission
signals were amplified with gains ranging from 72 to 82 db to accommodate
the ordinate values on the xy plotter. The filter was set to band
pass frequencies in the 100 KHz to 400 KHz range. The resonant fre-
quency of a sensor was 230 KHz.
In addition to being amplified and filtered, the analog signal

- was conQerted to an amplitude count which is analogous to a count of
the oscillations in the sensor. The sensor converts low-level stress
waves to transient electrical signals corresponding to the resonant
oscillations of the piezoelectric element in the sensor. The amplitude
count is based on a measured time interval which is proportional to
the peak amplitude of the oscillations of the piezoelectric sensor.

| Acoustic emission monitoring was initiated when the brﬁdge had
already atcumu]ated 56,000 fatigﬁe cycles. Prior to recording acoustic
emission data, the signal was displayed on an oscilloscope. - This re-
vealed that during a portion of the bridge vibration cycle the acoustic
emission signal appeared to contain a repetitive noise. The noise
was thought to be due to the cyclic loading equipment. The repetitive
signal was evident when the center span of the bridge was in ité most
upward position. Consequently the acoustic emission count was inhibited
over that part'of the vibration cycle. A deflection gauge at midspan
in the bridge was used to sense the portion of the cycle over which

the acoustic emission count was gated or inhibited.
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At 315,000 fatigue cycles the acoustic emission signals were found
to be completely blocked out over the ehtire cycle. As a consequence,
‘the inhibit circuitry was disconnected from the set up. Amplitude
counts at 315,000 fatigue cycles and thereafter were made over the

entire vibration cycle.

E.3 RESULTS

The xy graphs of amplitude count vs. time did not display the
data in a form convenient for evaluating probable crack growth in the
welds and base metal where the cover plates terminated. Hence the
amplitude counts for each sensor were digitized and a mean value and
standard deviation were calculated. The mean values for each of the
14 data sets for the eight sensors are shown in Figs. E-2a, E-2b,

E-2c and E-2d. A comparison was made between the variations in ampli-
tude count at a particular location and the crack growth as determined
Vfrom the log of the ultrasonic inspéctions. There does not appear
to be any positive correlation between the acoustic emission count

and the crack growth based on ultrasonic measurements.

~ However, Figs. E-2a through E-2d show that the amplitude count from

all sensors was at its maximum value at 370,000 cycles. This is attri-

buted to the fracture that was occurring at midspan in the south exterior

girder. The peak values for sensors 2 and 6 are slightly higher than
those for the other sensors. Sensors 2 and 6 were located on the south

interior girder approximately 60 ft. from the location of the impending

fracture.

i
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E.4 DISCUSSION OF RESULTS

The growth of fatigue cracks in the critical fatigue regions
under cyclic loading was not discernible with the acoustic emission
setup used in the bridge test. There are several factors which may
have contributed to the lack of correlation between measured crack
growth and acoustic emission count. The rate of crack growth was
relatively slow. Consequently, the corresponding emission signal
is known to be low and may'even disappear. Extraneous noise from
the hydraulic actuator and the movement of the bridge on its rockers
and hinges at the supports tend to hinder the detectability of the
acoustic emission signal. The repetitive noise observed in the signal
at the outset of the acoustic emission measurements may have been
due to the cracking of the concrete deck and curb. Concrete undergoing
permanent deformation is reported to have emission sjgna]s that are
higher than those from most metals.

A1l eight sensors were able to detect the critical crack growth
at midspan in the bridge. The high level of signal recorded at the
sensors located on other girders indicates that the stress waves radiating
from that fracture were not significantly attenuated.

The use of acoustic emission sensors to monitor fatigue crack
growth 1in bridges has some potential. One of the shortcomings observed
from the results of the setup used in this study could be overcome
by using triangulation procedures to determine the location of the

cracks within a structure. Instrumentation to discriminate between




E N

extraneous noise and the desired acoustic emission signal is sorely
needed. A further refinement which would provide a means of distinguish-
ing between acoustic emission signals from concrete and steel would

also prove useful.

[N
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APPENDIX F

COMPOSITE COMPUTATION

F.1 INTRODUCTION

Strain gauges on the top and bottom flanges of the steel girders
at seven sections across the bridge were scanned and recorded reqularly
during the fatigue loading. These readings were made with the aid
of a peak detector so that only the maximum and minimum strain values
during a load cycle were recorded. By assuming that the top and bottom
gauges on a given beam both reached extreme values at the same instant
and properly matching maximum and minimum values, it was possible
to find simultaneous strain readings in the top and bottom flanges
at the instant of maximum positive bending and the instant maximum
negative bending. From these measured strains, it was possible to
calculate maximum and minimum fiber stresses in each flange of each
girder. It was also possible to determine a great deal about the

degree of composite action at each of these sections.

F.2 ANALYSIS

The composite analysis is based on the following assumptions:
1. The behavior of the girders under test loading was essentially

elastic.

2. Plane sections in the steel beam remain plane after bending.

F 1

B
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3. Plane sections in the slab and curb (if present) remain
plane after bending.
4. An unknown amount of slip occurs at the interface between
the slab and steel girder thereby producing a discontinuity .
in the strain distribution across the composite section.
5. The slab and girder remain in contact at all points thereby
producing essentially the same curvature in the steel beam
and the sTab.
From elementary strength of materials it can be shown that the curvature
of a homogeneous prismatic beam at any section is equal to the strain

gradient and referring to Figure F-1, it is clear then that:

SR] - 5R2 ( )
G = —— & F.l
. db - th

where SR, and SR, are the strain readings from gauges 1 and 2, res-

pectively, db is the depth of the steel beam, and tf is the thickness
of the beam flange.

Definition of terms:
Ab = Cross sectional area of steel beam

€ = Axial force in slab and curb (if curb is present)
db = Depth of steel beam

dC = Distance from centroid of steel beam to centroid of
slab and curb (if curb is present)

E Modulus of elasticity for steel and transformed
section, 29 x 106 psi
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Ib = Moment of inertia of steel beam

Ieff = Effective moment of 1nert1a for composite section
during test.

ItS = Transformed moment of inertia for slab and curb

Mb = Moment necessary to produce measured curvature in
steel beam

MS = Moment necessary to produce measured curvature in
slab and curb (if curb is present)

Mt = Total moment in composite beam

SG = Strain gradient or curvature

SR] = Strain reading from gauge |

SR2 = Strain reading from gauge 2

T = Axial force in steel beam

tf = Flange thickness.

Extreme fiber strains in the top and bottom flanges were calcu-
lated by extrapolating the strain gradient line to the surfaces of

the flanges and the extreme fiber stresses are given by:

Bottom flange

Extreme fiber stress = (SR1 + SG tf) ES (F.2)
Top flange
Extreme fiber stress = (SR2 - SG tf) ES (F.3)

where E. 1s the modulus of elasticity for steel. Since the steel
section has a horizontal axis of symmetry and the two strain gauges

are placed symmetrically about this axis, the axial force in the steel

beam is given by:
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SR, + SR

T (B e (F.4)

where Ab is the cross sectional area of the steel beam. In order
to satisfy horizontal equilibrium in the beam, C must equal and form
a couple with T.
Again from elementary strength of materials for an elastic homogenous

beam, the curvature is equal to M over EI, or:

o = S8 (F.5)

where M and 1 are the applied moment and moment of inertia respectively.

From this it follows directly that:

Mb = SG ES Ib (F.6)
where Ib is the moment of inertia of the steel beam, and:

Ms = 5G ES ItS (F.7)

where Its is the transformed moment of inertia for the slab and curb.
If all the slab and curb are in compression or if it is assumed

that the concrete can carry tension, calculation of the moment of

inertia and centroidal location for the slab and curb is a straight-

forward process. However, if part or all of the concrete area is

in tension, and the concrete is assumed to be incapable of carrying

tension, the moment of inertia and location of the centroid become



F 6

a function of the axial force C, and their calculation becomes somewhat
more laborious. Because there has been some speculation that concrete
deck slabs do in fact carry some tension, the program for data analysis
was set up so that calculations could be made either on the assumption
that concrete carries tension or that concrete carries no tension,
by inserting an operating parameter.

The total moment in the section then, is the sum of the moment
in the steel beam, moment in the concrete deck, and the couple consisting

of ax1a1‘forces in the steel beam and deck.
Myo= M+ M+ (T x d) (F.8)

where dC 1s the distance between the centroid of the steel beam and
the centroid of the deck with or without the curb as the case might
be. Finally, it follows from Eq. F.5 that the effective moment

of inertia in the bridge under test loading is given by:

leff = E_ 55 (F-9)

These calculations were carried out for each girder at each of
the seven instrumented sections for more than 100 data scans during
the course of the fatigue test. In each case calculations were made
for both the positive bending dnd negative bending halves of the loading
cycle. Results were then plotted as a function of load cycles 1in

order to observe changes in the behavior during the test.
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Although the computer program was written so that the concrete
could be considered to carry tension, or not, it turns out that for
practical cases this assumption makes very little difference in the
analysis. This is because in Eg. F.8 the Ms term is very small
compared to the other two terms. Most of the contribution from tension
in concrete appears in the T times dc term which is automatically
accounted for by the strain gauge measurements. Because this difference
is so small, results for on]y one of these assumptions are presented.
The assumption of a cracked section for calculating an Ms was used

because this gives slightly more conservative results.

F.3 RESULTS

During the first several cycles of loading, the results tended
to be somewhat erratic. This may have been partly due to some initial
noise problems in the instrumentation. However, there is also strong
evidence that the slab was nearly intact at the beginning of the test
and there was progressive cracking during the first several thousand
cycles. Because of the data sampling sequence significant changes
in the cross section during a period of two or three minutes could
have produced considerable scatter in the data.

By the end of 80,000 cycles, visual observations indicated that
cracking had stabilized and the calculated moments of inertia became
much more uniform. Except for the sections that actually fractured,
there was very little change in these calculated effective moments

of inertia during the remainder of the tests.

p——
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Table F-1 shows a comparison of thege effective values with
various calculated values. Missing entries in the table indicate
strain.gauges that became inoperative during the test.

It is clear that the curbs on girders 1 and 4 make a very large
contribution which is not accounted for in design. There is also
a significant degree of composite action even in those regions which
contain no shear connectors, This, of course, is due to the fact
that continuous reinforcing bars passing through these regions are
anchored by the shear connectors in the positive moment regions.

The high degree of composite action at the critical sections accounts
for the fact that the stress ranges in the top flanges of those sec-
tions were subjected to much lower stress ranges than had been calcu-
lated. Load amplitude waé controlled so as to make the stress ranges

in the bottom flanges of these critical sections equal to the desired

levels.




TABLE F-1 MOMENTS OF INERTIA

CALCULATED EFFECTIVE VALUES FROM TEST
Fully Cracked Non- Design Positive Bending Negative Bending
Composite Slab Composite
. ) I Percent of Percent of
SECTION GIRDER Composite | eff. Design Des ign
. Span 1 1 16235 5898 3989 10422 15000 144 10800 104
Midspan 2 12863 5299 3989 11828 12900 109 8800 74
3 12836 5299 3989 11828 12700 107 9700 82
4 16735 5898 3989 10422 15000 144 10700 103
. Critical 1 15788 5744 3989 3989 11100 278 6900 173
Section 2 13095 5671 4461 4461 11000 247 6800 152
Span 1 3 13095 5671 4461 4461 11400 256 7000 157
4 16021 5782 3989 3989 12600 316 6500 163
. First Pier 1 22922 9919 7429 7429 11100 149 9200 124
2 20194 10825 8671 8671 13500 156 11900 137
3 19899 10770 8671 8671 17700 204 12500 144
4 23238 9974 7429 7429 12700 171 10400 140
. Center Span 1 17606 6037 3989 11587 15800 136 8500 73
Midspan 2 13706 5431 3989 12226 12800 105 8200. 67
3 13484 5398 3989 12226 12800 105 8000 65
4 17727 6058 3989 11587 15900 137 9100 79
. Second Pier 1 22610 9865 7429 7429 11700 157 10000 135
2 20194 10825 8671 8671 13000 150 10900 126
3 19899 10770 8671 8671 14400 166 11300 : 130
4 23087 9949 7429 - 7429 13900 187 11300 7 152
. Critical 1 15788 5744 3989 3989 12400 311 6600 165
Section 2 13095 5671 4461 4461 8800 197 6700 150
Span 3 3 12767 5625 4461 4461 - o= -- --
4 15908 5764 3989 3989 - -- _ -- -~
. Span 3 1 16620 5878 3989 10422 15500 149 8300 80
Midspan 2 12946 5316 3989 11828 12100 102 -- --
3 12416 5235 3989 11828 - -- -- --
4 16143 5802 3989 10422 14800 142 9500 91

— ———y —_ —— i [ p—— e ——



APPENDIX G
A FATIGUE ANALYSIS OF FIELD DATA

G.1 INTRODUCTION

Fatigue cracks initiated at the heel of the welds at the joints
between the weld and the end of the cover plate. These cracks then
propagated around the end of the cover plate until at some point they
turned into the fillet weld and subsequently entered the base metal
of the bottom flange. The fatigque crack. growth which occurred in
the base metal during the fyll-scale fatigue test deyé]oped into ellipti-
cally shaped flaws. The depth of flaw to width of flaw ratio is shown
in Fig. G-1. Figure G-2 shows actual fatigue crack characteristics
during the early stages of growth. The flaw shown arrested at approxi-
mately 402,000 cycles but is a good example of the type of growth
experienced by the bottom critical sections. Also shown is the weld
flaw which probably caused the fatigue crack to turn into the weld
at this location.

Figures G-2 and G-3 display radial color variations of the fracture
surfaces. These variations termed "beach marks" are characteristic
of fatigue crack growth and are thought to indicate the points at
which the cracks temporarily ceased to grow. The discoloration is
primarily due to the different rates of oxidation at the fracture

surface as the fatigue crack propagates. However, attempts to correlate

G 1
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FIGURE G-1. ELLIPTICAL FATIGUE CRACK
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FIGURE G-3. "BEACH MARKS, SECTION 2.2B
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FIGURE G-4. BEACH MARKS, SECTION 6.18
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these beach marks with measured crack lengths and test load history
were only partially successful.

Figure G-4 is a photograph of critical section 6.1B. The figure
shows various stages of beach marking, but because the section was
subjected to such high compressive stresses, burnishing of the surface

caused the beach marks to be somewhat obscured.

G.2 APPLIED STRESSES AT CRITICAL SECTIONS

Strains were measured by electrical strain gauges located on the
inner flange surfaces, five inches from the ends of the top and bottom
cover plates. The recorded data were comprised of peak values of
maximum and minimum strains with tensile strains indicated as positive
values and compressive strains indicated as negative values. In the
following discussion the word maximum implies, algebraically maximum
values,

The resulting data were extrapolated to determine the strains
at the outer flange surfaces and superimposed on the measured ballast

dead load and the computed bridge dead 1oad(GI)

. Figqures G-5 through
G-9 show representative plots of maximum, mean and minimum stresses,
plus appropriate ultrasonic inspection intervals and maximum base

metal fatigue crack sizes for the critical sections.

G.2.1 Loading at Critical Sections

The top critical sections were subjected to a tension to tension

fatigue loading (Table G-1). The average maximum stresses ranged

P -
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SECTION
N UMBER N
*¥21 A 2.2A|l 2.3A] 2.4A| 6.1 A|T6.2A

STRESS

- MAX

(KS1) 14.57 15.18 14,57 13.64 | 15.33 1 4.74

MIN

(kst) 5.11 5.92 6.41 6.35 6.07 6.17
MEAN

(KsI) 9.84 10.55 10.49 | 10.00 10.70 10.46
R(';;g,‘)"": 9.46 9,26 8.16 7.29 9,26 8.57

¥SECTION FAILED

TABLE G-1. AVERAGE FATIGUE STRESS OVER TEST RANGE FOR TOP CRITICAL SECTIONS _

oL 3



SECTION
NUMBER

2.8 | 228 | 2.3B| 24B |*.1B | 6.2B| 6.3B| 6.48
STRESS
(';f;‘,S( 355 | 2.07 | 158 .63 | 3.28 | 2.64 | 1.85 1.83
(“;'('5'3 -21.70 | -2040 | -19.52 |-18.76 [-19.98 | -18.92 |-I1815 | -I8.06
“("KES’:‘)N -0.08 | -9.17 -8.97 | -8.57 | -8.30 | -8.14 | -85 | -8.2
R("}’;NS%E 2525 | 22.47| 21,10 | 2039 | 2336 | 21.56 | 20.00 | 19.80

*SECTION FAILED

TABLE G-2. AVERAGE FATIGUE STRESS OVER TEST RANGE FOR BOTTOM CRITICAL SECTIONS

L




~ from 13.64 ksi to 15.33 ksi, while the average minimum stresses ranged
from 5.11 ksi to 6.41 ksi. The bottom critical sections experienced
an alternating fatigue loading (Table G-2). The average algebraically
maximum stresses ranged from 1.58 ksi to 3.55 ksi, while the average
‘algebraically minimum stresses ranged from -18.06 ksi to -21.70 ksi.
The stress range for a given section remained relatively constant
throughout the fatigue test. Tables G-1 and G-2 demonstrate the varia-
tions in fatigue stresses between respective critical sections. The
bottom critical sections were subjected to average stress ranges which

varied from 19.89 ksi to 25.25 ksi. The top critical sections were

subjected to average stress ranges which varied from 7.29 ksi to 9.46 ksi.

Thus, stress ranges experienced by the bottom critical sections were

2.6 times those experienced by the top critical sections.

G.2.2 Resi&ua] Tensile Stress

(62) that fatigue cracks occurred

It has been shown in prior tests
in the compression flanges of girders which had fillet weld connected
cover p]ates,_hoﬁever, these fatigue cfacks arrested as soon as they
‘extended beyond the residual tensile stress zones. Cracks at sections
2.18, 2.38, 2.48, 6.38, and-6.4B also arrested after propagating a
short distance from the weld.

Sections 2.2B and 6.2B displayed fatigue cracking which extended

beyond the probable residual tensile stress zones. These two bottom

critical sections were subjected to average maximum stresses of 2.07 ksi
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and 2.64 ksi respectively. However, a combination of the maximum
stresses, the residual tensile stresses, and the stress ranges at
sections 2.2B and 6.2B was not sufficient to cause complete fatigue
failure.

Section 6.1B, which did fail completely in fatigue, was subjected
to a 1arger average maximum stress (3.38 ksi) than were sections 2.2B
and 6.2B. In this case the increase in average maximum stress coupled
with the residual tensile stress and the stress range was sufficient
.to cause complete fatigue failure of section 6.1B.

One bottom critical section did not follow this trend. Section
2.1B was subjected to the largest maximum stress (3.55 ksi) and
the largest stress range (25.25 ksi), yet little fatigue cracking

. of the base metal took place at this section.

G.3 CORRELATION OF TEST RESULTS WITH PRIOR STUDIES

Recent developments in the field of fatigue(Gz’Ga) have indicated
that stress range is the dominant stress variable when dealing with
fatigue crack growth. Data from sections 6.1B, 6.2B and 2.1A were
placed on a plot, Fig. G-10, developed from Fisher's equations for
similar critical sections. This figure implies that with an average
stress range of 23.36 ksi, section 6.1B should have failed at approxi-
mately 115,000 cycles. Figure 4-10 also implies that with average
stress ranges of 9.46 ksi and 9.26 ksi, sectfons 2.1A and 6.2A should

not have failed until 1,970,000 fatigue cycles and 1,830,000 fatigue

cycles, respectively.
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Fisher's experiments included minimum stresses from -6 ksi to
10 ksi, maximum stresses from 10 ksi to 30 ksi, and stress ranges
from 8 ksi to 24 ksi. Table G-2 shows that section 6.1B did not ex-
perience maximum or minimum fatigue stresses within Fisher's experimental
limits. The extended fatigue life of section 6.1B indicates that
the small maximum stress experienced by each bottom critical section
was a significant variable. Had greater maximum stress been developed
in the remaining bottom critical sections, data indicate the possibility
of additional complete fatigue failures.

Table G-1 shows that sections 2.1A and 6.2A experienced fatigue
stresses within Fisher's experimental limits., The brief fatigue lives
of section 2.1A and 6.2A can be partially attributed to the detail
which existed at the ends of the top cover plates. Figure G-11 shows
the toe-to-toe placement of the fillet welds which were used to connect
the cover plates and the shear connectors to the top flanges. The
sharp notch created by the fillet welds caused severe stress concentra-
tions in the tension flanges. There is also some speculation that
girder size may have played a role in the fatigue cracking of the
top critical sections. The girders of the Butler-County bridge were

much larger than those tested by Fisher.
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