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SYNOPSIS 

This paper reports the results of deflection and vibration measure­
ments on thirty-four spans of fifteen bridges of three types: simple-span, 
continuous-span, and cantilever-type. Simple-span and cantilever-type 
'bridges included those designed both with and without composite action 
between the concrete deck and steel beams. The continuous-span type 
included both steel and reinforced concrete bridges. The same test truck 
with a constant load was used for testing all bridges. Similarly, the test­
ing procedure was as uniform as possible, considering different methods 
of fastening deflectometers and variation in bridge site conditions. 

The vibration data from these bridges indicate that the cantilever­
type structure is much more susceptible to larger amplitudes of vibration 
than are the other types. Comparison of bridge spans designed with and 
without composite action indicates that the latter are much more conserva­
tively designed, when actual performance is compared with design values. 
From these tests, it appears that impact, as measured by increased dy­
namic deflection over static deflection, is related more directly to riding 
quality of the roadway surface than to other factors. This report suggests 
methods of analysis for computing the fundamental frequency of vibration 
for all bridge types. These methods give reasonable agreement with the 
experimental values. 
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INTRODUCTION 

This research survey ofthedeflection and of vibratory tendencies 
of several types of highway bridges was made to determine the type of 
highway structure most readily susceptible to excessive vibration, and 
possibly, the range in amplitude of vibration for various types under 
similar loading conditions. From the outset, the study was planned as 
an extensive rather than an intensive one. Taking cognizance of limita­
tions in time, equipment, and personnel, it appeared advisable to spend 
only a short time testing each bridge, thus testing as many bridges and 
bridge types as possible. With a background of vibration data on a signi­
ficant number of bridges of various types, it seemed likely that improved 
methods for controlling or limiting vibration, might become apparent. 

Previous bridge studies, conducted by the Michigan State Highway 
Department in 1950, dealt primarily with the lateral distribution of stress 
and deflection to the individual beams under design loadings for the Fenn­
ville Bridge, a six span, rolled beam, concrete deck bridge (1)*. Addi­
tional studies in 1952 and 1953 were conducted on the vibration and deflec­
tion of this bridge and of the Jackson Bypass Bridge, an eight span, plate 
girder bridge, consisting of five simple spans and three spans of continuous 
beam design (2). These studies were carried out to contribute to the re­
search program of the ASCE Committee on Deflection Limitations of 
Bridges, and of the Committee on Bridges of the Highway Research Board, 
of which George M. Foster, Chief Deputy Commissioner, is a member. 
This bridge study was a project of the Research Laboratory, directed by 
E. A. Finney. The Laboratory is a part of the Testing and Research Divi­
sion, under the direction of W. W. McLaughlin. 

*Numbers in parentheses, unless otherwise identified, refer to the Biblio­
graphy at the end of this paper. 



RESEARCH OBJECTIVES 

The immediate objectives of the test program were: 

1. To obtain the natural frequency of vibrationfor several bridges 

of each type, including, 

(a) Simple-span bridges with concrete deck, designed with and 
without composite action between beams and concrete deck. 

(b) Continuous-span bridges of the rolled beam, plate girder, and 
reinforced concrete types. 

(c) Cantilever-type structures of rolled beam and plate girder 
types with concrete deck, designed with and without composite 

action. 

2. To find the variation in amplitude of vibration for these bridge 
types, and their susceptibility to vibration. 

3. To compare the flexibility of the various bridge types and to 
correlate this with susceptibility to vibration. 

4. To determine effective axle load fluctuation as the test vehicle 
passed over the structure. 

5. To compare the computed natural frequency of vibration for each 
type of structure, with the eXPerimentally determined value. 



TEST BRIDGES AND THEIR INSTRUMENTATION 

Bridges were selected for testing on the basis of the following 
criteria: (1) bridges which might be flexible, built in the last ten years, 
(2) bridges representing as many structural types as possible,. (3) bridges 
over ground or shallow water, ratherthan deepwater, tosimplifyinstalla­
tion of instrumentation, (4) bridges close to Lansing, other factors being 
equal. 

In summary, the tested bridges included: 

1. Eleven simple-spans offour rolled beam bridges with concrete 
deck: nine spans with and two without spiral shear developers. 

2. Four continuous-span structures: two of reinforced concrete, 
one rolled beam, and one plate girder. 

3. Nine cantilever-type structures: six rolled beam with concrete 
deck-- fivewith and one withoutspiralsheardevelopers, three 
plate girder structures-- one withoutfloor beams and two with 
floor beams and stringers. 

The locations of the fifteen bridges, of which thirty-four spans 
were tested, are shown on a map of Michigan in Figure 1. Physical 
limitations necessitated selecting only certain spans of these fifteen 
bridges for testing. Electrical lead wires longer than 150 ft. made it 
impossible to balance out the capacitance in the electrical bridge circuit. 
Therefore on symmetrical three span structures, only two spans were 
tested. In addition, testing of certain spans above deep water made in­
strumentation so difficult, that it appeared inadvisable to attempt testing 
these spans. Also, on multiple span structures with identical spimlengths, 
only a few spans of each bridge were tested. 

The pattern of instrumentation was kept as similar as possible 
for each bridge, considering site conditions at various locations. The 
work program was carried out so that installation of instrumentation on 
the bridge, testing, and subsequent removal of instrumentation, could be 
conducted in a single day. The bridge deflectometers for obtaining vibra­
tion and deflection data were the same ones used in the 1952-53 study (2) 
and are sho.wn in Figure 2. Bridge movement could be observed visually 
by reading the dial gage, but a permanent record was also obtained by 
means of a wire resistance strain gage fastened to an aluminum cantilever 
beam, which was deflected by movement of the top end of the dial gage 
stem. Bending in the aluminum cantilever beam was accompanied by 
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Figure 1. Location of bridges tested 



change in electrical resistance of the bonded strain gage, which caused an 
unbalance in the electrical bridge circuit, and resulted in deflection of a 
light trace on a photosensitive paper strip in a Hathaway 12-channel re­
cording oscillograph. The recording equipment is shown in Figure 3, 
mounted in the Instrumentation Truck. Calibration of trace deflection with 
bridge movement was obtained prior to each testing program. 

Deflectometers were mounted at mid-span for all spans tested. 
The lateral position of the deflectometer depended on possible methods of 
fastening the deflectometer to the bridge, and on the proposed path for the 
test vehicle. On bridges without a separate superstructure for each 
roadway, the test vehicle passed along the longitudinal centerline wherever 
possible, and the deflectometer was placed directly beneath the path of 
the test vehicle, and on the lower flange of rolled beam and plate girder 
bridges. For bridges with a separate superstructure for each roadway 
and a split safety median between roadways, the deflectometerwas placed 
on the concrete median strip and the path of the test vehicle was as close 
as possible to this median strip. 

The speed of the truck and its position on the test span were re­
corded by pneumatic traffic cables which caused a pip on an inactive 
oscillograph trace as a wheel passed over the cable. 

TEST TRUCK AND ITS INSTRUMENTATION 

In order to obtain a comparison between bridges, the same test 
vehicle with identical axle loads was used for all testing (Figure 4). Prior 
to loading, bonded strain gages of the A-1 type were placed on the axle 
between the inner wheels and the springs or frame mounting on both load 
axles. During the loading process, the load on each pair of dual wheels 
and the corresponding strain reading on the axle were recorded by means 
of a static strain indicator. During the testing these strain gages were 
connected to a Brush two-channel recording oscillograph in order to note 
the variation in effective wheel load as the truck approached and passed 
over the bridge. The instrumentation panel for recording dynamic wheel 
load variations is shown in Figure 5. 

Although the second axle of the test truck had a conventional sus­
pension system, the third or trailer axle was not sprung, but was connect­
ed directly to the frame. A preliminary study conducted at various truck 
speeds showed that the variation in effective wheel load on wheels of a 
given axle was generally similar in pattern and amplitude. Therefore, 
strain gages on a given axle were wired in series, and effective axle load 
variation rather than effective wheel load variation was recorded for each 
load axle. 
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Deflectometer fastened to 
bottom flange of rolled beam 
bridge. 

Deflectometer fastened to 
reinforced concrete tee-beam 
bridge. 

Deflectometer fastened to 
median strip for bridges with 
separate superstructures for 
each roadway. 

Figure 2. Methods of Fastening Deflectometers 

..11111111!111111._ Figure 3. Hathaway 12-channel 
recording oscillograph in 
Instrumentation Truck. 

18.1 KIPS 1!!>.5 KIPS 5.6 KIPS 

,.. • ._ Figure 4. Test vehicle and its 
loading. 

Figure 5, Instrumentation panel 
for determining wheel load variation 
on test vehicle. 



The test program for each bridge was conducted in as uniform a 
manner as possible taking cognizance of variations in bridges, traffic, 
and site conditions. All runs were along a prescribed path with a varia­
tion in truck speed from creep to a maximum truck f!peed of 45 mph. in 
5 mph. increments. Three runs were made at each truck speed, but the 
higher speeds could be obtained only at favorable site locations. For 
.several bridges the maximum speed was limited to 20 or 25 mph. which 
no doubt reduced the magnitude of the vibration. It was noted however, 
that those bridges which vibrated more readily, showed a tendency to­
ward vibration even at low speeds. 

TEST RESULTS 

For comparative purposes the results of tests on the thirty-four 
highway bridge spans will be presented according to bridge types, that 
is, simple-span, continuous, and cantilever types. 

Simple-Span Bridges 

The eleven simple spans tested varied in span length from 44. 8 
to 64.92 ft. Photographs of these bridges are shown in Figures 6 through 
10. They were all constructed with superstructures of wide flange rolled 
beams with concrete decks. Nine of these spans were designed for com­
posite action between rolled beams and a concrete deck, and spiral shear 
developers were used to assure the composite action. The two tested 
spans which had been designed without the benefit of composite action were 
short spans, the longer being 48.65 ft. Table 1 presents a summary of 
vibration and deflection data for the simple spans as well as pertinent 
design information. 

Deflection. - Deflections resulting from the test truck passing at 
"creep speed" over the tested spans, varied from 0. 039 to 0. 072 in. In 
order to compare the observed deflection with the theoretical values, the 
mid-span deflections without impact were calculated for the test truck, 
in accordance with the AASHO Standard Specifications for Highway Bridges, 
and on the basis of a ratio of modulus of elasticity of steel to concrete of 
10. As shown in Table 1, the ratio of observed to theoretical deflection 
for the composite spans varied from 0. 24 to 0. 40, with an average of 
0. 32. The same averaged ratio for non-composite spans was 0. 16. Pre­
vious tests (2) indicated comparable ratios of 0. 28 and 0. 14 for composite 
and non-composite spans respectively. These ratios verify a generally 
accepted view that by present specifications, non-composite spans are 
much more conservatively designed than are composite spans. The two 
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Simple-£pan 
Span length= 60, 87' c. c. 
36 WF 170 lb. beams at 5' 4-3/8" c, c. 
Min. concrete slab thiclmess = 7-1/2" 
Composite design 

Simple-span 
Span length= 60. 87' c, c, 
36 WF 170 lb. beams at 5' 4-3/8" c. c. 
Min. concrete slab thickness= 7-1/2" 
Composite design 

Simple-span 
Span length= 60. 87' c. c. 
36 WF 170 lb. beams at 5' 4-3/8" c. c. 
Min, concrete slab thickness= 7-1/2" 
Composite design 

Figure 6. Bridge X3 of 33-6-1. Cedar Street in Lansing. 

Simple-span 
Span length= 64. 25' c. c. 
36 WF 170 lb. beams at 5' 0" c. c, 
Min. concrete slab thiclmess = 7" 
Composite design 

Simple-span 
Span length= 64. 92' c. c, 
36 WF 170 lb. beams at 5' 0" c, c, 
Min. concrete slab thickness = 7" 
Composite design 

Figure 7. Bridge Bl & B2 of 33-6-4. Main Street in Lansing 



Simple-span 
Span length= 64,9 21 c, c. 
36 WF 170 lb. beams at 5' 011 c. c. 
Min. concrete slab thickness = 7" 
Compos! te design 

Simple-span 
Span length= 64, 92' c. c. 
36 WF 170 lb. beams at 51 011 c. c, 
Min, concrete slab thickness = 7" 
Composite design 

Anchor-arm of three-span cantilever 
Span length= 69, 46' c, c, 
36 WF 230 lb. beams at 5' 011 c. c, 
Min. concrete slab thlclmess = 7" 
Composite design 

Figure 8. Bridge Bl & B2 of 33-6-4. Main Street in Lansing. 

Simple-span 
Span length= 55, 30' c, c, 
36 WF 150 lb. beams at 51 6-1/2" c, c. 
Min, concrete slab thickness = 7" 
Composite design 

Simple-span 
Span length= 55, 90' c, c, 
36 WF 150 lb. beams at 51 6-1/2" c, c, 
Min. concrete slab thickness= 711 

Composite design 

Anchor-arm of three-span cantilever 
Span lenglb = 73. 90' c, c, 
5' 6" min. plate-girder (2 per roadway) 
Min, concrete slab thickness = 711 

Non-composite design 

Figure 9. Bridge Bl of 56-12-6. On route M-20 in Midland. 



Simple-span 
Span length= 48, 65' c. c, 
30 WF 124lb. beams at 41 10-1/211 c. c. 
Min, concrete slab thickness= 7-1/211 

Non-composite design 

Simple-span 
Span length= 44, 80' c. c, 
30 WF 108 lb. beams at 4' 10-1/211 c, c, 
Min. concrete slab thickness= 7-1/2" 
Non-composite design 

...dlllllllllllllil>.. Figure 10. Bridge B2 of 39-3-8. Over route US-12 near Kalamazoo. 

non-composite spans tested would have had approximately the same ratio 
of observed to theoretical deflection as did the composite spans, if the 
theoretical deflection for these spans were based on a moment of inertia 
considering 50 percent composite action of slab with steel beam. 

Amplitude of Vibration. - The maximum amplitudes of bridge 
vibration for each span, for the test truck on the span, on other spans, 
and off the bridge, are shown in Table 1. This data indicates that seven 
of the eleven spans (those from bridges X3 of 33-6-1 and B1 and B2 of 
33-6-4) had a tendency to vibrate at greater amplitudes than the other 
four spans (those from bridges B1 of 56-12-6 and B2 of 39-3-8). This is 
most apparent when the amplitudes offree vibration, truck on other spans, 
or off the bridge, are compared. The seven spans with the larger ampli­
tudes of vibration are all over 60 ft. in span length and were designed for 
composite action. Of the four remaining spans, two were designed for 
composite action, but are only short spans of 55. 3 and 55. 9 ft. The two 
non-composite spans are also short spans, being only 44.8 and 48.6 ft. in 
length. There was also a marked difference in the maximum duration of 
free vibration for the previously-mentioned seven spans (average: 11. 6 
seconds) as compared to the other four spans (average: 2. 1 seconds). 
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TABLE 1 

SUMMARY OF DATA ON SIMPLE-SPAN HIGHWAY BRIDGES 

!)(,flection Due to Test'T:n:ick 
Ratio of ~sign L, L. 

Observed i) I Theoretical I d 
Depth to Plus Impact Dcfl. Deflection-ln. Deflection-ln. Ratio: ~~so~:V:cal 

Data onSpll.llil Span Length In Inches (Creep Speed) {No Impact) 

Bridge No. X3 of 33-6-1 
Span 2: Length"' 60, 87 1 c, c. 1/20.3 
36 WF 170 lb. at 5' 4--'1/8" c. c. ----- 0,072 0.178 0,40 

:Min. concrete slab thickness= 7. 5" 
Composite design 

Bridge No. X3 of 33-6-1 
Span 3: Length~ 60.87 1 c. c, 
36 WF 170 lb. at 5' 4-:l/8" c. c. 1/20.3 ---- 0.063 0.178 0,35 

Min. concrete slab thickness= 7. 5" 
Composite design 

Bridge No. X3 of 33-6-1 
Span 4: Length "'60. 87' c. c. 
36 WF 170 lb. at 5' 4-3/8" c. c. 1/20.3 ---- O.OS4 0.178 0.30 
Min. concrete slab thickness = 7. 5" 
Composite design 

Bridge No. B1 & B2 cf 33-6-4 
Span 1: Length~ 64.251 c. c. 
36 WF 170 lb. at 5' 0" c. c. 1/21.4 approx. 0.070 o. 211 0.33 
Min. concrete slab thickness-= 7. 0" 0.67 or 1/1150of 
Composite design ,,.. 
Bridge No. B1 & B2 of 33-6-4 
Span 2: Length = 64.921 o. 67 
36 WF 170 lb, at 5'0" c. c. 1/2L6 " 0.066 0.211 0.31 
Min. concrete slab thickness.., 7. 0" 1/1150 of span 
Composite design 

Bridge No. B1 & B2 of 33-6-4 
Span 4: Length= 64.921 0. 67 
36 WF 170 lb. at 5' 0" c. c. 1/21.6 " 0,068 0,211 0.32 
Min. concrete slab thickness"' 7. 0" 1/1150 of span 
Composite design 

Bridge No, Bl & B2 of 33-6-4 
Span 5: Length"' 64, 92' 0.67 
36 WF 170 lb, at 5' 0" 1/2L6 " 0.062 ~.211 0.29 
Min. concrete slab thickness= 7. 0" 1/1150 of span 
Composite design 

Bridge No. B1 of 56-12-6 
Span 1; Length."' 55. 30' c:. c. apprcx. 
36 WF 150 lb. at 5' 6-1/2" c. c. 1/18.4 0. 47 or 1/1410 0,039 0.165 0.24 
Min. concrete slab thickness"' 7. 0" of"Pm 
Composite design 

Bridge No. Bl of 56-12-6 
Span 2: Length= 55, 90' c, c. 0.47 0.053 o, 171 0.31 
36 WF 150 lb. at 5' 6-1/2" c. c. 1/18. 6 " Min, concrete slab thickness-= 7. 0" 1/1410 of span 
Composite design 

Bridge No. B2 of 39-3-8 
Span 1: Lengths 44. 80' c. c. 1/17,9 ---- 0.050 0,324 0.15 
30WF lOS lb. at4' 10-1/2" c. c. 
Min. concrete slab thickness = 7. 5" 
Non-compcsite design 

Bridge No. B2 of 39-3-8 
Spti.n 2: Length= 48, 65' c, c, c 
30 WF 124lb. at 4' 10-1/2" c. c, 1/19, 5 ---- 0.057 0.360 0,16 
Min. concrete slab thickness = 7. 5" 
Non-composite design 

{1) The percent difference was not calculated, since the computed frequency was based on simply-aupported conditions, but en end 
spans the concrete backwall was poured around the end of the beam giving at least partial restraint. Previous studies have also 
shown that the end spans are much stiffer due to this partial restraint. 

(2) Insufficient samples of free vibration were obtained to determine the experimental natural frequency with any accuracy. 

Max, Amplitude of 
Vibration in lnches 

Truck
1 
I C Truck On •I ( Truck 

On Span Other Sparu~ Off Bridge 

o. 009 0. 005 0,006 

. o. 007 0. 005 0, 004 

0.007 0. 004 o. 004 

o. 009 o. 005 0. 001 

0,013 0.004 0. 002 

0,022 o. 006 0, 004 

0.012 o. 008 0. 002 

0. 005 0, 001 -----

0.010 0.001 0.001 

0.008 0.001 -----

0.005 0.001 ----

Max, Duration Fundamental Freq. of Vib, in c. p, a, 
of Vibration J J% Dllionw• in Seconds After Computed Th<loretical to 

Truck was off Span Observed Theoretical Observed 

14,3 6.42 6,26 '·' 

13.7 6.34 6,26 L3 

14.3 6.23 6.26 0.; 

6.5 7, 77 6.34 ,,, 

10.0 6.35 6,24 '"' 

14.6 6.07 6.>1 '·' 

'·' ,,, 6.>1 ----

0 ,,, 7.45 ---.. 
'"' 7.25 7.31 o.o 

•. o 8. oo 8,10 '·' 

<.O 7,85 7. 79 o.s 



----·--~------

Frequency of Vibration. - The natural frequency of vibration as 
observed was obtained by averaging the frequency of free vibration on runs 
where the vibration was uniform and sustained. The spans may again be 
placedin two groups with respect to the naturalfrequency of vibration: six 
in the group with lower values, and five in the higher value group. All six 
in the group with naturalfrequencies less than 6. 5 cps. were also subject to 
higher. amplitudes of vibration. In the group with the natural frequency of vib­
ration more than 7. 0 cps., were the four spans which demonstrated lower 
amplitudes of vibration, and one which vibrated at greater amplitudes. A 
partial explanation for this exception may be the unusual roughness on this 
bridge deck, which caused a much greater variation in effective axle loads 
than customary. This unusual variation in effective axle loads of the test 
truck may have contributed to increased amplitude of vibration for this span . • 

The theoretical fundamental frequency of vibration was calculated 
for all simple spans by a method suggested in a previous report (2). An 
effective superstructure cross-section was selected, composed of one or 
two steel beams directly beneath the path of the test truck, and of the ac­
companyingportion of concrete deck slab above the one or two steel beams. 
For spans designed for composite action the entire concrete slab in the 
selected portion of the superstructure cross-section was considered with 
the steel beam in computing the effective moment of inertia. However, for 
non-composite spans only 50 percent of the concrete slab was considered 
effective. The ratio of modulus of elasticity of steel to concrete was taken 
as 6. The fundamental frequency of vibration was then computed on the 
basis of a simple beam with a uniform load. 

With the exception of Span 1 of Bridge Bl & B2 of 33-6-4, the 
largest difference between experimental and calculated frequency of vibra­
tion was 2. 8 percent, and the average error was 1. 5 percent. The large 
difference between experimental and calculated value for Span 1 of Bl & 
B2 of 33-6-4 is due to the fact that the calculated value was for a simply 
supported beam, while this span was an end span with one end of the steel 
beams encased in the concrete backwall above the abutment, resulting in 
considerable restraint at this support. This stiffening effect was previously 
noted in testing a six span rolled beam bridge where all spans had the same 
geometric design and a nominal length of 60 ft. One of the interior spans 
was of composite design, but all others were non-composite. The end 
spans, with one end of the steel beams encased in the concrete backwall, 
demonstrated a higher naturalfrequency of vibration than all other spans, 
slightly higher than even the composite span. 
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Continuous-span Bridges 

Seven spans from four continuous-span bridges were tested. One 
bridge consisted of three spans and was constructed of rolled beams with 
concrete deck, another was a three span plate girder with concrete deck, 
and the remaining two were three and four span reinforced concrete tee­
beam bridges. None of the steel bridges were designed for composite 
action. The continuous-span bridges are shown in Figures 11 through 14. 

Deflection. - The observed deflections for the seven continuous­
spans tested varied from 0. 014 in. for the end span of a reinforced con­
crete bridge, to 0. 072 in. for the center span of the rolled beam bridge 
(Table 2). The maximum deflection of o. 072 in. for the continuous-spans 
matches the same value for the maximum deflection for the simple-spans. 
The ratio of observed to theoretical deflection for the steel spans varied 
from 0.17 to 0. 35 with an average of 0. 24. The reinforced concrete tee­
beam bridges, as might be expected, had much smaller deflection than the 
steel bridges, with an average of 45 percent less deflection for end spans 
and 63 percent less deflection for center spans. 

Span length~ 80. 58' c. c. 
36 WF 170 lb. beams at 5'2" c. c. 
Min. concrete slab thickness~ 7-1/4" 
Non-composite design 

Figure 11. Bridge B2 of 38-1-14. Over US-12 east of Jackson. 
Three-span continuous, rolled beam bridge. 
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Span length= 68, 76' c, c, 
5' 6" plate-girder at 7' 10-1/211 c, c, 
Min, concrete slab thickness·= 7-1/2" 
Non-composite design 

Figure 12. Bridge B1 of 70-7-3. On route US-31 north of 
Holland. Three-span continuous plate girder bridge. 

Span length = 41, 83' c. c, 
Min, beam depth= 21 911 

Beam spacing= 6' 9-1/2" 
Min, concrete slab thickness= 811 

Span length= 58, 00' c, c, 
Min. beam depth= 2' 9" 
Beam spacing= 6' 9-1/2" 
Min. concrete slab thickness = 8" 

Figure 13, Bridge B1 of 38-11-25. On US-12 near Parma. 
Reinforced concrete tee-beam bridge. 



Span length= 52, 92' c, c, 
Min, beam depth= 2' 411 

Beam spacing = 6' 2-1/ 4" 
Min, concrete Slab thickness = 811 

Figure 14. Bridge B5 of 81-11-8. On route US-23 south of 
Ann Arbor. Four-span reinforced concrete tee-beam bridge. 

Amplitude of Vibration. - The reinforced concrete bridges vibrated 
with smaller amplitudes than the steel bridges. For the continuous-spans, 
themaximum amplitude ofvibrationfortruck onspan, truck onotherspans, 
and truck off the bridge, was 0. 010, 0. 005, and 0, 003 in. respectively. 
Each maximum was obtained on Span 2 of the rolled beam bridge. 
Unfortunately it was not possible to instrument the center span of the plate 
girder bridge due to site difficulties, but a comparison of results from 
the end spans of rolled beam and plate girder bridges indicates that the 
center span of the plate girder bridge would probably have vibrated with 
somewhat greater amplitudes than the centerspanofthe rolledbeambridge, 
For the bridges tested and reported here, the simple-span bridges of com­
posite design vibrated in general with larger amplitudes of vibration than 
did the non-composite continuous-span bridges. 

The maximum duration of vibration after the test truck passed off 
the span is also given in Table 2. The averaged maximum duration of 
vibration for the steel spans was 12. 3 seconds as compared to 7. 2 seconds 
for the reinforced concrete bridges. 
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TABLE 2 

SUMMARY OF DATA ON CONTINUOUS~SPAN HIGHWAY BRIDGES 

D~nection Due to Te_st Truck MaX. Amplitude of 
Ratio of Design L.L. Obs•md .) I : Th•oretical I : 

Vibration· in Inches 
Depth to Plus Impact Defl. Deflection-In. Deflection-In. Ratio: Observed Truck I TruckOn 

1 

I( Truck 
Data on Spans Span Length 1 in Inches (Creep Speed) (No Impact) Theoretical On Span Other Spans Off Bridge 

1. Bridge No. B2 of 38-1-14 
3-span continuous, rolled-beam bridge 
Span 1: Length,42.50'c.c. approx. (2.) o. 027 0,077 0.35 o. 003 o. 002 0,001 
36 WF 170 lb. at 5' 2" c. c. 1/10 
Min. concrete slab thickness "' 7. 25" 
Non-composite design 

2. Bridge No. B2 of 38-1-14 
3-span continuous,rolled-beam. bridge 
Span 2: Length~ SO. 581 c. c. approx. 1. 05 0.072 0.426 0,17 0,010 o. 005 0.003 
36 WF 170 lb. at 5' 2" 1/16 or 
Min. concrete slab thickness "' 7. 25" 1/922 of span 
Non-composite design 

3, Bridge No. B1 of 70-7-3 
3-span continuous, plate-girder bridge 
Span 1: Lengthp68. 76' c. c. approx. (2.) !L 027 0.142 o. 19 o. 005 o. 004 0,002 
5'6" plate girder at 7'10-1/2" c. c. 1/11 . Min. concrete slab thickness = 7. 50" 
Non-composite design 

4. Bridge No, B1 of 38-11-25 
Reinforced concrete, haunched tee-beam, approx. (2.) 0.014 (2) --- o. 003 o. 002 o. 001 
continuous 3-span structure 1/11 
Span 1: Length;c41. 83' c. c • 
Min. beam depth= 2 '9" 
Beams at 6' 9-1/2" c. c. 
Min. concrete slab thickness=S" 

5. Bridge No. B1 of 38-11-25 
Reinforced concrete, haunched tee-beam, approx. (2) o. 027 (2.) --- 0.004 0, 003 0,002 
continuous 3-span structure 1/12 
Span 2: Lengthp 58, _00' c. c. 
Min. beam deptb.,.2'9" 
Beams at 6' 9-1/2" c. c. 
Min. concrete slab thickness=8" -

6. Bridge No. B5 of 81-11-8 
Reinforced concrete, haunched tee-beam, approx. (2) o. 016 (2.) --- o. 003 0. 002 0.001 
continuous 4-span structure 1/12 
Span 1: Length~39. 33' c. c. 
Min. beam depth= :2.'4" 
Beam at 6' 2-1/4" c. c. 
Min. concrete slab thicknesS=$" 

7. Bridge No. B5 of 81-11-:-8 
Reinforced concrete, haunched tee-beam, approx. (2) 0:026 (2) --- 0.005 o. 002 0. 002 
continuous 4-span structure 1/14 
Span 2!" LengthF52.92' c. c. 
Min. beam depth .. 2' 4" 
Beams at 6' 2-1/4" c. c. 
Min, concrete slab thickness"' 8" 

According to AASHO Specification the span length for continuous spans shall be considered as the distance between dead load points 
of contraflexure, 

2 No data on this item was available. 

Max. Duration Fundamental Fre . of Vib. in c •• s. 
of Vibration % Difference 

in Seconds After Computed Theoretical to 
Truck was off Span Observed Theoretical Observed 

10.4 5.23 5,28 1.0 

13.4 5.27 5. 28 0.2 

13.2 5.13 5.25 2.3 

4.9 8.08 7. 95 1.6 

4.1 8.11 7. 95 2.0 

11.6 /T,16 7,10 0.8 

8.2 7.30 7.10 2.8 

. 



Frequency of Vibration. - The range in the observed fundamental 
frequency of vibration for the continuous-span bridges was from 5. 13 to 
8.11 cps. with the steel bridges having an average of 5. 21 cps. and the 
reinforced concrete bridges an average of 7. 66 cps. 

Since the continuous-span steel bridges were uniform in cross­
section the simplest means of computing the naturalfrequency of vibration 
appeared to be the numerical method presented by A.S. Veletsos and N. W. 
Newmark(3). By this method the natural frequencies may be calculated for 
undamped flexural vibration of continuous beams on rigid supports and 
for rigid jointed plane frameworks without sidesway. However, this method 
as presented was restricted to span members having a uniform c"ross­
section and mass per unitlength. The additional complications of applying 
this method to the reinforced concrete bridges with variations of weight 
and moment of inertia throughout the span length, suggested that a differ­
ent approach was desirable. 

For the reinforced concrete bridges, the fundamental frequency of 
vibration was calculated by the method of Influence Coefficients. 

"For free vibrations, the system vibrating at one of its 
principal modes with frequency 'w' is loaded with inertia forces 
•-m14. = m1w 2x1• of each mass, where 'xi' is the deflection of the 
mass 'mi' at position 'i'. The equations for the deflection can 
hence be written as 

2 2 2 x1 = a 11(ml':.J x1) + a 12(m2w x2) + a13(m3 w x3) + • 

2 2 2 x2 = a
21 

(m1w x1) + a22(m2 w x2) + a23(m
3 

w x
3

) + • 

- 2 2 2 
x3 - a31 (m1 w x1) + a32(m2w x2) + a33(m"' x3) + • 

'au' being the deflection at 'i' due to a unit load at 'i', ... and 
similarly ·~j' defined as the deflection at 'i' due to a unit load at 'l' 11 

(4). 

The deflection coefficients for the continuous beam may be calcu­
lated by any suitable means. 
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The previous equation can be modified to the following by matrix 
notation: 

The iteration procedure was used assuming a set of deflections x1, 
x 2, x3 , etc. , for the right column in the last equation and performing the 
proper operation. The resulting column was then normalized, by reducing 
one of the amplitudes to unity by dividing each term of the coltunn by the 
particular amplitude. The procedure was repeated with the normalized 
column until the amplitudes stabilized to a definite pattern, and then the 
fundamental frequency was found directly. 

In the computations, the inertia forces were lumped at three points 
for each span. The moment of inertia of the gross tee-beam cross­
section was used and the modulus of elasticity of the concrete was as sum­
ed to be 5 x 106 psi. ' 

The maximum difference between the computed fundamental fre­
quency of vibration and the experimental value for the continuous-span 
bridges was 2. 8 percent, while the average difference was 1. 5 percent. 

Cantilever-Type Bridges 

Sixteen spans from nine cantilever-type bridges were tested. Six 
of the nine bridges were constructed with rolled beams and concrete deck, 
and five of these were designed for composite action between slab and 
beam. Anchor arm span lengths for these six bridges varied from 50 to 
75ft., while the suspended span lengths ranged from 47 to 69 ft. Two of 
the bridges were plate girder spans constructed with floor beams and 
stringers, and the remaining bridge was a combination of plate girder and 
rolled beam with anchor arm spans being plate girder and suspended spans 
rolled beam. Photographs of these bridges are shown in Figures 8, 9, 
and 15 through 21. 
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'' 
Span length= 65. 75' c, c. 
36 WF 160 lb. beams at 5' 0-1/411 c, c, 
Min. concrete slab thickness = 7" 
Composite design 

Figure 15. Bridge B1 of 18-12-2. On route M-61 near Temple. 
Rolled beam cantilever-type bridge • 

Span length= 73. 64' c. c. 
36 WF 182lb. beams at 5' 0-3/4" c, c, 
Min. concrete slab thickness= 7" 
Composite design 

Cantilever length= 8, 50 1 

Suspended span length= 58, 00' c. c. 
33 WF 141lb. beams at 51 0-3/4" c, c. 
Min. concrete slab thickness = 7" 
Composite design 

Span length= 75, 00 1 c. c, 
36 WF 170 lb. beams at 5' 0-3/411 c, c. 
Min, concrete slab thickness = 7" 
Composite design 

Figure 16. Bridge B1 of 73-20-2. On routes M-46 and M-47 
west of Saginaw. Five-span rolled beam cantilever-type bridge. 



Cantilever length= B. 50' 
Suspended span length= 58, 00 ' c, c, 
33 WF 150 lb. beams at 51 0-3/4" c. c. Min, concrete slab thiclmess = 7" 
Min, concrete slab thickness= 7.'' Composite design 
Composite design 

Figure 17. Bridge B2 of 73-20-2. On routes M-46 and M-47 
west of Saginaw. Rolled beam cantilever-type bridge. 

Cantilever length = 7, 46' Span length = 50, 23' c. c. 
Suspended span length = 64. 69' c. c. 36 WF 160 lb, beams at 4' 9-7/8" c, c, 
36 WF 160 lb. beams at 4' 9-7/8" c, c, Min. concrete slab thiclmess = 7" 
Min. concrete slab thickness = 7" Non-composite design 
Compos! te design 

Figure 18. Bridge B3 of 38-1-14. On route US-127 over US-12 
north of Jackson. Rolled beam cantilever-type bridge. 



Cantilever length~ 9, 18 1 c, c, 
Suspended span length~ 61. 15' c. c. 
36 WF 160 lb, beams at 4' 10-1/4" c, c. Min, concrete slab thickness ~ 7" 

Non-composite design 

Figure 19. Bridge Bl of 39-5-8. Over route US-12 near Kala­
mazoo. Rolled beam cantilever-type bridge. 

Span length~ 73, 75' c. c, 
4'0" plate-girders at 61 011 c, c, 
Min, concrete slab thickness= 7" 
Non-composite design 

Cantilever length~ 14, 00' 
Suspended span length= 47. 00' c, c, 
36 WF 160 lb. beams at 6' 011 c, c, 
Min, concrete slab thickness~ 7" 
Non-composite design 

Figure 20. Bridge Bl of 34-6-1. On route M-66 south of Ionia. 
Five-span plate girder and rolled beam cantilever-type bridge. 



Span length= 97. 25' c. c. 
6' 9-1/2" plate-girder - 2 per 24' roadway 
Min. concrete slab thickness = 7" 
Non-composite design 

Figure 21. Bridge B1 of 62-12-1. On routes M-37 and M-82 in 
Newaygo. Five-span plate girder cantilever-type bridge with 
floor beams and stringers. 

Deflection. - The observed deflections for the sixteen spans varied 
from 0. 049 to 0. 201 in. It should be noted that this maximum of 0, 201 in. 
is much higher than the 0. 072 in. maximum which occurred on simple and 
continuous-span bridges. A comparison of the ratio of observed to theo­
retical deflection for anchor arm spans with composite design varied from 
o. 23 to 0. 60, with an average of 0. 43. For suspended spans designed for 
composite action this same ratio varied from 0. 27 to 0. 64~with an average 
of 0. 45. In contrast, the average ratio for non-composite anchor arm 
spans was 0. 20, and for non-composite suspended spans, 0. 24. 

As similarly shown for simple-spans, the non-composite spans 
were designed much more conservatively for deflection than the composite 
spans. 

Amplitude of Vibration. - The maximum amplitudes of vibration 
for truck on span, truck on other spans, and truck off the bridge, were 
0. 037, 0. 028, and 0. 012 in. respectively, for the cantilever-type bridges 
(Table 3). Eight of the nine cantilever-type bridges appeared susceptible 
to larger amplitudes of vibration. These amplitudes were generally much 
larger than for the other types tested. The larger amplitudes of vibration 
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TABLE 3 

SUMMARY OF DATA ON CANTILEVER-TYPE HiGHWAY BRIDGES 

DafleoUon Due to Teot Truck Max. Amplitude of Max. Duration Fllndameota! p,.. • o[VIb. !n c. 
Data on Spans Re.Uo of Design L. L. oo...... i I , Thw·"~ I· VibraUon In lnelleo of Vibration 'j, ~~~om"'""" Depth to Plus Impact Defl. Deflection ln. De!leoUon-In. RaUo:.~ True':,. I (Tr~ck On IS ll Tr\lck in Seconds After Compute<] Theo.-.t!oallo 

Span L&ngth in lnches (C ... ep Spee.:l) (No Impact) Tl>oorctlcal On Span Other Spans Off Bridge Truck wos off Span Observe TheoreUcal Observed 

'· Bridge No. Ill of 13-12-2 
3-opan. t"<ll1ed-beam, cantilever otructure• 
Span 1: Length~ 65. 75' c. c. approx. 0,675 

36 WF 160 lb, ot 5' 0-l/1" c. c. l/lB, 6 .. 0.052 0.227 0,23 9.012 0,009 0,008 19.2 4.54 4.37 '·" 
.Min. concrete olab thiokneas" 7" l/ll70ofopan 
Compooite dealgn 

'· Bridge No. B1 of 16-12-2 {CalOUlever)O. 295 
3_,pan, rolled-beam. cnntilov~r otructill"<'• or 1/346 of length. 
Span~~ C!lnUlever ~ 8,50' 1/23 0.070 O.a59 0.27 0,017 0.017 0.012 21.2 •. ~ 4.37 "·' 

Suap. apan length~ 69.00' c,c, {Suop.) o. 666 or 
36 WF lll4lb. at 0' 0-1/4" c. c. l/~50 of oJ)an. 
Min. concrete a lab (h!ol<noss ~ 7" 
Composite <leslgn .. Bridge No. Bl of 73-20-2 
7-span, rolled-beam, cantilever otructure• appre»<. 
Span 1: Length~ 73, 54' c, c. 1/20.8 ,,, 0.180 O.J\14 0.59 0,030 0.015 0.010 ... 5.56 

36 WF 182lb. n!5' 0-3/4" c.c, 
l>Un. concrete sinh t!olckneoo ~ 7" 
Composite design 

'· Bridge No. Ill of 73-20-2 
7-span, rollcd-~nm, cantilever structure. 1Ca.ntllcvcr) o. 044 
Span 2: Canti~ver ~ 8, 50' or l/296 of length 

Suap. opnnlengUo~ 68.00' c. c. 1/19,3 0.153 0.239 0.64 0,030 0.013 0.006 12.3 4.90 

33 IVF l4llb. at 5' 0-3/4" c. c. [Susp,) 0.657 or 

Min. concrete elab thlckneo• ~ 1" 1/1250 of span 
Composite design 

'· Brldge No. Ill of 73-20-2 
7-span, rolled-beam, cantilovor structure. 0,855 

Span 3: Len&th ~ 75. 00' c. c. npprox. 0.201 0.336 O,GO 0.028 0.028 o,oa 16.5 4,•12 

36 WF 170 Jb, nl 5' 0-3/4" c,c. l/17.5 1/1040 of span 

Min. concrete slab thickness~ 7" 
Composite d<~Sigt> 

(. Bridge No, B2 of 73-20-2 
3-opan, rolled-bearn,canUlever atructu .... 
Span 1: Length c 13.15' o. c. 0.8~5 

36 WF 102 lb. at 5' 0-:l/4" c. e. approx, "' Min. concrete slab thiokneaa ~ 7" 1/20.9 l/1035 of span 0,12~ 0.322 0,40 0.030 0,014 O.OIG 16 •. 4 S.27 

Compoolte design 

'· Bridge No. ll2 of 73-20-2 
3-opan, rolled-beam. canUlove~ otructure. •{Cantilever) 0.~# 
Span 2: Cantnevor ~ a.oo• or 1/296 of lengtll 

SUilp. •pnn length~ 58,00' c. o. l/21,1 0.150 0.250 0.60 0,037 0.011 0.008 13.0 5,15 

33 WF u;o lb, at 5' 0-:l/4" o,o. 1Susp,) 0,5~7 or 
Min. concrete slab tbiokneos ~ 1" 1/1250 ol span 
Composite doolgn 

"· Bridge No. B!l of 38-1-14 
J-apan, rolled-bea..,, cnn(llevcr otnrotu:rc. 
Spa!' 1: Leogth ~50, 23' c, c. approx. 0.516 
36 WF 160 lb, at1' 9-7/8" o. o. 1/14.2 0,053 0.218 0,24 0,002 0.002 0,001 ... 5.00 

Min, concrete olab thlo!rneas c 7" 1/llOO of opan 
Non-composlte deoign 

"· Bridge No. ll3 of 38-1-14 
3-span, rolled-Warn, canlllavor structure. 
Span 2: ContHevor ~ 7.46' 

Susp. spa" length~ 64.69' o.c. 1/21.6 
{Cantilever) o, 250 
or 1/360 of lcnK!h 0.068 0.212 0.28 0.009 o.oos 0.006 10.8 4.90 

36 WF 160 lb. at 1' 9-7/B" c. c. 
Min. conore\e slab tl>lckneao ~ 1" (Susp.) 0.52.\1 cr 
Compo•ite d""lgn 1/1~70 of span 

'"· Br!dgo N<>. B1 & B2 of 33-6-4 
3-spn.n, rollcd-Wam, cantilever sl<ucture, 
Span 6: Length= 69, 46' c, c. appro~. 0.62 
36 WF 230 lb. at~· 0" c,c. 1/19.7 1/1600 <>I span 0.093 0,269 0.35 0,023 o.Oi9 0,008 19,4 4,58 

Min. concreto o\ab thickneoo = 7" 
Co"'!'osite design 

n. Bridge No. Bl uf 39-5-8 
3-span, rollcd-bs~m, oantllever structure. 
Span 1: Length~ 56. 88' c. c. approx, 
36 \VF 150 lb, at4' 10-1/4" c. c. l/16.1 "' 0.065 0,36S O.ia 0.002 0.001 0,001 ... 4,11 

Min. concrete. slab th!ol<noso ~ 7" 
Non.-compoaile de•!gn 

n. Bridge No. Ill of 39-5-8 
3-SJll<n. rolle~-beam, can\1\ever structure. 
S!"'" 2: Contll~ver = 9.18' 

·~· 
opan length~ 61.15' l/20.4 ,,, 0.131 0.658 0,24 0.022 0.007 0.003 14.0 4.78 

36 WF 160 lb. at 4' 10-1/4" o, o. 
Min. concrete slab thlckneao ~ 7" 
Non-composite deolgn 

n. Bridge No. Ill of 34-6-1 
5-opan, plate-girder 011d rolled-beam, 
cantilever structure, appt"<lx. 
Span 1: Len&th c 73. 75' c, c. 1/J.S.G ,,, O.OG2 0,338 o. 18 0.015 o,ooa 0.003 26.2 4.54 

46" plate-girder at G' 0" c. c. 
Min. concrete slab thicknoas" 1" 
Non-c;;ompoolte deslb'TI 

"· Bridgo No, Ill of 34-5-1 
5-opan, plate-girder :md relied-beam, 
o:mtilever structure. 
Span 2: CanUlevor length~ 14, 00' 

Suap. apan length~ 47 .00' c. c. 1/15.6 ,,, 0.082 0.337 0.24 0.016 0.012 0,005 26.2 4.50 

36 WF 160 lb. at 6' 0" c.c. 
Min. concrete olab t!Mirneso" 7" 
Non-composite design 

"· Bridge No, Ill oi 62-12-1 
5-opan, ploto-girdor, cnnUI~vor airucturo 
wtth flOOr-beam• and otr!ngors. approx. 
Span 1: L<mgth ~ 97. 25' c. c. 1/12.2 ,,, o.oa3 0,014 0.012 0,006 12,0 4.35 

6' 9-1/2" mtn., plate-glr<ior- 2 por roadway 
Min. cone,..\<! slob thickness~ 7" 
Non-composite design 

'"· Bridge No. Dl of 56-12-6 
3-span, plate-girder, onntllcver structure 
with. floor-benms and olrlngero. npprox. o.2sa 
Span 3: Length= n. 90' c. c. 1/U.4 0.019 0,007 0,004 "·' 
5' 6" min.,plale-glrdor - 2 per roadway l/3300 of opan 
Min. concreto •Jab thickness" 7" 
Non-composite doolgn 

(1) Data on n few bridges Is lacking, oinoe de•ign computallons were dea\royod !n a fire. - 23 -



after the truck had passed off the bridge are of particular significance, 
for this vibration was also of longer duration. On the three span struc­
tures, the suspended spans were more flexible than the anchor arm spans 
and vibrated with larger amplitudes. When the maximum amplitudes of 
vibration for the three conditions shown in Table 3 are studied, it appears 
that four bridges demonstrated the most prominent vibration. These 
bridges are B1 of 18-12-2, Bl of 73-20-2, B2 of 73-20-2, and B1 and B2 
of 33-6-4. It should be noted that all of these bridges were constructed 
of rolled beams and designed with composite action. The only cantilever­
type bridge which did not demonstrate a tendency for larger amplitudes 
of vibration was a non-composite plate girder bridge with floor beams and 
stringers. However, it Was not possible to test the suspended span on this 
bridge because of site difficulties, and it is expected that the suspended 
span would vibrate at larger amplitudes than the anchor arm span. 

Frequency of Vibration. -The natural frequency of vibration for 
the cantilever-type bridges was lower than for the other types, and ranged 
from 4. 35 to 5. 56 cps. For all three span bridges the anchor arm and 
suspended spans vibrated at the same frequency during sustained vibrations . • 
However, on Bridge B1 of 73-20-2, a seven span structure, the amplitudes 
of vibration were larger, but the vibration pattern was irregular and not 
as long in duration as might be expected. Also the Spans did not appear to 
vibrate together in harmony, and the interaction of the different frequencies 
probably reduced the duration of vibration. 

On the first attempt at computing the theoretical fundamental fre­
quency of vibration for these structures, the anchor arm together with the 
cantilever portion of the structure was analyzed as a structural unit inde­
pendent of the suspended span. This led to different computed natural fre­
quencies for the anchor arm span and the suspended span of the same bridge, 
and these values were markedly different from the experimental natural 
frequency. In particular, the experimental frequency was much lower than 
the computed frequency for the suspended span, when computed as a simple 
beam between points of suspension. 

For Bridge B1 of 18-12-2, thetheoreticalfrequency was next com­
puted by the method used for the reinforced concrete bridges, discussed 
previously in this report. The only difference in procedure was that the 
influence coefficients were computed on the basis of frictionless hinges at 
the points of suspension for the suspended span. This gave a computedfunda­
mentalfrequencyof 4. 37 cps. as compared to an experimentalfrequency of 
4. 53 cps. , a difference of 3. 8 percent. As these computations are laborious 
and time consuming, it was not possible to complete them for the other 
cantilever-type structures for this report, but they will be computed as 
soon as possible. 
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One very simple method of estimating the fundamental frequency of 
vibration for these cantilever-type structures, was to treat the center span 
portion of the structure as a simple beam. with a corrected effective span 
length greater than the suspended span length. This rough estimate gave 
a maximum error of 4. 4 percent and an average error of 2. 7 percent when 
compared to the experimental frequency of vibration. 

DYNAMIC AXLE LOAD VARIATION 

The two load axles of the test truck were instrumented with strain 
gages to determine the dynamic axle load variation of the test truck as it 
passed over the bridge. It was determined experimentally that the natural 
frequencyofvibrationforthetesttruckwas3. 24 cps., andthesoliddamping 
factor, approximately 0. 056 lb./in. per second. Due to instrumentation 
difficulties the axle load variation was obtained on only twelve of the fifteen 
bridges tested. The maximum dynamic axle load variations for the tractor 
and trailer axles are shown in Table 4 for various positions of these axles, 
on the bridge approach, on other spans, on the test span, and off the bridge. 
In addition, this table gives the maximum percent impact for each span 
tested as obtained by using the increased dynamic deflection over static 
deflection as a measure of impact. 

The axle load variation was seldom more than 2:.4 kips, except in 
the case of data from two bridges. One of these bridges (B1 & B2 of 33-
6-4) has had a very rough riding surface since construction. The maxi­
mum axle load variation on this bridge was 2:. 6. 8 kips on the tractor axle, 
and 2:. 10. 6 kips on the trailer axle. This departure from the static load 
is 2:. 44 and 2:. 58 percent, respectively. The other bridge, (B2 of 39-3-8,) 
had a bituminous surface for the bridge approach and a bump had formed 
adjacent to the north end of the bridge, causing a maximum axle load vari­
ation of 2:. 8. 5 kips. This bridge consisted of four simple spans and the test 
spans were at the opposite end of the bridge. The vertical oscillation of 
the test truck resulting from passing over this bump, had dissipated by 
the Jime it reached the test spans. 

The bridge span with the largest percent impact was also the span 
on which the largest axle load variation occurred (B 1 and B2 of 33-6-4, 
Span 4). In general the percent impact for the various spans appears to be 
reasonably consistent with the maximum percent axle load variation re­
corded while the truck was on the span (Figure 22). However, there are 
six points which fall farther away from the general pattern. Two of these 
points, representing low ratios of impact to axle load variation, are from 
Bridge B2 of 39-3-8 which had relatively stiff simple spans. On the other 
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Bridge and Span Number 

1. Simple-span Bridges 

X3 of 33-6-1 
X3 of 33-6-1 
X3 of 33-6-1 

B1 & B2 of 33-6-4 
B1 & B2 of 33-6-4-
B1 & B2 of 33-6-4 
B1 & B2 of 33-6-4 

B1 of 56-12-6 
B1 of 56-12-6 

B2 of 39-3-8 
B2 of 39-3-8 

Span 2 
Span 3 
Span 4 

Span 1 
Span 2 
Span 4 ,_, 
Span 1 
Span 2 

Span 1 
Span 2 

Average simple-span bridges 

2. Steel Continuous-Span Bridges 

B2 of 38-1-14 
B2 of 38-1-14 

B1 of 70-7-3 

Span 1 
Span 2 

Span 1 
AVerage steel continuous-span 
bridges. 

3. Concrete Co:otinuous..,Spa:n Bridge~ 

B1 of 38-11-25 
B1 of 38-11-25 

B5 of 81-11-8 
B5 of 81-11-8 

Span 1 
Span 2 

Span 1 
Span 2 

Average concrete continuous-span 
bridges. 

4. Cantilever-Type Bridges 

B1 of 18-12-2 
Bl of 18-12-2 

B1 of 73-20-2 
B1 of 73-20-2 
B1 of 73-20-2 

B2 of 73-20-2 
B2 of 73-20-2 

B3 of 38-1-14 
B3 of 38-1-14 

B1 & B2 of 33-6-4 

B1 of 39-5-8 
B1 of 39-5-8 

B1 of 34-6-l 
B1 of 34-6-1 

B1 of 62-12-1 

B1 of 56-12-6 

Span 1 
Span 2 

Span 1 

'""'' Span 3 

Span 1 
Span 2 

Span 1 
Span 2 

Span 6 

Span 1 
Span 2 

Span 1 
Span 2 

Span 1 

Span 3 

Average cantilever-type bridges 

1 Dd"' Dynamic deflection 
Ds "' Static deflection 

TABLE 4 

SUMMARY OF DATA ON MAXIMUM IMPACT AND 
DYNAMIC AXLE-LOAD VARIATION FOR ALL SPANS 

Max. Percent Impact Maximum Axle-Load Variation in Kips and Percent (Test Truck at Various Positions as Noted) 

based on: 1 Tractor Axle- 15.5 Kips (Sprung) Trailer Axle- 18. 1 Kips (Unsprung) 
Dd - Ds x 100 Bridge -

Ds A_PRroach ____________________ _ 

5.6 

5.' 
8.9 

14.8 
14.0 
45.5 
16.4 

10.7 
15.7 
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hand, the four points representing high ratios of impact to axle load varia­
tion were from two of the more flexible cantilever-type bridges. 

The axle load variation increased in proportion to test truck speed. 
In Figure 23 the data from the tractor axle on Bridge B2 of 73-20-2 was 
used to illustrate this correlation. 

An incidental, but interesting observation is shown in Figure 2<t, 
where three test truck runs were made on Bridge B2 of 73-20-2, at approxi­
mately the same speed. Both spans of this bridge responded in almost 
identical pattern and amplitude for all three of these test runs. For two of 
the three test runs the dynamic axle load variation was also recorded and 
these two traces are also similar to each other, although not as uniform 
in pattern as the bridge oscillations. 

COMPARISON OF BRIDGE TYPES 

In comparing the vibration behavior of various bridges, the same 
grouping as before, of simple-span, continuous-span, and cantilever-type 
will be employed. However a differentiation will be made between compo­
site and non-composite structures, and in the case of continuous-span 
bridges, a distinction between those constructed of steel and of reinforced 
concrete. No distinction will be made between rolled beam and plate girder 
bridges of the various types. 

Figures 25 throngh 29 show the subject data averaged for each bridge 
grouping. Figure 25 compares these bridge types on the basis of observed 
deflection and it illustrates the fact that the cantilever-type with composite 
design had the largest average deflection, followed by the same type with­
out composite design. The reinforced concrete bridges, as might be ex­
pected, deflected least. In Figure 26 the bridge types are compared with 
respect to the ratio ofobservedto theoretical deflection. This graph shows 
that the non-composite spans had a 50 percent lower ratio, compared to the 
composite spans, for both simple-span and cantilever-type bridges. Com­
posite and non-composite spans of the cantilever-type bridges had higher 
ratios than the corresponding simple-span bridges. 

A comparison of the amplitudes of vibration in Figure 27 illustrates 
the much greater susceptibility of the cantilever-type bridges, especially 
those designed for composite action, to larger amplitudes of vibration. It 
should be noted that the cantilever-type spans tested were not especially 
long. The maximum anchor arm span length was 75ft. and the longest 
suspended span length was 69 ft. In general, the cantilever-type bridges 
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designed without composite action had longer span lengths, but these did 
not vibrate with as large an amplitude of vibration. 

The maximum duration of vibration, averaged for each bridge 
group, is shown in Figure 28. Again, the cantilever-type bridges lead the 
others, but steel continuous-span bridges follow rather closely non:­
composite cantilever-type bridges. A possible explanation for the longer 
duration of vibration for the steel continuous-span bridges may lie in the 
fact that the average solid damping factor for this type is the same as the 
a.verage for the cantilever-type bridge. The solid damping factors shown 
in Table 5 were computed from examples of sustained free vibration. The 
average damping factor for the simple span bridges was not sufficiently 
higher than the other types to be conclusive, but the reinforced concrete 
bridges had an average damping factor approximately twice as large as 
that of the other types. 

Figure 29 gives the experimental natural frequency, averaged for 
each bridge type. The cantilever-type bridges had the lowest natural fre­
quency, while the steel continuous-span bridges had the second lowest. A 
comparison of the- amplitude offree vibration withfundamentalfrequency is 
shown for all spans in Figure 30. Although the relationship between ampli­
tude and fundamental frequency is not well defined, it does appear that the 
amplitude of free vibration has a tendency to increase as the fundamental 
frequency of the span is reduced. This figure also shows that the cantilever 
type bridges are grouped in the low frequency and high amplitude part of 
this graph. 

Another way of evaluating the various types of bridges is by com­
paring the oscillograph traces of the most prominent vibrations for each 
type of structure. This has been done in Figure 31. In this evaluation, it 
is again clear that the greatest amplitude and duration of vibration is ob­
tained on the cantilever-type structures. Figure 32 shows the oscillograph 
traces of two other cantilever-type bridges in order to emphasize the fact 
that all but one of the bridges of this type were readily susceptible to sus­
tained vibration. 

On one particular cantilever-type bridge, B1 of 39-5-8, the flexi­
bility of the suspended span was noted during the testing. In order to 
demonstrate this flexibility one man starting jumping at the center of this 
span producing perceptible vibration. Figure 33 shows the oscillograph 
trace resulting from three men weighing a total ofless than 500 lb. jumping 
in phase and at a frequency close to the natural frequency of the bridge. 
This resulted in an amplitude of vibration of 0. 010 in. 
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TABLE 5 

SUMMARY OF DATA ON DAMPED FREE VIBRATION FOR ALL SPANS 

Bridge and Span Number 

1. Simple~Span Bridges 

xa of 33-6-1 Span 2 

' " 4 

B1 & B2 Of:33-6-4 Span 1 
2 
4 

• 
B1 of 56-12-6 Span 1 

" 2 

B2 of 39-3-8 Span 1 

" 2 

Average simple-span bridges 

2. Steel Continuous·Span Bridges 

B2 of 38-1-14 

B1 of 70-7-3 

Span 1 
" 2 

Span 1 

Average steel continuous~span bridges 

3. Concrete Contrnuous~Span Bridges 

B1 of 38-11-25 

B5 of 81-11-8 

Span 1 
" 2 

Span 1 

" 2 

Average concrete continuous-span bridges 

4. Cantilever-Span Bridges 

(A) Anchor-Arm Spans 

Bl of 18-12-2 Span 1 

B1 of 73-20-2 Span 1 

" 3 

B2 of 73-20-2 Span 1 

B3 of 38-1-14 Span 1 

Bl & B2 of 33-6-4 Span 6 

B1 of 39-5-8 Span 1 

B1 of 34-6-1 Span 1 

B1 of 62-12-1 Span 1 

B1 of 66-12-6 Span 3 

Average anchor-arm spans 

(B) Suspended Spans 

B1 of 18-12-2 Span 2 

B1 of 73-20-2 Span 2 

B2 of 73-20-2 Span 2 

B3 of 38-1-14 Span 2 

B1 of 39-5-8 Span 2 

B1 of 34-6-1 Span 2 

Average suspended spans 

Average cantilever-span bridges 
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Logarithmic 
Decrement 

0.065 
o. 050 
o. 096 

0. 069 
o. 091 

o. 076 

0,074 

0,044 

o. 079 

0.062 

0.115 

0~122 

0.,142 

0,126 

o. 038 

o. 084 
0.011 

o. 073 

0,040 

o. 057 

0.075 

o. 063 

0.044 

0.074 

o. 057 

o. 075 

0.070 

0.044 

o. 061 

0.062 

Solid 
Damping Factor 

o. 021 
0.016 
0.030 

0.022 
0,028 

0.024 

0.024 

o. 014 

o. 025 

o. 020 

0.036 

0. 039 
0.043 

0.039 

0.012 

0.027 
0.023 

0.023 

o. 013 

o_ 018 

o. 024 

o. 020 

0.014 

0.024 

0.018 

0,024 

0.022 

0,014 

o. 019 

0, 020 
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In previous bridge tests it had been noted that in the case of bridges 
built with common piers and abutments, but with separate superstructures 
for each roadway, a noticeable amount of vibration occurred on one super­
structure when a truck passed over the opposite one. Since this was parti­
cularly noticeable on Bridge B1 of 62-12-1, an oscillograph trace was 
obtained showing vibration caused by the test truck on the opposite roadway 
superstructure. This is shown in Figure 34, where the maximum amplitude 
of vibration under this condition was 0. 005 in. It appears that the only way 
this vibration can be transmitted from one superstructure to the other is 
through the common piers and abutments. Since this effect had been noted 
previous to the bridge tests reported here, traffic was stopped temporarily 
on both roadways during the test program, so that recorded vibrations 
would be caused solely by passage of the test truck. 

PSYCHOLOGICAL REACTION TO VIBRATION 

These bridges were not analyzed for susceptibility to vibration on 
the basis of any fear that such vibration might lead to harmful structural 
effects. The primary concern in limiting Vibration rises from the possi­
bility that vibration may have discomforting psychological effects on 
pedestrians or motorists. In current and previous testing, the existing 
magnitudes of bridge vibration apparently would not appreciably affect a 
motorist in a vehicle travelling across the bridge. However, to a pede­
strian walking across the bridge or to a motorist seated in a stalled vehicle 
on the bridge, the magnitude of the bridge vibration experienced in these 
tests might have a discomforting effect. 

Individual sensitivity to such vibration varies and therefore it is 
difficult to set an exact limit as to what amplitude of vibration for a given 
frequency is perceptible, unpleasant, or intolerable. Janeway (5) has 
recommended certain safe limits for amplitude of vibration at various 
frequencies of vibration (Figure 35). These limits were based on data from 
subjects standing, or sitting on a hard seat. From one to six cycles per 
second, the recommended amplitude limits are based on the equation 
ar3 = 2, where 'a' is the amplitude, and 'f' is the frequency of vibration. 
From six to twenty cycles per second, the recommended amplitude limits 
are based on the equation af2 = 1/3. 

On this same Figure the various bridge vibration amplitudes and 
frequencies have been plotted in order to compare them with the Janeway 
limits. The amplitude of vibration is shown with thetesttruck on the span, 
and off the bridge. For amplitudes of vibration with the test truck on the 
span, seven cantilever-type spans and seven simple-spans had points fall­
ing above the limits. However, the amplitude of vibration with the span 
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loaded was never more fuan one or two cycles at 1he magnitude shown; 
therefore, it is felt that this vibration would not cause discomfort to some­
one on the bridge. However ,-several of the bridges tested (Bl of 73-20-2, 
Span 1; B2 of 73-20-2, Span 1; and Bl and B2 of 33-6-4, Span 4) had 
amplitudes of vibration with the test truck off 1he bridge which closely 
approached the limit line. This free vibration was sustained for a consider­
able number of cycles on some bridges. Further, data from other tests (2) 
indicates that in ·certain instances, normal truck traffic would produce 
larger amplitudes of vibration than those produced by the test truck. 

Personal reaction of personnel engaged in 1hese tests appears some­
what counter to the comparison of bridge vibration with recommended safe 
limits shown in Figure 35. The vibration of the simple-span and steel 
continuous-span bridges was perceptible, butwas notsufficientlyextensive 
to become discomforting. However, greater amplitude of vibration, al­
though at a lowe.r frequency, was somewhat discomforting on several of 
the cantilever-type bridges (B1 of 62-12-1, B1 of 73-20-2, B2 of 73-20-2 
and Span 6 of B1 & B2 of 33-6-4). For the first three bridges, the instru­
mentation truck was parked on the roadway superstructure opposite from 
the one being tested. One person was seated on a hard stool in the instru­
mentation truck during the test program which lasted several hours, He 
was subjected to the bridge oscillation from 1he test truck on 1he other 
roadway, plus that due to the passage of normal truck traffic on the same 
roadway,· which occurred between test truck runs. Due to this bridge 
oscillation he felt mild discomfort leading to a headache. 

CONCLUSIONS 

Assumptions and Limitations 

The theoretical computations were based on the following as­
sumptions: 

For deflection calculations --

1. The modulus of elasticity of concrete was assumed to be 
3 x 106 psi. 

2. The effective moment of inertia of the spans designed for 
composite action and non-composite action was as recommended by the 
AASHO Specifications. The lateral distribution of load to stringers was 
also based on this specification, 
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For natural frequency of vibration calculations --

3. The modulus of elasticity of concrete was assumed to be 
5 x 106 psi. 

4. The effective moment of inertia for spans designed for com­
posite action was based on considering 100 percent of the concrete deck 
above the beam or beams in question as effective. 

5. The effective moment of inertia for spans designed for non­
composite action was based on considering 50 percent of the concrete deck 
above the beam or beams in question as effective. 

6. For reinforced concrete bridges the moment of inertia was 
based on the full gross tee-beam cross section. 

The following findings are based solely on the thirty-four spans of 
fifteen bridges which were tested in this program. Cognizance should be 
taken that selection of bridges, slight differences in testing procedure, 
and slight variations in roadway roughness, could have had some influence 
on results. 

General Findings 

The following findings appear sufficiently conclusive to warrant 
careful consideration: 

1. On the basis of deflection the cantilever-type bridges were defi­
nitely the most flexible bridge type tested. 

2. The cantilever-type bridges were much more susceptible to 
large amplitudes and longer duration of vibration than the other types 
tested. 

3. The average ratio of observed to theoretical deflection was 50 
percent less for non-comp.osite spans as compared to spans designed with 
composite action. This was true for both simple-span and cantilever-type 
bridges. 

The following points are indicated from the present data, but more 
extensive testing or refinement in instrumentation may modify some of 
these concepts: 

4. As a general rule, the bridges with the lower fundamental fre­
quency of vibration were more susceptible to larger amplitudes of vibration. 
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5. Personal reaction bordering on discomfort was experienced 
only from vibration of the cantilever-type bridges. 

6. In comparing bridges of a given type, designed with and without 
composite action, those designed with composite action were more sus­
ceptible to larger amplitudes of vibration. 

7. The maximum percent impact as measured by the increase in 
dynamic deflection over the .,static deflection appeared to be related reason­
ably well to the maximum dynamic axle load variation of the test truck 
while on the span. 

8. The magnitude of the dynamic axle load variation of the test 
truck increased with test truck speed. 

9. It appears possible to compute the fundamental frequency of any 
of the bridge types tested, with sufficient accuracy, by using the methods 
and assumptions suggested in this report. 

Discussion of Findings Pertinent to Bridge Design 

The results of these bridge tests as discussed previously, indicate 
that there is .an inequality in present design methods between bridges de­
signed with and without, composite action. This was shown by the 100 
percent higher ratio of actual deflection to theoretical deflection for the 
spans designed for composite action compared to those designed without it. 

These tests also indicate that the present deflection limitations, 
when applied in design to simple span, continuous and cantilever-type 
bridges, do not appear to. result in equitable stiffness for the various 
bridge types. If modifications in the deflection limitations are proposed, 
or if other means of controlling susceptibility to larger amplitudes of 
vibration are contemplated, then a thorough study of the cantilever-type 
highway bridge is imperative. 
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