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CONCLUSION 

Conventional methods of flood frequency analysis 
often are not suitable for watersheds in which 
conditions are changing with time. For such cases, 
a versatile alternative is time-series analysis, 
which considers the magnitude, the frequency, and 
the sequential order of the flood data. The time
series approach is formulated to reflect the factors 
and circumstances that significantly influence peak 
flows. Consequently, resulting f load estimates are 
representative of prevailing watershed conditions. 
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Dynamics Approach for Monitoring Bridge Deterioration 
H.J. SA LANE, J.W . BALDWIN, JR., AND R.C. DUFFIELD 

In conjunc:tion with a fatigue test of a fu ll·scalo in si tu th ree-spa n highway 
bridge, an invest igation was undertaken to evaluate the uso of changes in 
dyna mic propert ies of tho bridgo as a possi ble means of detecting siructural 
deterioration due to fatigue cracks In the girders. Cyclic·loading tens ltran· 
siont and stoady-sta lel were conducted to dot.ermine the changes in dynamic 
properties. The loading wos imposed by a movi ng-mass. closed·loop electro· 
hydraulic aatuator system. Several difforent dyna mic tesu woro employed in 
the Investigati on to determine the modal viscous damping ratios, stiffness, 
and mochanica l impedance of tho bridge at se lected inconals during the fa t igue 
loading. Acoustic emission u nsors were also used to monitor the growth of 
fat igue cracks in tho girders. Tho resu lts show that changes in the bridge stiff· 
ness and vibration signatures in the form of mechanical-Impedance plots are 
indicators of structural deteri oration caused by fa tigue. Stiffness coofficionts 
we re calculated from th e experimental mode shapes on tho basis of a multi· 
degree-of.freedom system that uses modified coupling. The average reduc:tion 
In stiffness wu approxi mately 20 percent. This reduction was attributed to 
the combined deteriorat ion of tho bridge dock end steel girders, Mechanical· 
impedance plots were made from frequency -swee p tests, which included fi ve 
resonant modes. Early changes In the mechanical-i mpedance plots were re
lated to t he deteriorat io n of tho bridge deck. Subsequent changes In those 
plots correlated with the fatigue cracking in tho steel girders. An evaluation of 
the acoustic emission data showed that t he sensor> were able to detect the 
rapid critical crack growth in one girder. 

At this time there is a substantial amount of re
search under way on the techniques used for monitor
ing structural deterioration . The types of tech
niques may be broadly classified under the following 
categories--nondestructive-testing methods and 

vibration-response methods. Much of the recent 
development in vibration-ana1ysis techniques for 
monitoring structUial integrity (!_-!l stems from the 
needs of the offshore industry. 

In general, nondestructive-testing procedures can 
be time-consuming and costly. This becomes evident 
when the structUies are large, such as multispan 
bridges and offshore platforms. Nonetheless, the 
nondestructive tests that involve ultrasonic 
examinations and visual inspection are two of the 
most effective means of locating deterioration in a 
structure. As a consequence of the cost and time 
involved to accomplish nondestructive tests, alter
native methods that will reduce the frequency of 
these tests are desirable. 

Typically, a vibration-response method employs 
accelerometers to measure the response of the struc
ture from either environmental forces or applied 
excitation forces . The data are analyzed to estab-
1 ish prescribed dynamic system parameters. Any sig
nificant changes in subsequent evaluations of these 
parameters are interpreted as fatigue damage in 
structural members or foundation settlement. In 
this approach to monitoring, vibration-response data 
provide a surveillance of the structure 6n a broad 
basis. 

Many of today's highway bridges have a multitude 
of welded connections and details. These weldments 
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contain microscopic flaws from which cracks may 
initiate and propagate under service loading. 
Visual and ultrasonic examinations have shown that 
welded steel-girder bridges are prone to fatigue 
cracking . When a three-span continuous composite
girder highway bridge in Butler County, Missouri, 
was scheduled for removal , an in situ fatigue test 
to destruction of the full-scale structure was pro
posed. The aim of the study was to document the fa
tigue behavior of the bridge and to relate this be
havior to the design specifications for highway 
bridges of the American Association of State Highway 
Officials (AJISHO). 

Another objective of the study was to evaluate 
several vibration-response methods for monitoring 
structural deterioration. This paper describes the 
evaluation of the following vibration-response 
methons: (a) transient, frequency-response, and 
sweep tests for the properties of an equivalent 
1-degree-of-fr edom ( df) model , ( b) steady-state 
normal mode tests for the properties of a multi-df 
model, and (c) acoustic emission measurements of fa
tigue-crack growth. Previous publications (2_,_§_) 
contain a description of the instrumentation and 
data evaluation. For completeness, some material 
from the earlier publications is included in this 
paper. 

DESCRIPTION OF TESTS 

Four sets of dynamic tests were conducted on the in 
situ bridge . The first. set was performed prior to 
initiating the fatigue tests . After 95 ooo and 
215 000 fatigue cycles , the fatigue test was inter
rupted and the second and third sets of dynamic 
tests were conducted. The fourth set of tests was 
performed at 377 000 fatigue cycles after the south 
interior girder had fractured at midspan. 

In addition to the dynamic tests, 14 sets of 
acoustic-emission measurements at 8 locations on the 
girders were recorded without interrupting the fa
tigue test. 

TEST BRIDGE 

The two-lane, three-span [22, 28, and 22 m (72, 93, 
and 72 ft)] continuous composite-girder bridge was 
designed in 1962 in accordance with 1961 AASHO 
specifications £or one-lane HlS-44 loading . Prin
cipal features of the br;idge are shown in Figure l· 
Four flange girders of ASTM ~-36 steel 76 cm (30 in) 
wide cover-plated over the main piers supported a 
15-cm (6-in) concrete slab designed for composite 
action in the positive-movement regions. The slab 
concrete had a 28-day compressive strength of 36. 3 
MPa (5.27 ksi). Shear connectors were C4x5.4 chan
nels 159 mm (6.25 in) long fillet-welded to the top 
flanges of the girders except in the cover-plated 
regions over the piers . The abutments and piers 
were supp orted by p ·recast concrete piles driven to a 
minimum capacity of o. 2ss MN (32 tons ) in sand. 

VIBRATION GENERATOR 

Excitation force for all dynamic tests was supplied 
by a closed-loop electrohydraulic actuator system. 
Steel plates that weighed 4973 N (1115 lb) were at
tached to the top of the piston rod of the actua
tor• The actuator was mounted in the vertical posi
tion at designated stations on the upper side of the 
bridge deck . Locations of the actuator for the 
dynamic tests were at stations (Figure 2) 17, 16 , 5 , 
and 4 for the first bending mode , first torsional 
mode, second bending mode, and the sweep tests , re
spectively. During a11 the te,sts the maximum ac
celeration of the bridge deck was less than o. 7 ~· 
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The basic closed-loop system provided stroke and 
sinusoidal frequency control of the motion of the 
actuator. The excitation force was prescribed by 
controlling the relative acceleration of the moving 
weight with respect to the base of the actuator in a 
secondary control loop. 

INSTRUMENTATION 

Piezoresistive accelerometers that had a rating of 
25 !I were used to establish he relative accelera
tion of the moving weight and thereby control the 
excitation force that was applied during the dynamic 
tests . Servo accelerometers based on the Q- flex de
sign with a range :_is !I <4ere used to measure the 
vertical accelerations of the bridge at prescribed 
locations, which had been designated as stations, on 
the underside of the bridge. These stations are 
shown in Figure 2. Signals from the accelerometers 
were filtered with low-pass electronic filters set 
at 10 Hz. 

DATA ACQUISITION 

The primary data-acquisition system for the dynamic 
tests was an analog-to-digital converter and a tape 
transport. During the tests , the data Channels were 
automatically scanned , sampled, and digitized at a 
prescribed rate of 70 or 100 times per second . The 
tape-transport unit wrote 1-2-bit data words into a 
nine-track magnetic tape at a density of 800 
bits/in. For a backup data acquisition system, a 
light-heam multichannel strip-chart recorder was 
used to obtain an analog record of the test data. 

TEST PROCEDURES 

In the bridge test, each set of dynamic tests was 
made up of the following vibration-response tech
niques: (a) transient test, ( b) .frequency-response 
test, (c) sweep test, and (d) steady- state normal 
mode test. 

For the transient, frequency-response, and normal 
mutle tests, each test wac conducted at thn>" pre
scribed resonant frequencies of the bridge. The 
frequencies were associated with the following ex
perimentally determined vibrational modes: (a) 
first (lowest) bending , (h) first (lowest) tor
sional, and ( c) second bencl.ing. These modes were 
designated BlJ, TlJ, and B2J, respecti,Yely, in which 
J refers to the test set numbers, i.e., J = 1,2,3,4. 

Transient Test 

In the transient tests the bridge was excited to a 
steady-state condition at the frequency that cor
responded to the prescribed mode. Then the hy
draulics to the actuator was turned off, This pro
duced a transient decaying response motion in the 
bridge. Thirty seconds of acceleration-response 
data were recorded at staLlu11s l 7, 16, and 5 for 
modes Bl, Tl, and B2, respectively. Data from these 
tests were used to establish the damping ratio ~ 

from the log decrement curves. 

Frequency-Response Test 

The frequency-response tests were conducted to es
tablish the frequency-response curves for each of 
the three vibrational modes. Response data for 
these curves were recorded at 30 increments of fre
quency . By this procedure a frequency range of +0.2 
Hz about the resonant frequency was covered. The 
bridge was allowed to reach a steady-state response 
condition at each increment of frequency prior to 
recording the accelerations at stations S, 1 7, and 
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29 for the first bending mode; stations 4, 16, and 
28 for the first torsional mode; and stations 5, 14, 
and 29 for the second bending mode. A constant ex
citation force was maintained during all tests. 
Response data were recorded for each frequency range 
beginning at the low end of the frequency range and 
increasing the frequency for each successive incre
ment. Subsequently, the test was repeated beginning 
at the high end of the frequency range and decreas
ing the frequency for each successive increment. 
Data from these tests were used to calculate the 
damping ratio ~ by the half-power-bandwidth pro
cedure. 

Sweep Test 

Sweep tests were performed to establish vibration 
signatures for the bridge in the form of mechanical 
impedance graphs. The frequency range of the sweep 
covered the lowest five experimentally determined 
resonant frequencies. A linear sweep rate of 0. 0 2 
Hz/s for a sine-wave excitation was used, and the 
test was initiated at the low end of the frequency 
spectrum. Continuous-response acceleration data 
were recorded at stations 4, 9, 15, and 30 during a 
3-min time interval. 

EAST 
PIER 

EAST 
ABUTMENT 

Normal Mode Test 

Steady-state normal mode tests were conducted at 
each of the three resonant frequencies. One servo 
accelerometer was used as a fixed reference while 
the other accelerometer was moved from station to 
station to capture the response data. A minimum of 
1024 data points was recorded at each station to es
tablish the amplitude and phase of the steady-state 
motion with respect to the reference station• For 
the purpose of these tests the acceleration response 
was measured at 22 stations on the underside of the 
bridge• All 11 stations that were along the south 
exterior girder and all 11 stations along the north 
exterior girder were used. Stations along the 
centerline of the bridge were not used. From the 
test data, damping and stiffness coefficients of the 
bridge were calculated. 

Acoustic-Emission Test 

Eight acoustic-emission sensors were also used to 
monitor the growth of fatigue cracks in the steel 
girders during the fatigue test. State-of-the-art 
acoustic-emission equipment, which was readily 
available, was employed for this purpose. Each 
sensor was clamped to the bottom flange of a steel 
girder within 15 cm (6 in) of the end of a cover 
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plate. Sensors 1, 2, 3, and 4 wen'! located in the 
west end span on the south exterior, south interior, 
north interior, and north exterior girders, re
spectively. Sensors 5, 6, 7, and 8 were located in 
the east end span on the south exterior, south in
terior, north interior, and north exterior girders, 
respectively. In operation, the sensors were in
dividually monitored hy manual switching. Fourteen 
sets of data were recorded during the course of the 
fatigue test. An amplitude count of acoustic emis
sion per second over a 150-s interval was plotted 
versus time on an XY-recorder. In a time interval 
of 150 s, the bridge underwent approximately 300 
cycles of vibration. The analog acoustic emission 
signals were amplified with gains that ranged from 
72 to 82 dB. The resonant frequency of a sensor was 
230 kHz, and an electronic filter was set to band
pass frequencies in the range of 100-400 kHz, 

Acoustic-emission monitoring was initiated when 
the bridge had accumulated 56 000 fatigue cycles. 
At the outset of monitoring there appeared to be a 
repetitive noise in the emission signal when the 
center span of the bridge was in its most upward 
position. This noise was attributed to the vibra
tion generator. Consequently, the acoustic-emission 
count was inhibited over that part of the vibration 
cycle. After 315 000 fatigue cycles, the inhibit 
circuitry was disconnected because of a malfunction 
in the electronics. 

DISCUSSION OF RESULTS 

The results from an evaluation of the data are pre
sented to provide comparison of the various vihra
tion-response methods. Lindner (2_) and Brady (.§_) 

have provided a mathematical development of the 
equations used in the data evaluation. 

Transient Test 

On the basis that the bridge was excited in a single 
mode, the logarithmic-decrement method was applied 
to the decaying response data to determine the damp
ing ratio r; as a fnnr.t-.i on of the number of free 
vibration cycles. Figure 3 illustrates the varia
tion in ~ during a 35-cycle interval for test 2. 

An alternate approach was adopted to evaluate the 
damping in tests 3 and 4 due to the multifrequency 
components that were observed in the transient-re
sponse data. Damping ratios were ohtained hy trans
forming the data from the time domain to the fre
quency domain. This procedure effectively separates 
the multifrequency components and is based on the 
properties of the discrete Fourier transform. Damp
ing ratios for three modes in the four tests are 
listed in Table 1. The damping values for all three 
spans in each mode are consistent. 
parent that the damping increased 
test 2 and then decreased in tests 3 

Frequency-Re51ponse Test-.s 

It is also ap
f rom test 1 to 
and 4. 

Analog data from the frequency-response tests were 
filtered by means of a 10-Hz low-pass filter prior 
to the analog-to-digital conversion. However, be
cause of other frequency components in the response, 
the digital data were further filtered by a fast
Fourier-transform technique in order to isolate the 
amplitude of the response at each specific frequency 
increment. Figure 4 illustrates response graphs for 
the first bending mode, test 3. On the basis of the 
half-power bandwidth, the values of r; that were 
calculated are listed in Table 2. Although there is 
a variation in the damping values between each span 
and for each set of tests, the range of r; is con
sistently between 1 and 3 percent. The damping 
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ratios reported in Table 2 are average values from 
the data obtained when the test was initiated at the 
low end of the frequency range and then subsequently 
repeated beginning at the high end of the frequency 
range. 

Sweep Test 

Mechanical impedance is defined as the ratio of the 
excitation force to steady-state velocity for sinu
soidal motion. The resulting ratio is a complex 
quantity that may be represented by a magnitude and 
phase angle. If the force is applied at one loca
tion on the structure and the response velocity is 
determined at another location, the ratio is re
ferred to as transfer impedance. However, if the 
force and velocity are located at the same place in 
the structure, the ratio is referred to as driving
point impedance. Minimum points on the mechanical 
impedance graph are associated with a resonant fre
quency of the structure. At resonance the phase 
angle between the excitation force and the response 
velocity is zero (or 180 degrees). Maximum ordi
nates on the impedance graph are called antiresonant 
points. 

The intent in the sweep test was to maintain a 
constant force level throughout the frequency 
range. However, the amplitude controller was not 
able to maintain this condition at the high end of 
the frequency range. For a linear elastic system 
the mechanical impedance is independent of the ex
citation force. The frequency-response test data 
did not exhibit the jump phenomenon in the vicinity 
of the resonant response, which would have been an 
indication of nonlinear behavior. Thus, the assump
tion that the bridge was a linear elastic system was 
reasonably valid. 

Figures 5 and 6 illustrate the variation in 
driving-point and transfer impedances for tests 3 
and 4. A notable change in the impedance occurred 
between tests 1 and 2. The resonant frequencies de
creased and the magnitudes of the impedance in
creased. This increase implies that the equivalent 
damping increased. The reduction in resonant fre
quencies was associated with the deterioration or 
the bridge deck. 

The change in impedance between tests 2 and 3 was 
minimal. However, the lower resonant frequencies 
increased slightly, which was unexpected. The 
largest variation in impedance between tests 3 and 4 
occurred at the higher resonant frequencies. Test 4 
was conducted after the fracture had occurred in the 
south interior girder at the midpoint in the center 
span. 

Normal Mode Test 

Four sets of normal mode tests at three resonant 
frequencies were performed to evaluate the stiffness 
and damping properties of the bridge as the fatigue 
test progressed. A spectral analysis of the data 
revealed a harmonic component in the first-hending
mode data from tests 3 and 4. Figure 7 illustrates 
that the amplitude of the harmonic increased between 
tests 3 and 4. The harmonic in test 4 was antici
pated because of the fracture in the girder. In the 
first bending mode the fracture was located at a 
point of maximum deflection, whereas in the second 
bending mode the fracture was located at a point of 
zero deflection (i.e. , a vibrational node) • How
ever, in the torsional mode, the fracture was lo
cated at a point of one-half the maximum deflection, 
but the spectrum of the torsional data did not re
veal any harmonics. 

In order to establish the amplitudes for the mode 
shapes, all data were digitally filtered by an ex-
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Figure 3. Damping ratio from logarithmic-decrement method. 
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Table 1. Damping ratios and frequencies determined by Fourier-transform 
decay method. 

Damping Ratio (% critical) 
by Span 

Test No. Frequency (Hz) East Center West 

First Bending 

2.92 (2.90)3 1.0 l.1 1.0 
2 2.66 (2.7 3) 2.6 2.5 2.5 
3 2.67 2.2 2.2 2.1 
4 2.49 2.9 2.5 

First Torsion 

1 3.62 (3.60) 1.7 J.6 1.7 
2 3.34 (3.42) 3.3 3.3 
3 3.11 3.2 3.1 3.0 
4 3.19 2.6 2.7 2.7 

Second Bending 

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 

aNumbers In parentheses indicate damped natural frequency determined from the 
time-transient response signal. 

tended cosine-bell window and analyzed by a fast
Fourier-transform technique. The spectral ampli
tudes were also normalized with respect to the 
spectral amplitudes at the reference station. 

Since the bridge was assumed to have 22 df for 
vertical motion and three vibrational modes were 
measured, 66 equations were established to determine 
the stiffness and damping properties for the ana
lytical model from the normal mode equations of mo
tion. Because of the limited number of simultaneous 
equations, the coupling between the 22 nodes in the 
analytical model was arbitrarily assumed so that the 
bandwidth of the stiffness and damping matrices was 
5. For the assumed coupling and utilizing symmetry, 
there are 63 unknown coefficients in the 22-df 
stiffness and damping matrices. The diagonal coef
ficients were assumed to be most significant and 
were used to monitor the change in properties during 
the fatigue test. 

Figure B illustrates the relative changes in the 
stiffness coefficients between tests 1 and 3 and 
tests 1 and 4 for the stations on the north and 
south sides of the bridge. For the most part the 
reduction in stiffness coefficients was greater be-

Figure 4. Frequency response, test 3, first bending, center span. 

0.16 

0.14 

... 0.12 
a 
::::J 
..... 
_J 
a.. 
~ 0.10 

UJ 
_J 

l!J 
z 
iii 0.08 

-~ 0.06 

z 
0 
f-
~0 .04 
a:: 
"' _J 

"' u 
u 
~ 0 0 2 

0 
2.4 

o UPSWEEP 
o DOWNSWEEP 

0.7 G'S EXCITATION LEVEL 

2.5 2.6 27 2 .8 2 .9 
FREQUENCY (HZ) 

Table 2. Damping ratios determined from half-power-bandwidth method. 

Damping Ratio(% critical) by Span 

Test No. East Center West 

First Bending 

1 1.59 1.54 1.60 
2 1.22 1.18 1.23 
3 1.44 1.38 1.43 
4 2.02 1.96 2.02 

First Torsion 

1 2.00 1.82 1.9& 
2 2.06 1.82 1.95 
3 1.40 1.39 1.36 
4 2.30 1.88 2.17 

Second Bending 

1 1.44 1.86 1.32 
2 1.56 2.35 1.37 
3 1.53 2.66 1.36 
4 1.31 2.42 
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tween tests 1 and 4 than between tests 1 and 3, The 
reduction in stiffness between tests 1 and 4 was 
also greater for the south side of the bridge, which 
correlates with the fracture in the south interior 
girder. The reason for the large variation in the 
coefficients for the east end of the bridge is not 
known• 

Acoustic-nnission Test 

When a structure is under load, elastic stress waves 
called acoustic emissions are generated by plastic 
deformations that occur at imperfections in the 
material. These emissions can be detected by a 



26 

Figure 5. Driving-point impedance, tests 3 and 4, west span. 

z 
.... 
u 
UJ 
(/) 

<D 
_J 

UJ 
u 
z .. 
Cl 
UJ 
a. 
~ 
_J 

"" "' 103 z .. 
:c 
u 
UJ 
:;: 

102 

I 

TEST 4 
TEST 3 

2 3 4 5 6 7 8 9 10 
FREQUENCY (HZ.) 

Figure 6. Transfer impedance, tests 3 and 4, center span. 
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piezoelectric sensor. In the bridge tests, the ana
log signal from the sensors was converted to an am
p !itude count analogous to the amplitude of the os
cillations in the sensor. Essentially, the sensor 
converted low-level stress waves to transient 
electrical signals that corresponded to resonant os
cillations of the piezoelectrical element. The am
plitude count was based on a time interval the dura
tion of which was proportional to the peak amplitude 
of the oscillations of the piezoelectric sensor ele
ment. 

The XY-graphs of amplitude versus time for inter
vals of 150 s on an intermittent basis did not dis
play the data in a form convenient for evaluating 
probable crack growth in the welds and base metal 
where the cover plates terminated. Hence, the am
plitude counts were digitized, and a mean value and 
a standard deviation were calculated for each 150-s 
interval. 

Mean values of the amplitude count per second for 
each of the 14 data sets for sensors 2 and 6 are 
shown in Figure 9. These sensors were located on 
the south interior girder approximately 60 ft from 
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Figure 7. Spectra of first bending mode response, center span, tests 3 and 4. 
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the location of the impending fracture at midspan. 
Figure 10 illustrates the amplitude count for sen
sors 1 and s. Sensor 8 was located on the north ex
terior girder in the east span and sensor 1 was lo
cated on the south exterior girder in the west 
span. The amplitude count for all sensors was at 
its maximum at 370 000 fatigue cycles. This notable 
high count was attributed to the fracture that was 
probably occurring when the acoustic-emission data 
were recorded. Visual observation established that 
the fracture had completely severed the bottom 
flange and web of the girder approximately 25 min 
after these data were obtained. 

Failures also occurred in the girder flanges 
within 3 ft of sensors 1 and 6. Ultrasonic inspec
tions revealed these failures after 462 000 and 
453 000 fatigue cycles, respectively. The maximum 
nominal tensile stress due to dead load, ballast, 
and inertial load at these locations was 103 MPa (15 
ksi). However, the growth of fatigue cracks at 
these locations was not discernible in the recorded 
emission count. 

SUMMARY AND CONCLUDING REMARKS 

The intent of this study was to evaluate several 
vibration-response methods for monitoring structural 
deterioration. These methods were applied during a 
fatigue test to determine prescribed dynamic proper
ties of a full-scale bridge. 

The damping ratios range between 1 and 3 per
cent. There were indications that the damping in
creased and subsequently decreased. The increase 
may have been caused by mechanical abrasion between 
adjacent surfaces in the cracks in the concrete 
deck. Once the cracks became large, the abrasive 
action ceased and this form of energy dissipation 
was eliminated. The slipping of the guardrail con
nections and the friction in the girder support 
hinges and rocker bearings also contributed to the 
overall damping. During the fatigue test the varia
tion in damping ratios was not significant from the 
viewpoint of structural monitoring. 

Mechanical impedance is a direct approach to es
tablish typical vibration signatures for a struc
ture. However, there may be a drawback to using 
impedance as a vibration signature. Impedance 
(force/velocity) has the char~cteristics of damping, 
and damping is the least-known property of a struc
ture. 

Stiffness changes, in principle, are directly re
lated to structural deterioration. Resonant f re
quencies are also a measure of deterioration because 
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Figure B. Change in diagonal coefficients of stiffness matrix. 
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they are proportional to the square root of stiff
ness. On the basis of an arbitrary analytical 
model, a change of 20-40 percent in selected stiff
ness coefficients was ohserved. However, there was 
no apparent clue to the location of the fracture in 
the south interior girder from the changes in the 
stiffness coefficients for the 22-df model with its 
restricted coupling. To better simulate the 
physical behavior of the bridge by coupling all 22 
df would require that 12 experimental modes be 
determined. 

Changes in mode shapes were also indications of 
structural deterioration. When mode shapes are used 
for this purpose, the vibrational modes should be 
selected to provide significant response of the 
particular members that are being monitored. This 

Figure 10. Acoustic emission amplitude count during fatigue test, sensors 1 
and 8. 
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was evident when only the first-bending-mode shape 
in the bridge showed a marked change after the frac
ture in the girder. 

The relatively slow 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. Extraneous noise from the 
hydraulic actuator and movement of the bridge on its 
supports tended to interfere with the acoustic-emis
s ion signals. Concrete undergoing permanent de
formation also has emission signals that are higher 
than those from most metals. 

All eight sensors were able to detect the criti
cal crack growth in the south interior girder. The 
use of acoustic-emission sensors shows considerable 
promise for monitoring structural deterioration 
under dynamic service loads. 
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Fatigue Cracks and Their Detection 
J .W. BALDWIN, JR., H.J . SALANE, ANO R.C. DUFFIELD 

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

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

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

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

OBJECTIVES 

The entire bridge was to be loaded cyclically at 

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

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

DESCRIPTION OF TEST BRIDGE 

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

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

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

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

DESCRIPTION OF FATIGUE TEST 

A total of 471 000 fatigue cycles were applied to 
the bridge over a period of approximately five 
weeks• Desired dynamic stress ranges were obtained 
by exciting the bridge at its first-bending-mode 
resonant frequency by using the closed-loop electro
hydraulic shaker shown in Figure 1. This shaker 
consisted of 40 kN ( 9 kips) of steel weights at
tached to the top of an 89-kN ( 20-kip) servocon-


