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I. INTRODUCTION

l. General Objectives

This report deals with the program of dynamic tests conducted on
the bridges of the AASHO Road Test at Ottawa, Illinois, and the analysis and
interpretation of the results obtained.

For a description of the overall Road Test project, the reader is
referred to the final reports on the AASHO Road Test(l)*. There were 18
bridges included in the Test Road; specifically designed to study their behavior
under repeated épplications of high overstress. Bach bridge was a simple-span
structure, consisting of three beams and a reinforced concrete slab. The beams,
sfanningyso feet, were steel wide-flange sections, préstressed concrete I-beams;,
or reinforced concrete T-beams. Each bridge provided one lane of test traffic.

The broad obJjective of the program described herein was to study the
dynanmic effects produced in the test bridges under moving vehicles, and to
relate the observed behavior to the results predicted by theory. It was also
hoped that, based on the knowledge obtained from this investigation, directions
for further studies on the subject might be indicated. A special effort was j
made to obtain reliable, carefully controlled data on the behavior of the test |
bridges under actual field conditions.

The scope of the program was limited by the fact that the test
bridges were simplified structures and were not directly representative of
ﬁhose designed for more conservative stress level. Furthermore, no considera- ,
tion was given in the design of the bridges to any particular requirements of
the dynamic studies. Because of these limitations, nc attempt has been made

to derive an "impact formula" for the bridges tested, much less for a general

¥ Numbers in parentheses refer to items listed in the Bibliography.
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class of bridges. Instead,; emphasis has been placed on understanding the
dynamic behavior of the bridges and.vehicleso

It should be emphasized that the results obtained are limited to
the structures tested, and are not necessarily applicable beyond the range
of variables considered. However, the results provided valuable information
about the dynamic behavior of wvehicles and bridges in general.

The significance of the present investigation to the general prob-
lem of the dynamic behavior of bridges can be best seen by'placing it in the
perspective of the current knowledgef Available experimental information
on the dynamic behavior of simple-span highway bridges comes from two sources:

(a) laboratory experiments on scale models, usiﬁg idealized bridge
and vehicle models(e’a’k>, and

(v) full-scale field tests, employing actual vehicles and
bridges(u’s’é)°
Many laboratory test resul®ts have been successfully correlated with theoretical
analyses, especially where the bridge and vehicle models were relatively
simple(e)° Although under somz conditions excellent correlation has been
obtained between field tests and theoretical solutions(g), the field tests
generally have not been comprehensivs.

The experimental setup at the AASHO Test Road consisted of actual
heavy vehicles and full-scale bridges, althcugh the latter were to an extent
simplified models. Together with these, instrumentation and exyerimentgl
control facilities normally found only in the best laboratory experiments
were avallable. Furthermore, the opportunity existed to perform additional

tests to determine the characteristics of both vehicles and bridges and

obtain experimental data not commonly available.
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Thus, the present progrém serves as a transition between the simpli-
fied laboratory tests on one hand, and the full-scale field tests on the

otheér hand.

2. Scope of Program

The investigation reported herein can conveniently be classified
into the following three parts:

(a) study of the static and dynamic properties of the bridges;

(b) study of the characteristics of the vehicles under static
and dynamic conditions; and

(e¢) study of the dynamic behavior of the bridge-vehicle system.

The first two parts of the investigation, although not as exten-
sive as the third part, were as important as the latter. It was felt that
before the behavior of the bridges under moving vehicles could be adequately
wnderstood and analyzed,; the properties of the bridges and vehicles had to
be accurately determined and interpreted.

The various parts of the study are briefly described in the
following sections.

2.1 Stuly of the Characteristics of Bridges. Loading tests were

nmade on the bridges both with stationary and slowly moving vehicles. 'The
objectives of these tests were: first, tc determine the stiffness of the
bridges at various stages of the test program; and seccnd, to study the
lateral distribution of effects in order to determine to what extent the
test bridges behaved as a beam, which was an assumption involved in the

theoretical solutions used in this project to predict the dynamic behavior.
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The natural frequencies of the bridges were determined at various
stages of the test program, and the results compared with the computed values.
Studies were made to ascertain whether the frecusncies in the free-vibration
ers were representative of the natural frequencies while the vehicle was on
the bridge. The damping characteristics of the bridges were determined from
the rate of decay of the motion of the bridges after the vehicle had left
the span. For certain bridges, these resulis were related to those obtained
from steady-state forced vibration tests.

The profiles of the approach pavements and the bridge surfaces
were recorded at regular intervals, and an attempt was made to relate the
major surface irregularities to the oscillations of the vehicles°

2.2 Study of the Characteristics of Vehicles. Static loading

tests were performed on the vehicles; to determine their load-deformation
characteristics; and to study the effect of friction in the suspension
system.

A large number of dynamic tests were performed in which vehicles
were driven at different speeds over various pavements and obstructions.
in some tests, the suspension springs of the vehicle were blocked. The
objectives of these tests were: first, to determine directly the natural
frequencies of the vehicles; second, to evaluate the damping characteristics
of the tires and of the suspension system under dynamic conditions, and to
relate these to the results of static tests; and third, to determine the
magnitude of the vertical oscillations of the vehicle.

2.5 Dynamic Studies on the Bridges. The program of dynamic tests

consisted of epproximately 19CC test rums, and involved composite and non-
composite steel bridges, prestressed and reinforced concrete bridges, as

well as 14 different vehicles. Speeds ranged from 10 tc 50 mph.
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Tests were made for a large number of comﬁinations of bridges and
vehicies, in order to get data on the effect of all pertinent parameters.
Additional tests were made to determihe any variation in the dynamic behavior
of the bridges due to Qhanges in their characteristics with increased cycles
of overstressf

In'séverél tests; the wvehicle springs were blocked, so that the
results could be more readily compared with the theoretical solutions. A
study was made of the effect of frictioﬁ in the vehicle suspeﬁsion system
on the bridgevresponse°
| In the above tests,vno éttempt was made to excite either the
bridge or thevvehicle prior to the entrance of the vehicle on the span.

In general, however, oscillations were always present in the vehicle. Tests
were also conducted with induced initial oscillations in the vehicle. In a
few ﬁests, attempts were made to simulate continuous traffic, by operating
tﬁo vehicles on the-bridge, and adjusting the distance between them so that
the second vehicle entered the span while the bridge was still in motion.

In addition to the tests where the vehicle moved along the center-
line of the bridge, tests were made with the vehicle located eccentrically.

Finally, one set of tests was intended to study the effect of
braking the vehicle on the bridge.

The results bf these tests were analyzed and interpreted in the
light of the available theoretical background. In addition, eXperimental
data have been compared with theoretical predictions, using the theoretical
model originally developed as part of the Cooperative Highway Bridge Impact

Investigation at the University of Illinois.
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Comparisons were first made on the basis of history .curves of
measured and computed responses as the vehicle moved across the span. Such
cqmparisons were made for a number of tests involving différent bridges and
vehicles. The effect of the experimental uncertainties was studied by vary-
ing the parameters in the theoretical solutions. On the basis of the
history curves, the maximum values of the measured and computed effects
were compered over the range of speeds involved.

The outline bf this report follows the scope described above. In
the last section of this chapter the planning of the tests is described.
Chapter II deals’with the teSt program and describes the data obtained. The
characteristics of thé bridges and vehicles are dealt with in Chapter III
and IV, respectively. Chapters V through VII deal with the dynamic tests
on the bridges. In Chapter V, a representative number of dynamic tests
are described, to illustrate the detailed characteristics of the behavior.

The results of the dynamic tests are analyzed and interpreted in Chapters

VI and VII. The comparison of experimental data with theory is presented
in Chapter VIII. In Chapter X the major findings are summarized, and

conclusions and suggestions for further work are presented.

3. Planning and Conduct of Tests

| The tests described herein were performed between October 1958
and October 1960, and were divided into five major series. Throughout the
duration of the project, the program of tests was closely coordinated
with the‘analysis and interpretation of the experimental date, and it was
kept flexible so that changes and additions could be made in the light of
the results obtéined. The planning of the tests was guided by the results

of theoretical analyses. Some of the observed trends were anticipated on
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the basis of available knowledge, and tests were incorporated in'thénpro-
gram specifiéally;in an éttemét to‘confirm the ﬁheorétical résultse In
other cases, specific teéﬁs wéfe pfopoéed to obtain défa on éondiﬁions'not
accounted for by the available theory. | |

The procedure of planning'and executing the tests was as follows.
For each major series of tests, a tentative outline was prepared, describ-
ing the objectives and outlining a set of specific ﬁroposals‘for their
.iméleﬁentatioﬁ. At a meetiné of the Sjeciai Committee on Dynémic Behavior
of the Test Bridges,‘appointed by thé Highway Research Board, a final pro-
gram was formulated aﬁd it#léxeéution was aésigned £o the Bridge Research
Branch of £he AASHC Roed Test. After completion of the tests and preliminary
reduction work, the test data were forwarded to the University of Illinois
for further reduction and analysis. Throughout the duration of the project,
the closest cooperatioﬁ was maintained with the Road Test'staff.

Due to iimitations in time, not all of the expefimental data
obtéinéd.couid be studied in detail. Similarly, because of s?ace limita-

”tions,ﬂsomewof the test resﬁlts are discussed only in general terms in this
report. In particular, the analybical studies reported deal with a small
proportion of the testé, and in many caséé are essentially exploratory in
character.

It should be noted that the planning of thé tests was not goVérned
solely‘by the ahalysis and interpretation of the results in the present
investigation. It was reslized that not all data could be reduced and
thoroughly interpreted within the time limits of this investigation. Thus
the tests were designed to provide, after tﬁe completion of the present

study, information valuaﬁle for further ﬁork in the field.
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The symbols used in this report afe defined in the text where

they are first introduced. For convenience, the important‘symbols are

summarized here in alphabetical order.

!

o1,
DI

EI

horizontal distance ffom front axle to the center of
gravity of the vehicle |
°T A o

amplification'factormraﬁio of maximum dynamic effect to
corresponding makimum crawl effect

amplification factor for deflection

amplification factor for moment (computed) or strain
(measured)

width.of‘bridge slab

constants defiﬁed by equation (3)

rigidity of slab per unit width

dynamic increment - difference between dynamic effect at
an instant and the corrésponding crawl effect, in terms
of the maximum crawl effect

dynamic increment for deflection

dynamic increment for moment (computed) or strain (measured)
flexural rigidity of beams

modulus of elasticity of the material of the slab
limiting frictional force in the suSpension springs of
the ith axle

fundamental natural frequency of the bridge

natural frequencies of the wvehicle

.frequency of the ith axle vibrating on its tires
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..9..
frequency of the ith axle vibrating on the combined
springs and tires
acceleration of gravity
height of obstruction
impact factor
dynanmic indexes of tractor and trailer, respectively
effective stiffness
stiffness of suspension springs for the ith axle
stiffness of tires for the ith axle
stiffness of combined tires and suspension springs for
the ith axle
length of span
length 'of obstruction
interaction force on the i > axle
initial axle load for static tests (section 15 only)
initial-interaction force on the ith axle
component of axle load carried by suspension spring ,

static load on the ith axle

ﬁ"y
b
radius of gyration of sprung mass of vehicle

a weight ratio

wheelbase of tractor andvtrailer, respectively
fundamental period of vibration of bridge

naturai pericd of vibration of vehicle axle

elapsed time measured from instant of entry of rear axle
of véhicie on the span

time of transit over the bridge

time of transit over an obstruction
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v = speed of vehicle

W = total weight of vehicle

Wﬁ = tbtal weight of bridge

W = unsprung weight of axle

w, = weight of bridge per unit of length

X = distance from the position of rear axle of wvehicle

to the left support

y, = initisl deflection for static tests (section 15 only)

v, = deflection of ith axle

yst,i 3;atic deflection of ith axle

a = Eig , & speed parameter

Bb = ézmping coefficient for bridge

Fay = < , & profile variation parameter

s, = d:wtz’i;tion of bridge profile at midspen from a line through

the . supports

sst = dead-~load deflection of bridge at midspan
e = - phase angle
W o= %pefficient of interlesf friction for the i ™ axle
P = ;;3 a frequency ratio
“b
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IT. DESCRIPTION OF TEST PROGRAM
The purpose of this chapter is to describe the experimental setup

for this investigation and to summarize the tests performed and the data
obtained. The various tests are described in relation to the scope of the
project discussed earlief, rather than in the order in which they were per-
formedt

| For administrative purposes; the dynamic tests were divided into
five series, with each series further subdivided into a number of subseries,>
Generally, a subseries involved one bridge and one vehiclé, the only variable
being the speed of the vehicle. Throughout this report, the test subseries
will be'referred to by the subseries numbers assigned by the AASHO Road Test.
Similarly, the bridge and vehicle designations will be those used on the Road

Test.

6. Tests to Determine Characteristics of Bridges

6.1 Description.of Test.Bridges. The detailed description of the

test bridgeé may be found in the appropriate parts of Ref. 1, and is beyond
the scope of this report. In this section, & brief description is given,
primarily to make the report self-contained.

The test bridges were located in the test loops subject to the
heaviest trucks in the regular tests. They were placed in four groups of
four bridges each. Each bridge provided one traffic lane, and each traffic
lane crossed twe bridges in tandem. At Both ends of each bridge site there
were heavily reinforced concrete approach pavement slabs 20 feet longo A1l

test bridges were built on & 0.2 percent slope.
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Early in the course of tests two of the bridges (4A and 4B) failed
and were replaced by bridges 9A and 9B. Thus, altogether 18 test bridgés
were aveilable, as follows:

Composite steel - Bridges 2B and 3B.

Noncomposite steel - Bridges 1A, 1B, 2A, 3A, 4, 4B, 9A and 9B.
Prestressed concrete - Bridges 5A, 5B, 6A, and 6B.

Reinforced concrete - Bridges TA, 7B, 84, and 8B.

The above bridge deéignations, used in the Road Test Reports, will
be used throughout this report. The dimensions of the bridges are presented
in Section 9.1.

6.2 Crawl tests. As part of every subseries of dynamic tests,
from two to six additional tests were performed, with a vehicle speed of
approximately 3 mph. These will be referred to as crawl tests. Static
tests, with the drive axle of the vehicle placed'at midspan, were also per-
formed in the first two series of tests. TheAtest methods and messurements
obtained were the same as those used in the dynamic tests described below.
The crawl and static measurements were always teken preceding and following
‘the dynamic tests. This procedure provided an additional check on the
_ instrumentation, and, in a few cases, the comparison of "before"” and "after"
crawl tests was helpful in isolating defective records. In addition to
the above tests, one subseries (No. 5451-18) consisted entirely of crawl
and static tests on Bridges 2B, 5A, TA and 9B.

6.3 Measurements of Profiles of Bridges and Approaches. The

longitudinal and transverse profiles of all bridges were determined. In
the longitudinal direction measurements were taken at one fobt intervals
along two concentric wheelpaths on 100 feet of pavement preceding the
bridges and on the bridges themselves. The transverse profiles of the’

bridges were obtained by measurements at the supports and quarter-points
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along five lines, namely the three beam lines and the two edges of the bridge
slab. All of the measurements were taken with a conventional rod and levéi,
and were expressed as deviations from the design grade.

Longitudinal profile data were obtained on the following four
dates: Sept. 24, 1958; Oct. 10, 1959; March 25,u1960; and Nov. 22, 1960.
Lateral profiles were obtained approximately every three months during a
ﬁhree-year period.

6.4 Forced Vibration Tests. Forced vibration tests were conducted

on five bridges (3B, 6A, 6B, 8A and 9B) after the completion of the regulaf
tes% tréffic (February‘l%l)° The test method for éach bridge wes the same.
The oniy weight placed on the bridge was the weight of the mechanical oscilla-
tor which wﬁs 2,000 pounds. The oscillator was piaced transversely at midsﬁan
6f‘each bridge and bolted to the deck. The vibrator was run at‘a constant

| ,frequéncy, and a continuous‘bscillograph record of the strains at midspan of
"he three beams was obtained.

The frequencies were changed a small amount, and each time a corre-
sponding résponse record ﬁas teken. Several series of tests were made on
eééh Bridge to obtain replication of results. The frequencies varied from
léw frequenéiés up to the resonant frequency of the bridge and from high
freqpencies‘down to the resonant frequency. The vibrator produced a maxi-
mum frequency of 5.8 cps. On the pfestreSsed concrete bridges, the resonant

frequency could not be attained, and response recordsnwere obtained only up

to the maximum frequency of the vibrator.

T. Tests to Determine Characteristics of the Vehicles

T.l Description of Test Vehicles. The vehicles available for

the dynamic tests included all test vehicles used on the Road Test, as
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well as two-axle maintenance trucks. The only limitation placed on the
choice of vehicles was that the regular test vehicles assigned to the
loop on which a particular bridge was located, or any heavier vehicles,
could not be used in the dynamic tests. This limitation was made to
insure that the bridges would not be overloaded beyond their design load.
The vehicles used in the dynamic tests included two-axle, three-
axle (truck-semitreiler), and five-axle (truck-semitrailer with tandem
drive and rear axles) vehicles, as follows:
Two-axle maintenance (dump) trucks - No's. 91 and 94.
Two-axle test vehicle - No. 221.
Three-axle test vehicles - No's. 315, 415, 417, 511, 513,
and 517. _
Five-axle test vehicles - No's. 324, 325, and 327.

The numerical designation of the test vehicles used in this

report is the same as that used in all Test Road reports. All the test

vehicles used were taken directly from the regular test traffic operations,
with the exception of Vehicle No. 511, which was specially loaded for the
dynamic tests.

7.2 Static Loading Tests. A total of 43 static loading tests

were performed on seven vehicles used in the dynamic tests. One test per-
‘tained to one axle of the test vehicle. The table below lists the number

of tests for each of the vehicles considered.

Number of Tests
Front Axle Drive Axle Rear Axle

Vehicle No.

o1
ok
315 -
Lis
b7
511
513
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~In these tests, the vehicle was loaded in approximately 1000 1b.
increments from its empty weight:to beyond it§ rated load; and then unloaded.
In several tests; intermediate level unloading and reloading were also
performed. The data cbtained were the @eflection of the two tires and two
~springs of thg.axle and the corresponding axle load, for each increment

or decrement of loading.

-7.3 Dynamic Tests on Pavements. A total of 2L subseries of
tests were performed in which the vehicles were run over various pavements
and obstructions. Four vehicles were involved: two two-axle vehicles
(No's. 91 and 9k), and two three—axle,vehicles (N’Q'S° 513 and 417). _Speeds
ranged from 10 to~40 mph, approximately. The two major test variables
were the condition of the vehicle suspension system and the type of pave-
-ment or obstruction.

Two types of vehic;e,suspension_sygtems were considered:
(a) springs in normal operating condition; and
(b} springs blocked.
For the two-axle vehicle No. 91 the springs on both axles were blocked,
while for the thresz-axle vehicle Noo 513 only the drive and rear axle
springs were blocked. No tests with blocked springs were made on Vehicles
No. 9% and 417,
Six types of pavements or cbstructions were involved:
{a}) "smooth" pavement;
{(b)  "rough" pavement;
(¢} obstruction consisting of a 1" x 12" board placed across
the wheelpaths on a smcoth pavement;
(d) obstruction consisting of & 2" x 6" board placed across

the wheslpathzs on g smooth pavement;
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-(e) long obstruction, consisting of a 1 inch high by 24
inch wide ramp, 18 feet long,placed under each wheelpath on a smooth
pavement. The first foot of the ramp was plan=d down to afford a
gradual transition.
(f) long obstruction placed under one wheelpath only.
The "smooth" and "rough" pavements were selected on the basis
of the Present Serviceability Index (PSI) used on the Rosd Test to rate

(7)

the performance of the pavements o The PSI ratings for the two pave-
ments involved were 4.4 and 2.0, respectively, based on a scale of 5 for
"very good" and O for "very poor".

The vehicle instrumentation was the same és for the dynamic
tests described beldw. In addition, the roadway profile for all
pavement sections was recorded.

Table 1 summarizes the dynamic tests on pavements. Figure 1b

shows Vehicle No. 513 approaching the ramp described in (f) above.

8, Dynamic Tests on Bridges

8a1 Test Variables. Of the 18 bridges on the Test Road, 15

were tested on the dynamic sfudies reported herein. These bridges covered
ail‘four types of construction used, namely; noncomposite steel (24, LA,
LB, 9A énd;QB);'composife steel (2B and 3B), prestressed concrete (5A, 5B,
>6AAaﬁd 6B), énd reinforcéd concrete (7A, 7B, 8A and 8B). Three non-
éomposite steel bridges (1A, 1B and 3A) were not tested.

| ‘ Twelve vehicles were used in the tests. Of these; nine were
standard test vehicles used in the regular tests, two were maintenance
trucks and éne was & standard vehicle (No. 511) with‘special’loading°

The latter was used with three different loads; designated asﬁA, B and C.
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All others were regular test vehicles loaded with the weights used in the
regular test traffic operations. Thus, altogether fourteen different load
combinations were used, as follows:
L two-axle vehicles (A, No's. 91, 94, 221)
7 three-axle vehicles (B, C, No's. 315, 415, 417, 513, 517)
3 five-axle (tandem) vehicles (No's. 324, 325, 327)

Nominal speeds normally ranged from 20 to 50 mph, with a few
isolated values up to 56 mph. Increments of speed ranged from 2 to 10
mph, depending on the number of test runs in the subseries.

In the addition to bridge type, vehicle type, and speed, several
other variables were involved in the dynamic tests. These include: the
lateral position of the vehicle on the bridge, the condition of the
vehicle springs (acting or blocked), the initial conditions of the vehicle,
simulation of continuous traffic, and sudden braking of the vehicle on the
~ bridge. These veriables are further described in Section'8.5.

Table 2 summarizes the dynamic tests on the bridges by subseries.
Colum (2) of the table is a classification code number, which designates
the type of tests. The legend for the code number is givén in Table 3a.
Columns (3) and (5) show the bridges, and Column (7) the vehicle involved
in each subseries. Column {10) gives the number of test rumns for each sub-
series, including crawl and static tests. Column (11) gives the date of
the tests. As a further aid in evaluating the scope of the dynamic tests,
Table 4 shows the subseries numbers for all bridge-vehicle combinations
involved.

8.2 Test Methods. The setup for the dynamic and crawl tests

was the same for all subseries. The tests were normally performed during

the four-howr rest period in the regular test traffic. The dynamic test



-19-
runs were randomized with respect to speed. In all dynamic tests, the direc-
tion pf travel of the test vehicles was opposite to that of the regular test
traffic; that 1s, the vehicles approached the bridges from the straight
(tangent) section, and continued to move onto the turnaround provided at the
end of the test loops.

The measurements obtained included the bridge response, vehicle
response and data on the position and speed of the vehicle.

Bridge instrumentation consisted of permanently'mounted strain and
deflection gages. The number of gage responses recorded varied from one
v,spbseries to ancther, depending on the objectives of the particular tests.

In most cases, the response at the bottom str#in and deflection gages at
midspan of all three beams of a bridge was recorded. In some subseries
additional strain gage responses were also measured, while in others, certain
gage responses were not recorded, or the deflection gages were placed at
‘points other than midspan. Columns (4) and (6) of Table 2 show an instrumen-
tation cq?e number for all bridges. The legend for this code number, showing
the numbef}and type of active gages, is given in Table 3b. The response of
the activefgages was recorded by oscillograph equipment. Figure 2 shows a
group of/éour test bridges with the traller housing the recording equipment,
and a closeup of the deflection gages on one of the bridges. A further
description of the bridge instrumentation is given in Reference (la).

Vehicle instrumentation consisted of spring deflection gages, tire
pressure gages, or both. Tire pressure measurements‘were obtained only in
one series of tgsts° The type of instrumentation used in each subseries is
indicated by a code number in Column (9) of‘Table 2, and explained in

Table 3¢c. The spring deflections were measured by linear potentiometers
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between the axles and the body of the test vehicle, and recorded by direct-A

A writing.recorders carried on the vehicle. Tire pressures were measured by
iifferentiai pressure gages connected to the tires;, and recorded by recorders
mounted on a light instrument van pulled by the test vehicle. This equipment
was developed by the AASHO Road Test Staff and is described in detail in
Reference (8). Figure la shows one of the instrumented test vehicles and

the instrument van.

Fof the purpose of recording vehicle position and speed on the bridge
records, two rubber hoses comnnected to pressure transducers were laid perpen-
dicular to theubfidge axis, either on the bridge bearinés or on the pavement
near the ends of the bridges being tested. The position of the vehicle was
identified by marker "pips" recorded on the bridge record whenever an axle
paésed over these hoses. In all but the first series, vehicle speed was
also measured by an electronic timer activated'by the passage of the axles
over these hoses. In order to record the same information on the vehicle
records, small obstructions were placed between the wheel lines of the truck
near the hoses. These obstructions engaged a "kicker arm" on the vehicle and
activated a contact switch, exactly at the instant an axle passed over one
of the hoses, producing a "pip" on the vehicle record. The position of the

vehicle was also indicated on the vehicle record by means of a revolution
counter pulled by the test vehicle. The instrumentation described is shown
schematically in Fig. 3.

Vehicle speeds were normally held to within 1 mph of the desired
nominsl speeds. The lateral position of the vehicle on the bridge was observed
by a person standing at the far end of the test bridges and was held to within
L inches of the desired position. Runs in which either of these tolerances

were exceeded, or in which the recording equipment malfunctioned, were repeated.
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8.3 Regular and Special Tests. In the majority of the dynamic

tests, the bridge was at rest when the vehicle entered, there were no
induced initial oscillations in the wvehicle, the vehicle suspension system
was in its normal operating condition (i.e. the springs were free to deflect)
and the vehicle followed a path centered over the center beam of the bridge,
producing a concentric loading. These tests will be referred to as regular
tests throughout this report, and sre identified by Test Classification

Code 1 in Tables 2 and k4.

In addition, in several subseries, the testing procedures were
changed by modifying one or more of the conditions described above. All of
the latter tests will be referred to as.special tests. Because of the
specific nature of these testé,‘the test methods used for each group of
tests are described in Chapter VII preceding the discussion of the results,
and are only summarized here. Seven types of special tests were performed,
as follows:

(a) Vehicle springs blocked, concentric loading;

(b) Induced initial oscillations in the vehicle by means of the
ramp described in Section T.2;

(c) Induced initial oscillations, vehicle springs blocked;

{d) Simulation of continuous traffic by two closely spaced test
vehicles;

{e) Eccentric loading with two wheellines on the bridge;

{f) Bccentric loading with one line of wheels on the bridge, the
other line of wheels travelling on the adjacent bridge;

(g) Sudden braking on the bridge.

Finally, two groups of tests were performed specifically for the

purpose cf obtaining data for the statistical analysis of certain variables.
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One group, subseries 5#51418 has been discussed in connection with the crawl
tests. The second group, involving subseries 5452-5 through 16 and 5452;21
through_Eh, consisted of replicate subseries in which two groups of three
vehicles each were run on three sets of bridges at three speed levels. The

test methods were identical to those for regular tests.
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III. PROPERTIES OF BRIDGES

9. Static Properties and Computed Frequencies

This section summarizes the data obtained from static measurements
on the bridges and the properties computed on the basis of these measurements.

9.1 Dimensions, Weights and Stiffnesses. All test bridges had

a span of 50'-0" center to center of bearings, and consisted of a reinforced
concrete slab 15°-0" wide supported by three identical longitudinal beamns .
The beams were steel wide-flange sections; prestressed concrete I-beams, or
reinforced concrete T-beams. The spacing of the beams was 5'-0" for the
‘steel bridges and 4'-8" for the concrete bridges. The slab was placed unsym-
metrically with respect to the center beam, so as to provide 1°'-0" overhang
on the outside of the bridges. This overhang supported a 12" x 12" timber
guardrail. The plan, elevation and cross-section of a typical test bridge
are shown in Fig. 3. A schematic layout of all the test bridges is given in
Fig. 4. A more detailed description of the bridges, including the dimensions
of the beams and slabs, is given in Reference (1b).

The weights of the bridges were computed from the dimensions and
unit weights given in Ref. (lc), and are tabulated in Column (2) of Table 5.
The computed weights range from T35 kips for the composite steel bridges to
103 kips for the reinforced concrete bridges. No direct measurements of the
weights were made.

In the computation of stiffnesses, the moduli of elasticity of
concrete cylinders at the beginning of the test traffic (October 1958) were
used. These values are shown in Columns (3) and (4) of Table 5. The values

of the corresponding moduli at 28 days and at the end of the test traffic
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(November 1960) are given in Ref. (1d). The mean measured modulus of
elasticity of the bridge slabs at the end of the test traffic was 5.6 x 106
psi; or less than 10 percent higher than the values used. The effect of
this change on the computed properties was not considered.

The moments of inertia of the individual beams were computed by
the conventional elastic analysis. For the concrete and composite steel
bridges, the tributary slab for the éenter beam was taken to be equal to
the beam spacing, whereas for the edge beams it was assumed to include
the slab overhang plus one-half of the beam spacing. The moments of
inertia for the prestressed concrete bridges were evaluated for an uncracked
section, and those for the reinforced concrete bridges were based on a
cracked section. Columns (5), (6) and (7) of Table 5 show the moments of
inertia of the individual beams. For steel bridges with cover plates, the
values shown are those for the cover-plated section.

In Column {8) of Table 5 is given the flexural rigidity, EI, of
the entire cross section of the bridges. For the composite steel bridges
and the concrete bridges, this quantity was taken equal to the sum of the
effective EI's of the three beams considering their tributary slabs. For
the noncomposite bridges it was taken equal to the sum of the El's of the

three beams plus the rigidity of the slab, Db; where

4
Est’
Db =~ (1)
12(1-p%)
ES = the modulus of elasticity of the material of the slab
t = the average thickness of the slab
i = Poisson's ratio (assumed as 0.1)

the total width of the slab

o'
i
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For the four noncomposite bridges studied, the quantity Db contributes
approximately from 10 to 17 percent of the tofal stiffness. The computed
rigidities, EI, of all the bridges studied range from 221‘106 to 1,130-106
k:ips-in2e

In Columﬁ (9) of Table 5 are given the values of the dead-load
deflection of the bridges at midspan, computed on the assumption that the
entire bridge acts as a single beam. These results are based on the
weights and stiffnesses presented above. These quantities represent only
a measure of the stiffness of the bridges, and do not necessarily repre-
sent the actual deflections from zero load. Since the computations were
made on the basis of the final composite El's, no attempt was made to
separate the effects of the loads applied directly to the beams from those
applied to the composite section.

9.2 Computed Frequencies. The natural frequencies of the test

bridges were computed on the assumption that each bridge behaved as a
single beam. With the exception of the steel bridges with cover plates,

the frequencies in cycles per second, f , were computed from the equation:

b
xn [Elg_=n [5 &
f:———j—-——-—:-— m———— (2)
b 2y W ?_\/382.163,C
where L = span length
EI = flexural rigidity of the cross section of the bridge

g = acceleration of gravity
w. = weight of bridge per unit length

- 8 _,= computed static dead-load deflection at midspan, as
given in Column (9) of Table 5

For the steel bridges with cover plates, Stodola's iterative method was

use (9a)° For the bridges considered; the length of the cover-plates
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veried from 29 to 36 percent ofAthe span, and the ratio of the moments of
inertia of the base section to the cover-plated section varied from 0.75
to 0.86. It may be interesting to note that for these bridges, the differ-
ence between the frequency corresponding to the actual variation of EI and
the frequency for a prismatic beam with the EI of the coverplated section
never exceeded 8 percent.

The results of the computations are shown in Column (10) of
Table 6. The computed frequencies range from 2.64 cps for Bridge LA
(noncomposite steel) to 7.00 cps for Bridge S5A (prestressed concrete).

As méntionedkearlier, the frequency of the reinforced concrete
bridges was computed for a cracked section. Frequencies higher than those
tabulated could be ex@ected if, in the earlier tests, the concrete in
tension were not completely cracked. On the other hand, any cracking in
the préstressed concrete beams would ccnsiderably lower their stiffness
and the resulting frequencies. Finally, any friction between the slab
and the beams in the noncomposite steel bridges would tend to increase

the natural frequencies,

10. Representation of Maximum Static Effects

10.1 Selection of Base for Computation of Dynamic Effects.

Throughout this report, the dynamic effects produced in the bridges under
the influence of moving vehicles are expressed in terms of the correspond-
ing effects produced at crawl speeds.

In all of the crawl records obtained, small dynamic effects,
amounting to several percent of The maximum response, were clearly visible,

even at the low vehicle speed involved. Because of the presence of these
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small disturbances, in the process of reduction a mean curve was drawn
through the actual records for all the crawl curves studied; and the
mean curve was taken to represent the crawl effects. In the early stages
of the program, a study was made to determine whether the maximum ordinate
of the mean crawl curve was a reliable measure of the maximum static effect.
Several crawl records were studied and the results correlated with the
effects produced by vehicles standing on the bridges. In this study, the
following quantities were measured and compared:
(a) the maximum ordinates of the mean crawl curves;
(v) the maximm crawl ordinates, including the minor vibrations;
(c) +the static response; and
(d) +the ordinates of the mean crawl curve measured at the instant
vwhen the vehicle was in the same position as in the static
tests.
It was found that the maXimum ordinates of the mean crawl curves
were uniformly the most reproducible. A subsequent statistical analysis of
the static and crawl effects(lg) substantiated the above conclusion.
In the remainder of this report, the terms maximum crawl value
or simply crami vaiue will refer to the maximum ordinate of the mean crawl |
curve, and all crawl curves reported will be the mean curves drawn through

the actual records.

10.2 Reliability of Measured Crawl Effects. Table 6 shows the

maximum crawl values of strains and deflections at midspan of the individual
beams for a selected number of runs corresponding to five different sub-
serieso Included are the corresponding average values for each subseries.

These results are typical of approximately 400 crawl tests studied. It can
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be seen that, for a given series; there is in general good agreement in
the magnitude of duplicate crawl values. When there is an obvious dis-
crepancy, such as for Bridge 5A, Subseries 5451-4, it can generally be
traced to malfunctionings of the instrumentation or recording system.
The type of discrepancy shown in the table occurred only on 19 out of the
267 different gages involved in these tests.

Table 7‘presents the average values of the maximum crawl strains
and deflections at midspan for all the subseries studied in this report.
The valugs shown are averages of two to six measurements. As an indica-
tion of the reproducibility of the data presented, the maximum percentage
deviation of any individual measurement from the average values for the
center beam is given in Columns (5) and (7). It can be seen that, for
concentric runs, this deviation is always less than 10 percent for strains,
and in only three cases does it exceed 10 percent for deflections. The
majority of the deviations are less than 3 percent. The deviations for
the edge beams; not reportéd herein, and for all three beams in the
eccentric runs were generally larger; this is to be expected since these
values are influenced by changes in the lateral position of the vehicles.
It is apparent that discrepancies between individual crawl valﬁes are of
the same order of magnitude as the tolerance involved in recording these
effects. The errors introduced in the reduction process are estimated
to be of the same order of magnitude. |

The average values shown in Table 7 have been used in all subse-
quent computations as the base values for computing dynamic effects. It
is important, however, that this spread in the crawl values be kept in
mind in the interpretation of the dynamic effects, and in particular, in

the comparison of measured effects with those predicted by theory.
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11l. Comparison of Measured and Computed Effects

S11.1 Meximum Effects. Table 8 shows a comparison between
measured and computed crawl moments and deflections. The data shown
refer to one vehicle (No. 415) and seven‘bridgeso Crawl measurements
were available at three different dates approximately eight months
apart. The measured moment in each beam was obtained as the measured
strain in the beam times the corresponding section modulus times the
modulus of elasticity of the beam material. The measured moment shown
is the sum of the moments in the three beams. The measured deflection
is the average of the deflections of the three beams. The computed
moment in the three beams equals the computed external static moment,

except for the noncomposite bridges, where it was modified by the

EI of 3 beams
EI of 3 beams + Db

slab. The computéd deflection is based on the same value of EI as that

factor to account for the moment carried by the

used in the frequency computations.

The following conclusions can be drawn from the information
presented in Table 8:

(a) for the composite and noncomposite steel bridges, there
is substantial agreement (within 10%) between measured and computed !
values.

(b) for the prestressed and reinforced concrete bridges, the
nmeasured moments and deflections are consistently higher than the com-
puted values. As mentioned in Section 9.2, any cracking in the beam
concrete beyond that assumed in the analysis of the sections results
in reduced stiffnesses and section moduli; and would explain the high

ratios obtained. In connection with the prestressed concrete bridges,
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it should be noted that the section moduli used did not take into account
the reduction due to the presence of access holes to the strain gages in
the bottom flange of the beams.

The effect of repeated load applications resulted primarily in
additional cracking in the concrete, further reducing the actual stiff-
nesses. This trend is definitely noticeable in the deflections of
Bridges 5B, TA,snd TB.

The table below shows the longitudinal distribution of measured
strains in the middle third of the center beam of Bridges 3B and 54,
together with the ordinates of the computed curve of maximum moments. All

three curves have been normelized so as to make the midspan effect equal

to unity.
Ratio of Effect to Midspan Effect
Quantity Gage Location, x/L
= 2 X L 2
3 12 2 S 12 3
Computed curve of
maximum moments 0.924 0.994 1.000 0,942 0.820
Measured strains,
Bridge 3B 0.88 1.01 1.00 0.97 0.85
Measured strains,
Bridge 5A 0.83 0.8k 1.00 0.64 0.62

It can be seen that for the composite bridge 3B the agreement
between measured computed curves is very good. On the other hand, the
rrestressed concrete bridge 5A shows a very erratic behavior, undoubtedly

caused by cracking in the beam near the midspan.
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11.2 Crawl History Curves. The vertical ordinates of the crawl'

curves presented in this article have been normalized with respect to the
maximum crawl value; since only the shape of the curves is of interest.
The horizontal scale is given in terms of the position parameter x/I,
where x is the distance from the left support to the position of the rear
axle of the vehicle, and L is the span of the bridge.

Figures 5a and 5b show the degree of replication achieved in two
crawl curves involving the same bridge and the same vehicle. It can be
seen that the replication for all three midspan strain and deflection gages
is excellent. The maximum discrepancy between the two sets of records is
of the order of a few percent of the maximum crawl value, and usually
occurs away from the point of maximum crawl response. This figure is
typical of a large number of replicate plots studied. The discrepancies
may be attributed to the presence of minor irregularities in the records
when the axles pass near the gage locations, or to the fact that the speed
of the vehicle is not constant over the entire run.

Figure 6 shows crawl curves for the three midspan strain gages
for the vehicle moving (a) in the normal direction (from tangent to turn-
around) and (b) in the reverse direction (used in the regular test traffic).
The agreement between the two sets of curves shows that the bridge is
symmetrical, and that the direction of travel is of no importance. The
slight shift in the position of the point of maximum response is again
probably due to slight changes in speed while the vehicle is on the bridge.

The lateral distribution of strains and deflections for a typical
crawl record is shown in Fig. 7, where the crawl curves for strain in three
beams are plotted against the mean of the maximum crawl ordinates of the

three beams. It can be seen that the exterior beam, having the largest
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stiffness; has larger strains and deflections than the other two beams. It
is also apparent that while the deflection of the center beam is somewhat
less than the average of the twe edge beams; exactly the reverse is true for
strains. The difference in the meximum ordinates of the three curves is
generally less than indicated by the Particular test shown; as can be verified
by comparing the maximum crawl values fof the three beams shown in Table 7.

In Fig. 8, the crawl curves presented in the previous figure are
shown with each curve normalized with respect to the maximum ordinate for
that curve. It can be seen that the three beam responses coincide quite
closely, indicating no basic difference in behavior of the three beams. This
conclusion could have been anticipated from the knowledge that the test bridges
are relatively narrow, so that for concentric loading there is no significant
difference in the behavior of the three beams. A large number of comparisons
between crawl curves for the center beam responses and the average curves of
the responses of the three beams have shown that the two types of curves
coincide for all practical purposes, and therefore can be used interchangeably
to represent the crawl behavior. A typical comparison is shown in Fig. 9.

The experimental crawl curves have been compared to theoretical
curves for a simple prismatic beam; and to curves obtained by considering the
bridge as a slab on flexible beams. In the latter solutions, the effect of
the variable EI of the steel beams with cover plates was included. From the
discussion of the previous paragraph, nc significant'differences can be
expected between the two theories. This is indeed the case;, as in all the
comparisons involving concentric loading there were no differences between
the plots 6f the two theoretical solutions; including the cover-plated steel

beams. - Therefore, in the remainder of this report; theoretical crawl curves
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will refer to solutions based on the assumption of a simply supported
prismatic beam.

Figure 10 compares the average responses of the three beams to
the corresponding theoretical solutions. For deflection, the agreement is
very good; except for a slight change in phase. In the bottom of the
figure, the average measured strain is compared to the computed moment
curve. While the agreement is good, it should be noted that the computed
curve comes to a sharp point when the drive axle is at midspan, while the
measured curve shows a slight rounding. The agreement could be consider-
ably improved if the experimental curve were extrapolsted to a point, and
this point matched up with the peak of the computed curve. Equally good
agreement was obtained when the theoretical and experimental curves were
compared at the third-points.

The general conclusion of this section is that computed and
measured crawl responses are in reasonable agreement. However, the reduc-
tion error in all the ordinates of the crawl curves is of the same order as
the error in the maximum values discussed in the preceding section. At
points away from midspan, the felative error can thus be appreciable. This
fact should be kept in mind for the discussion of dynamic effects, which
involve the difference in the ordinates of the dynamic and crawl response

curves.

12. Dynamic Properties

The purpose of this section is to present data on the frequency
and dasmping characteristics of the test bridges, and to correlate the measured

frequencies with the computed values presented previcusly.
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12.1 Measured Frequencies. Bridge frequencies were normally

obtained from the free-vibration portions of the dynamic records. The
average frequency of the bridge over five cycles of oscillation immediately
after the passage of the test vehicle was computed. This procedure was
repeated for at least four records from every subseries, and the results
averaged. The scatter between individual values was generally of the

order of a few percent.

The characteristics of the free-vibration records merit some
discussion. As was pointed out in Section 9.1, the projection of the slab
over the exterior beam was one foot larger than that over the interior
beam. Furthermore, in the concentric tests, the vehicle was centered over
the middle beam, but lateral deviations up to four inches were allowed.

As a consequence, the longitudinal axes of the center of mass of the bridge,
the center of stiffness (point of load application to produce symmetric
deflecticns), and the center of the applied vehicle mass did not necessarily
coincide. A detailed examination of a number of free-vibration records
showed that, even for the concentric rums, there was a component of motion
due to the first torsional mode of vibration. The amplitude of this com-
ponent was found to be quite erratic. TFor the records studied, its largest
value was approximately 20 percent of that for the corresponding symmetric
com.ponent(lua)° In the subsequent discussion the participation of the
torsional mode will be neglected.

The average measured frequencies of the bridges are shown in
Column (2) of Table 9. All data shown are from Series 5452 (February 1960),
except for Bridges LA, LB, 6A and 6B, which were not tested in that series

and for which data from Series 5450 (October 1958) were used. Thus the
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values presented correspond to different numbers of vehicle trips for the
different bridges. The effect of the number of vehicle trips on thevmeasured
frequencies is discussed below. The computed frequencies are reproduced in
Column (3), and the ratios of measured to computed frequencies are given in
Column (4). The following observations are made:

(a) .for the composite steel bridges aﬁd the prestressed concrete
bridges the egreement between measured and computed values is good;

(b) for the noncomposite steel bridges, the measured frequencies
are considerably greater than those computed on the assumption of noncomposite
behavior. The ratios of frequencies computed on the assumption of composite
to noncomposite action are 1.7l for Bridges 4A and 4B, and 1.58 for Bridges
9A and 9B. It should be recalled that as the degree of composite action
increases from zero to full composite action, the computed frequency first
increases very rapidly, and then tapers off gradually. Thus, the ratios
shown in Column (4) of the table indicate that in the free-vibration era
these bridges have almost complete composite action;

(c) for tﬁe reinforced concrete bridges, the measured frequencies
are somewhat higher than the computed values, indicating that in the free-
vibration eras these bridges were somewhet stiffer than predicted by an
analysis based on & cracked section. |

Table 11 shows the change in the values of the bridge frequencies
for seven-of the bridges studied in approximately two years of test traffic.
The datsa sﬁown substantiate essentially the predictions made in Section 9.2
regarding computed frequencies:

(a) the frequencies of the composite steel bridges and prestressed
concrete bridges remained essentially unchanged. It should be nofed that

Bridge 5A, which was cracked, shows a slight loss in stiffness;
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(b) for the noncomposite steel bridges, the measured freguencies
decreased gradually from those ajproaching full composite action to those
corresponding essentially to no composite action. This change may be due
either to loss of friction due to "working" between the slab and the beams,
or to loss of slab stiffness due to cracking, or to a combination of these
factors;

(¢) for the reinforced concrete bridges, the frequencies decreased
appreciably between the first two series of tests, and from then on gradually
approached the values pfedicted-by the cracked-section analysis. This trend
is in agreement with that observed in connection with changes in live-load
deflections.

S

12.2 Comparison of Properties of Loaded and Unloaded Bridges. The

diséussions relative to the live-load deflections in Section 1l.1 and the
measured frequencies in the preceding section may appear to be contradictory.
For example it has been noted that for the noncomposite bridges the measured
live-load deflections essentially agree with the computed values based on
non~composite action, whereas the measured frequencies in the free~vibration
era show almost 100 percent composite action. This apparent discrepancy
arises from the fact that the properties of the bridge while the test vehicle
is on the span are different from thoée in the frec-vibration era immediately
after the passage of the vehicle. This is illustrated by the data given in
Table 11.

In Column (2) of this table are given the ratios of the measured
effective flexural rigidity EI of the bridges in their loaded condition to
the computed values reported previously. Since deflection is inversely pro-

portional to EI, these ratios can be obtained from the live-load deflection
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measurements, and are in fact the inverse of those given in Column (7) of
Table 8. In Column (3) are given the ratio of measured to computed EI for
the free-vibration era. Since the natural freguency is proportional to the
square root of EI, these ratiog are obtained by squaring the ratios based
on the frequency measurements given in Column (4) of Table 9. Now, since
the same values of EI were used for both the deflection and frequency cal-
culations, the ratio of Column (3) to Column (2) shows the ratio of measured
EI of the unloaded tc the loaded bridges. This value is shown in Column (L),
and its square root, which gives the ratic of measured frequencies, is shown
in Column (5). It is important to note that the frequency of the loaded
bridge does not include the effect of the weight of the vehicle. The differ-
ence is due exclusively to changes in the properties of the bridge itself.
In this connection, it may be noted that, in general, the amplitude of
free vibration was less than 20 percent of the live-load deflection.

Examination of Columns (4) and (5) explains the contradictions
referred to above:

(a) for the composite steel bridge, the ratios are close to
unity, indicating that the properties of the bridge in the loaded and
unloaded eras are essentially the same;

(p) for the‘noncomposite bridges the frequencies are 28 to 33
percent higher in the free-vibration era than in the period while the
test vehicle is on the span. This is attributed to the fact that the
application of the vehicle overcomes the friction between slab and beams,
making the bridge behave essentially as noncomposite, but that as soon as
the applied load is removed, the frictional force is sufficient to make

the bridge act close tc fully composite;
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{c) +the prestressed concrete and reinforced concrete bridges
are from 16 to 37 percent stiffer in the free-vibration era, indicating
that some cracks which open under the application of the vehicle load
tend to close up after the passage of the vehicle. Bridge SB,-which was
uncracked, shows a smaller change than Bridge 5A, in which all beams were
cracked early in the tests.

No comparisons have been made for the other bridges tested.
However, since theilr constructicn is similar to the bridges discussed,
the conclusions reached may be considered to apply for all bridges tested.

The above observations have important implications on the analyti-
cal comparisons to be presented later, since the bridge frequency is ons
of the basic parameters controlling the dynamic response of the.bridge°
In what follows, the frequencies used are those obtained from the free-
ribration era, since these were the only values wikich could be measured
with any reliability. It should be kept in mind, however, that the true
frequencies of the bridges corresponding tc the conditions of the bridges
while the vehicle is on the span may be less than these values by as much
as 30 percent for the noncomposite steel bridges and 15 perxcent for e
concrete bridges. Furthermore, this difference is cbviously a funchtion
of the position of the vehicle and therefore varies as the vehicle moves
across Tthe span.

12.3 Bridge Damping. The demping of the bridge was determined

primarily from the free-vibratioa portions of the dynamic records. The

interpretation of these records was msde difficult by the presence of a

somewhat systematic low-frequency oscillation superimposed on the main

{1lla)

oscillaticus. This oscillation was possibly due to a "peating”
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effect between the motion of the bridge in the funadmentsl mode and the
torsicnal mede which,; as previously noted, was excited in several of the
tests. The data reported here were chbtained after the rscords were "smoothed"
out to eliminéte the effect of "beating" and should be considered as approxi-
mate.

It was found that the damping of the bridge was neither purely of
the viscous nor of the Iricticnal type, bul probably some combination of

both. However; it is felt that logerithmic decrementsQQb}

computed cn the
assumption of viscous damping provide some measure of the amount of damping
present. Therefore, for the records used to measure the frequencies reported
in Section 12.1 leogaritbmic &ecrements waere computed based on five cycles of
oscillation immediately after the passage of the test vehicle. The average
values obtained from the records studied are shown in Column (5) of Table 9.

While there was considersble scatter in the data; the average values reported

in the table exhibit a degree of consistency for each bridge type. The

composite steel bridges had the lowest values (5 to 7 psrcent); these were
followed by the prestrassed concrete (4 tc 11 percent), reinforced concrete
(9 to 1% percent) and the noncomposite steel bridges (19 to 29 percent). It
is pérticularly noteworthy that the cracked prestressed concrete Bridges SA
and 6A have higher damping characteristics than the uncracked Bridges 5B
and 6B. The damping factors of the bridgss, ﬁbg in percent of critical
damping, are given in Column {6} of Tsble 9.

The high damping in the noncomposite'steel oridges is attributed
to the mobilization of the fricticnal force between slab and beams discussed
earlier. This is further substantiated by the fact that in general, the
largest scatter in damping factors was observed for these bridges, indicat-

ing that the change from nonccmposite to composite behavior took place in



-40o-
& highly unpredictable fashion. The relétively small damping in the rein-
forced concrete bridges, coupled with their low frequeﬁcy, accounts for
the persistence of visible vibrations for a long time after the passage
of the test vehicles, a fact observed by many visitors to the tést site.

On the basis of a limited number of additional records studied
for Bridges 3B and TA, it appears that there was no significant change in
the magnitude of the logarithmic decrements with time.

The vibrator tests described in Section 6.3, provided data for
the comparison between the damping characteristics éf the loaded and unloaded
bridges. In these tests, the amplitude of the bridge response, at least
near the rescnant frequency, was of the same order of magnitude as that
caused by the passage of a test vehicle. Thus the characteristics of the
bridges in these tests may be considered to be comparable to those of the
loaded bridges.

Figure 11 shows the measured stress at midspan.of the center
beam as a function of the oscillator frequency for Bridge 3B. From this
rlot, the damping coefficient, Bb’ was evaluated as approximately four
percent. This value should be compared with the value of one percent
obtained from the free-vibration records. This increase in the damping
cecefficient, appears to be due to the fact that in these tests the amplitude
cf the oscillations was large enough to mobilize the bridge bearings, which
are the principal source of bridge damping, while in the free-vibration
2ra the bearings probably did not move. The measured resonant frequency
of approximately L.0 cps is 11 percént lower than the natural frequency
measured from the free-vibration records. It should be recalled, however,

that the vibration tests were executed after the completion of the regular
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tests. Bridge 3B had at that stage developéd a fatigue crack in the lower
flange of the center beam. Furthermore, the data obtained refer to the
double~amplitude of forced vibrations of the unloaded bridge. Near the
resonant frequency the bridge slab may have been in tension, thus inﬁro—
ducing additional sources of damping.

The results of the vibrator tests are summarized in the table
below, together with the approximate resonant frequencies. For comparison,
the measured damping coefficients and frequencies obtained from the free-

vibration records are reproduced from Table 10.

. Bb’ percent critical Frequency, cps
Bridge No. and Type Vibrator Free-vibration Vibrator Free-vibration
tests records tests records
3B - Composite steel 3.5 0.8 k.00 k.39
OA - Noncomposite steel 6.0 3.3 2.92 k.15
6B - Prestressed concrete - 0.6 5.30 6.78
8A - Reinforced concrete 2.9 2.0 3,12 3.48 %

It should be noted that a large uncertainty exists in the resonant
frequencies, and that the damping coefficienté were obtained in some cases ,
on the basis of only two or three pointé on the frequency-response curve. ’ }
These values should thus be coﬁsidere& ocnly as a qualitative measure of the
damping characteriétics of the bridges under conditions comparablé to those

produced by thé test vehicles,

13.. Profiles of Approaches and Bridges

13.1 Profiles of Approaches. In Figs. 12a through l2c are shown

the longitudinal profiles of the approach pavements to Bridges 2B, 3B, 5A,
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and TA, for a length of 80 feet immediately preceding the bridges. The
quantitites shown are the average values of the measurements along two
concentric wheel paths. The differences between the values for the two
wheel paths were small, usually amounting to 2 or 3 hundredths of a foot.
The four sets of profiles presented apply to one bridge at each of the
four test locations. The approaches to the bridges adjacent to those
‘shown are essentially similar in their major features. The ordinates
shown represent the deviations of the actual profile from the design grade
(0.2 percent slope) passing through a point on the intersection of the
outside pavement edge and the bridge abutment.

The high frequency irregularities, two or three feet long, in
these plots are believed to be due to the highly exaggerated scale of the
figures in-comparison with the accuracy of the original measurements. It
can be seen that éhe approaches for Bridges 2B and 3B are considerably
smocther than those for Bridges 5A and TA, althoﬁgh some major irregularities
are also present in the first two sets of plots, especially at the later
dates. The major changes in the ordinates for the approaches to Bridges
2B, 5A, and TA at the later dates are due to overlays (patches) placed
on pavement sections that have failed.

In comparing the profile measurements at successive dates, it
can be seen that, except for the overlays, the major irregularities are
reprbduced from one date to the next, and that in most cases they become
more pronounced with time. In particular, on the approaches to Bridges
2B and 3B, the rise in the profile near the abutment becomes progressively
more noticeable. This change is undoubtedly due to settlement of the

gpproach fill.
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To assess the importance of the effects of various irregularities
on the response of the vehicle, it must be kept in mind that this response
depends not only on the length and amplitude of the different "waves" of
the profile, but also on the speed and natural period of the vehicle. Speci-
fically, for a particular configuration of the irregularity, the response of

an axle is a function of the ratio td/TV, where t. = time of transit of the

d
axle over the irregularity, and.Tv = natural period of the axle. For a
single "wave" of practically eny shape, the effects are maximum when td/‘I'v
is of the order of 0.5 to 1.0. For values of this ratio less than Qal or.
greater than approximately 3.0, the effect of the irregularity on the
response of the vehicle may be negligible. It is shown later that for the
test vehicles used, Tv ranges approximately from 0.25 to 0.5 seconds. For
speeds in the range of 30 to 40 mph, the lengths of "waves" corresponding
to the critical values of td/TV given above are from 6 to 30 feet. Irregu-
lartities within these lengths may be expected to influence significantly
the response of the vehicle,

It should be noted in the figures that the lengths of the irregu-
larities on the approaches are within the range given above. For example,
while the approaches to Bridges 2B and 3B show no major irregularities at
the earlier dates, the effect of the settlement at the later dates can be
approximated by triangles 20 and 10 feet in length, respectively. Similarly,
irregularities roughly in the shape of half-sine waves and of lengths of
20, 30, and 60 feet are discernible on the approaches to Bridges 3B, 5A,
and TA, respectively. In the sense of this discussion, only the approaches
to Bridges 2B and 3B in the early tests can be considered as "smooth", and

the approaches to Bridges 5A and TA are quite irregular. For the latter
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bridges, the condition of the vehicle at the entrance is highly uncertain,
and may be quite sensitive to changes in the vehicle characteristics or
the ‘speed.

Finally, it should be noted that the closer the irregularity
is to the bridge,‘the more important is its effect on the bridge reéponse,
because of the effect of frictional damping in the vehicle. For a speed
of 30 mph, the test vehicles executed approximately four to eight cycles
of oscillations while traveling 80 feet. It ﬁill be shown later that the
friction in the vehicle suspension system acts to reduce oscillations of
any magnitude to a very small fraction of their original value in a‘fewv
cycles of oscillations. Thus, the portions of the approach profile shown
represent a sufficient length to evaluate the effect of the irregularities.

13.2 Longitudinal Bridge Profiles. The profiles along the decks

of Bridges 2B, 3B, 5A, and TA are shown in Figs. 13%a and 13b. As before,
the ordinates represents deviations from the design grade and therefore the
curves presented include the effect of the settlement of the bridge supports.
For clarity, only the first and last set of measurements have been plotted.
The comments concerning local irregularities made.earlier also apply here.
However; distinct irregularities, undoubtedly due to poor leveling during
construction, are evident in practically all plbtso The curves presented
are again averages of the measurements along the two wheelpaths. The differ-~
ences between the minor irregularities between the two wheelpaths are
negligible. However, there is a consistent trend in the transverse profiles,
vhich is discussed in the next section.

. In order to examine the deviations of the bridge deck from a

straight line through the supports, one set of profiles for the bridges
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considered in detail in this section have been replotted in Fig. 1U by
"smoothing" out the original measurements and correcting for any devia-
tions of the suppcrts. For comparison, the figures include a second
degree parabola passing through the midspan ordinate of the measured pro-
file. It can be seen that major irregularities still exist on the "smoothed"
curves, and that the lengths of these irregularities are of the order of
10 t§ 20 feet. Thus the irregularities of the bridge deck itself may
contribute to the response of the vehicle, as discussed in the previous
section. However, the ordinates of the deviations from the parabola are
generally small, of the order of 0.1 inches, except for Bridge TA.

The permanent deflections of all bridges increased with time.
Figure 15 shows plots of the permanent midspan deflections at the center
of the four bridges considered, measured from a straight line through the
supports. It can be seen that there is some scatter in the data, but that
the general pattern is consistent.

The table below shows the permanent midspan deflections of the
center beam after construction and at the end of the test traffic for ali
the bridges tested. For any intermediate date; the deflection can be
approximated with sufficient accuracy by straight-line interpolation
between the values shown. .

13.3 Transverse Bridge Profiles. Because cf the unsymmetrical

nature of the dead load of the bridges, the transverse profile of severgl
bridges was not horizontal after construction, with the exterior beam
(beam under the timber guardrail) having the largest sag or least camber.
Bridges 5A, 5B, 7B, 8A, 8B, 9A} and 9B were approximately level at the

beginning of the tests.
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Bridge Type Midspan Deflection, in.
and After End of

Number Construction Traffic

Composite steel

2B . -0.39 (sag) -1.23
3B -0.30 -0.90

Nonéomposite steel

9A 0 -0.70
9B +0.05 (camber) =0.72
Prestressed concrete
5A ‘*‘Oalz -Oe)“l"6
5B -0.30 -0,k
CGA +.27 -0.13
6B -0.33 -0,.18
Reinforced concrete _
TA +1.06 40,33
B +0.82 +0.09
8a +1.22 +0.41
8B +1.06 +0.31

Figures 16a and 16b present the lateral profiles of Bridges 2B,
3B, 5A, and TA at several dates. The deflections for the dates not shown
fall between these presented. These figures are typical of all the bridges
examined. It can be seen that while deflections increase with time,'the
relative positicn of the three beams remains essentially unchanged. For
example, on Bridge 3B, the outside edge had a sag of approximately 0.8
inches at the béginning of the tests, while the inside edge was level. At
the end of the tests, the inside edge had deflection approximately 0,65
inches, but the outside edge deflection 1.40 inches so that the difference
in levels was O.75 inches; or essentially the same as at the beginning of
tests. A similar pattern can be seen for Bridge TA. Bridge 5A, which was
essentially level at the beginning of tests, remained so throughout the

entire test period.



-47-

While the lateral profiles of the bridge decks at the quarter
points differ somewhat from those at midspan, the slopes.are; in general,
roughly proportional to those at midspan. Thus, it is felt that the lateral
profile at midspan, in conjunction with the longitudinal profile described
above, presents an accurate picture of the permanent bridge deflections.

It is apparent from Fig. 16 that the tﬁo wheel lines of the test
vehicle traverse the bridge at different elevations. The possible effects
of this condition on the vehicle and bridge responses will be discussed in

later sections.
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IV. PROPERTIES OF VEHICLES
This chapter summarizes the informstion relating to the character-
istics of the vehicles used in the test program. This information includes
the dimensions and weights of the vehicles, the results of static loading
tests, and the results of measurements obtained on the vehicles while moving
over pavements and various obstructions.
The number of vehicles used in the various tests and the scope of

the measurements have been described in Section 7.

1L, Dimensions and Weights of Test Vehicles

Several typical vehicles used in the tests are shown in Fig. 17.
Figure 18 shows schematic diagrams of the vehicles, and the dimensions of
all the vehicles used in the tests. Three of the test vehicles, designated
as A, B, and C, were loaded specifically for the dymamic tests; all other
vehicles carried the same loads as in the regular tests on the Test Road.
A detailed description of all test vehicles may be found in Reference {le).

The weights of the vehicles are listed in Table 12. The weights
were determined by means of an electronic scale, which weighed one axle at
a ﬁime. Generally, the test vehicles were weighed several times. The values
given in the table are the averages of all the measurements taken. The last
column of the table shows the number of weighings for each vehicle,

In the comparison of the results of replicate weighings, it was
found that day-to-day variations existed not only in the individual axle
loads, but also in the total weight. The table below shows the weights

obtained for vehicle 5131~32, together with the date of each weighing.
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Test Axle weights (kips) Total weight Deits
No. Front  Drive Rear (kips)
1 .2 22,1 22.1 L8,k 8/12/59
2 5.0 23.1  23.2 51.3 11/10/59
3 k.9 22.6  22.5 50.0 8/30/60
I Ll 22,5 22,6 49,5 8/31/60
5 k.7 22.1  22.5 k9,3 9/1/60
6 b7 22.5 22.8 50.0 9/6/60
7 k.6 22.2  23%.9 50,7 1/6/61
8 5.0 22,7 23,9 51.6 1/13/61
9 5.0 22,1  23.k 50.9 1/20/61
10 L.6 23,4 23,5 51.5 1/2k/61
Average 4.8 22,5 23.0 50,3

It can be seen that differences in total weights between two
measurements made in the same week are of the;same order of magnitude as

those between two weighings performed a year apart. The veriation in the

moisture contents of the concrete blocks used for loading may be responsible

for the above differences.

15. Static Load-Deflection Characteristics of Axles

15.1 Vehicle Tires. When examined critically, the data obtained

from the loading tests show that the load-deflection characteristics of‘the
tires can be represented by a bilinear diagrem. The reasons for thié relation-
‘ship can be described as follows. When a vehicle is loaded statically; the
friction between the roadway surface and the tire prevents the lateral spread-
ing of the tire with the result that the effective stiffness of the tires is

somewhat greater than that vhich would be exhibited on a frictionless surface.
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As the load is increased, the frictional resistance is overcome, the tire
spreads out léterally, and the effective stiffness of the tire is réduced°
During unloading, the above process is reversed, so that when the applied
load reaches its starting value, there is a net residual deflection. This
process is illustraﬁed graphically in Fig. 19a, where PO and ¥ denote
the starting load and the corresponding deflection, respectively.

Figure 19b shows the experimental load-deflection diagram for the
drive axle tires of Vehicle No. 91l. The ordinates of this plot represent
the axle load. The abscissas represent the average deflection of the two
sets of tires on the axle, measured from the equilibrium position at the
beginning of the loading test. Thus, at zero deflection the axle load
recorded is that of the unloaded vehicle. The figure clearly shows the
behavior described above; however, it is noted that the difference in
stiffness for the regions with and without lateral slippage is extremely
small. In fact, for several of the tests this difference could not be dis=-
tinguished, but the spread between the loading and unloading portions was
always noticeable. On the diagram, the "break” due to partial unloading
and reloading is clearly noticeable. In general, the above diagram is
typical of all 43 tire loading tests.

Figure 19c shows the results of duplicate tests. Replication'is
excellent in this case. In general, the differences in the slope of duplicate
disgrams were of the same order of magnitude as those determined from the
loading and unloading portions of the diagram for a particular test; In
view of this; no attempt was made to isolate the two cases discussed above,
and the tires were considered to behave as linearly elastic springs. The

spring constants were determined as the average slope of the load-deflection
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diagrams at the static load level. It may be noted that under dynamic con-
ditions, with the tire rolling over the pavement, the spread discussed above
can be expected to be smaller than under static conditions.

Column (5) of Table 13 shows the average spring constants of the
tires studied, in kips of axle load per inch of average deflection of the
axle. The values shown are the averages of all individual testé. It can
be seen that the values obtained are reasonably uniform, the grand average
values being 10.8 kips/in. for the front axles (two tires) and 24.0 kips/in.
for the drive and rear axles (four tires). Column (7) of Table 13 lists the
average static deflections of the tires. The static deflection is defined
as the ratio of the static axle load to the average spring constant. As
mentioned earlier in connection with the static deflection of the bridges,

this value may not equal the true deformation of the tire from zero to the

static load if the initial portion of the load-deflection curve is not linear,

and serves only as a measure of the tire stiffness. The average values shown
range from 0.5 to 1.1 inches.

15.2 Suspension Springs. The leaf-type vehicle suspension spring

exhibits a bi-linear behavior of a somewhat different nature from that des-
cribed above for the tires. The suspension spring can be thought of as

a linear spring of stiffness ks’ connected in parallel with a frictional
damper. Denoting by P the total load on the suspension system and by PS

the component of the load carried by the spring, the maximum or limiting
frictional force in the damper may be expressed ag F = “Ps° The coefficient

of interleaf friction, u, is considered tc be constant. If the loading were

to start from zero, the spring would immediately engage, and the force carried

by the frictional damper would have its limiting value of pPs at all times.
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The total force on the suspension system would be P = (1 + u)PS; and the
effective stiffness of the system would be (1 + u)ks as shown by the upper-
most line on Fig. 20a. If the loading were now reversed, the change in load
would be resisted solely by the damper until the load were reduced by 2 pP55
namely until the frictional force would change direction and attain its
limiting value in the opposite direction. In this inmterwval, the suspension
spring would remain "locked', and there would be no change in deflection.
In reality, the spring would deflect in this period as a single beam. However,
+the beam stiffness is very large in comparison to the sum of the stiffnesses
of the individual leaves, so that the assumption of no deflection is reasonableo
If the load were further reduced, the spring would again engage and carry a
load PS, but the frictional force would act in the opposite direction sc that
the total load carried by the system would be P = (1 - u)PS and the effective
stiffness wbuld become {1 - p.)ks° In actual tests, the loading does not start
from zero, but from some initial value PO corresponding to a deflection Voe
In this case, the frictional force may have any value between + uPS and; as
the load is increased, no deflection is produced until the frictional force
reaches its limiting value and the springs engage. The behavior described
is illustrated graphically in Fig. 20a.

In the analytical solutions presented in Chapter VIII, it is assumed
that the limiting frictional force in the suspension system of the vehicle
has a constant value of F = pPStg where Pst is the static axle load. This
is equivalent to assuming that the loading and unloading portions of the
load-deflection diagram are parallel and are 2F = 2pPst apart vertically.
as shown by the dashed lines on Fig. 20a. This assumption is justified by

the fact that the variation of the dynamic loads from the static load is
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usually small (of the order of 20 percent), so that the true value of the
limiting frictional force varies little from the assumed constant.value.
The same assumption was used in-the reduction of the test data. -Thg spring
constant of the spring suspension system, ks, was obtained as the average
of the slopes of the loading and unloading portions of the experimental
diagrams at the static load level, and the coefficient of interleaf

friction was determined as one-half the vertical distance between the loading

and unloading portions, measured at the point where this distance is bisected

by the horizontal line representing the static axle load..

Figure 20b shows. the results of two duplicate tests on the drive
axle of vehicle No. 415. Again, the abscissas represent the average deflec-
tion of the suspension system, measured from the position at the beginning
of the loadiﬁg.' The figure shows clearly the high initisl friction in the
springs, the slight convergence of the loading and unloading portions of
‘the diagram when the springs are engaged, and the near-vertical unloading
when the springs are.locked.

Figure 20c shows the results of duplicate tests involving partial
unloading and reloading. The behavior of the suspension system is in essen-
tial agreement with that discussed earlier. These two figures are typical
of the data obtalned for the tests on the drive axles of the vehicles. In
general, the agreement between duplicate tests was reasonable. Additional
plots are given in Ref. (11b).

The results for the loading tests on the front axle show a behavior
similar to that described above, but the amount of friction in the coil
springs is considerably smaller than in the leaf springs. The replication

was again good for all tests._



=5k

Figures 204 and 20e show typical results. for the rear (semitrailer)
axles. In general, the results for the semitrailer suspension systems
showed a gradual transition between the vertical and slcping portions of
the diagram, and in many cases no distinct spring constant could be obitained.
The interleaf friction was generslly higher: and réplication was considersably-
poorer than for the tractor axles. “As an example, Fig. 20§ shows a 100 percent
change in the spring constant for two tests performed on the same dayg By
comparison with other tests, the higher value was rejected.

The average values of the spring stiffnesses for all thé vehicles
tested are summarized in Columm (6) of Table 13, and the corresponding static
deflections are given in Column (8). The values shown are averages of all
test data.. In genersal;, from two to four loading tests were performed on
each axle. The differences between individualfﬁeasured spring constants
and the averages reported are of the order of 5 to 15 percent for the front
and drive axles, and up to 50 percent for the rear axles. For Vehicle No. 9k,
two sets of values are shown, since the two groups of tests a year apart
showed reductions in spring stiffness of 40 and 50 percent. for the front
and rear springs, respectively. The spring constants range from 7.6 to
16.7 kips/in. for the drive axle springs, ‘and from 12.3 to 24.0 kips/in.
for the rear axle springs. The average values of coefficients of interleaf
friction given in Column (9) range from 4 to 11 percent for the front axle,
from 11 to 17 percent for the drive axle, and from 18 to 20 percent fof the
rear axle. However; the results of duplicate tests differed in some cases
by as much as 25 percent from the average values reported. The frictional
force at the beginning of the loading tests ranged from 6 to 25 percent of
the static load, or O.4 to 1.5 times the corres?onding coefficients of"

interleaf friction.
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15.3 Summary. It has been shown from the static lcad-deflection
data that, Tor all practical purposes, the behavior of the tires may be con-
sidered to be linearly elastic. Similarly, the load-deflection characteristics
of the front and drive axle springs may be represented with sufficient accuracy
by the bilinear diagram illustrated in Fig. 20a. Although the replication of
the resulis is generally good, there méy be appreciable differences in the
detailed festures of the diagrams, particulsrly in'the tests with partial
unloading and reloading. On the rear axle springs, the replication was in
genefal erratic and in many cases the obgerved load-~deflection characteristics
were at considerable variance with the idealized behavior assumed in the
reduction.

It must also be emphasized that the resulﬁs present=d are given in
terms of the average deflection of the two tires or two springs of an axle.
The data showed that the deflections of the two tires or springs were in
gensral not equal. However; since only the total axle load was measured,
it is not known whether the stiffnesses of the two tires or springs on an
axle were actually different.

All of the above uncertainties enter in the evaluation of the

dynamic results to be presented in the succeeding chapters.

16. Computed Frequencies of Axles and Vehicles

As used in this report, the term axle of frequency represents the
frequency of vibration of a single-degree-of-freedom system having the same
stiffness as the effective stiffness of & vehicle axle, consisting of the
tires and the suspension springs, and a mass corresponding tc the static
axle load. These frequencies were computed from the load-deflection data

regented in the precedi sections, based on the followi ass tions:
b ) ng ump
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{a) the springs are blocked - in this case the effective stiffness,
ke’ equals the stiffness of the tires;, kt; and
{v) the springs are free - in this case the springs act in series
with the tires, and the effective stiffness of the system is
1
+

+
k
S

&

These assumptions represent the two extreme poss;bilities of
behavior of the test vehicle. In any time period during which the dynamic
axle load varies by less than 2 gPSt, the springs remain locked, and there
is no change in the force carried by the suspension spring. Whenever the
frictional force is exceeded, the springs engage, the effective stiffness
is reduced, and the change in the férce carried by the suspension spring is
equal tc the variation in the axle load. If the direction of movement is
reversed, the vehicle springs become locked until the frictional forcé is
again exceeded. Thus, the actual frequency of the vehicle is a continuocusly
varying quantity which depends on the change in axle load.

The axle frequencies computed for the two assumptions are shown
in Columns (L), (5) and (6) of Table 1lk. The effective mass in both cases
is assumed to be that corresponding to the total axle load, even though the
unsprung mass, representing the mass of the axle and frame, is supported by
the tires only. In subsequent chapters, the axle frequency of the ith axle
will be designated as §£;i vhen computed on the assumption of blocked springs,

and as ?;S ; When computed for springs free to act.

Lo

While the axle frequency is a convenient measure of the dynamic

experimental data the actual frequencies of the wvehicles must be known.
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For a two-axle vehicle, the natural frequencies, fl and fg’ can be
related toc The axle frequencies; fi and fég as follows:
2 1 2 ;
Ve = -
(£, )% = 5 (e £ JCF - ey) (3)
& a,
‘ _we =2 1-1i,"152 "2%2
where C,=f  +E5"+={(F £+ 1, )
=2 =2
I
27 i
s = wheelbase

a, = horizontal distance from front axle to center of gravity
of the sprung mass

The quantity 1 is known as the dynamic index, and is a measure of

the longitudinal distribution of the vehicle mass. It is given by the

eguaticn
2
r
i= (%)
#1%
whnere r = the radius of gyration of the sprung mass.

The smaller value of T, f19 represents the bounce frequency and

the largsr value, f2

It can be seen that if the two-axle frequencies are equal, the

s The pitching frequency of the wehicle.

bounce frequency equals the axle frequency, and the pitch frequency equals

= times the axle frequency. Furthermore, for i = 1.0 the bounce and pitch
1

‘requencies are identical. In the computation of i, the distances a.; a

1’ T2

can be found by statics from the axle loads. However, the values of the

radii of gyration ¢f the test vehicles are not known. This quantity is

(13)

extremely difficult to evaluate s and vo atiempt was made tc measure it
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in the field. Based on published data pertaining to vehicles similar in éize
and weight ﬁo the test vehicles, a velue of 1 = 0.8 has been assumed for all
two-axle vehicles and tractors of the tractor-semitrgiler combinations.

| The natﬁral frequenéies of a three-axle truck-semitrailer combina-
tion depend on the dynamic indexes of both the tractor and the trailer, as
well as the position of the junction between the tractor and trailer, the
so-called "fifth wheel" support. The expressions for computing the three
natural frequencies of such a vehicle are given in Ref. (1l6a). On the semi-
tréilers used in the dynamic tests, the loading consists essentially of twe
large masses placed almost exactly over the "fifth wheel" and the rear
axle. For this loading, it can be assumed that i = 1.0 and this value was
used in all computations. It can be shown that for this value of i, the
motion of the rear axle is independent of that of the tractor, and the
frequency of the rear axle is a true natural frequency for the system.
However, the other two natural frequencies cannot be obtained by equation {3},
since the motion of the tractor is still influenced by the dynamic resction
at the "fifth wheel"”. In the computation of fregquencies, the expressions
given in Reference (16a) were used. For the value of i used, the modal
shapes associated with the vibration of a three-axle vehicle correspond
to the bounce and pitch motions of the tractor while the rear axle remains
stationary; and the vertical motion of the rear axle with the tracztor in a
stationary position. It should be noted that Ref. {la) assumes that thers
are no horizontal components of inertia forces dus to angular rotations
transmitted at the "fifth wheel”, i.e., that the centers of gravity of the
truck and semitrailer are on a horizontal line passing through the "fifth

wheel".
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Columns {7) and (8) of Table 14 show the natural bounce and pitch
frequencies of the two-axle vehicles and tractors of three-axle vehicles. It
can be seen that the bounce frequencies of all vehicles are remarkably uniform,
ranging ffom 3.1 to 4.2 cps when the suspension springs are considered to be
blocked; and from 1.7 to 2.7 cps when the springs are considered to act in
series with the tires. The frequency of the drive axle is very close to the
bounce frequency of the vehicle, the two quantities actually being identical
for 9 out of the 18 sets of results shown. Finally, the pitch frequencies of
all vehicles are from 30 to L0 percent higher than the corresponding bounce
frequencies.

COne additional frequency is of interest for comparison with experi-
mental data. This is the so-called "tire-hop frequency" of the axle, which
corresponds to the frequency of the unsprung mass of the axle vibrating between

the roadway and the body of the vehicle. This frequency is given by the

expression:
£ = EL./EEE_i_E§Z§ (5)
h 2« W

where w is the unsprung weight of the axle.

For vehicle No. 91, the computed tire-hop frequencies of the front
and rear axles are 12.5 and 13.2 cps; respectively. If there is any play in
the spring suspension system, the unsprung mass may be vibrating on the tires
only without engaging the springs; in this case the value of the tire-hop

frequency would be approximately 10 cps for both axles.

17. Dynamic Response of Vehicles in Tests on Pavements

17.1 General. This section deals with the analysis and interpre-

tation of the data obtained from the dynamic tests on the wvehicles and the
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correlation of the observed response with that predicted on the basis of the
static tests reported in the previous section. As described in Secticn 7.2
the available data include the measurements of the variation of the force in
the tires and springs of the vehicles; both for vehicles with blocked springs
and with normal suspension.

The quantities of interest in this- study are the observed frequencies
of the vehicles, the damping characteristics of the tires and the suspension
system, and the magnitude of the variation of the interaction force.

The natural frequencies and damping characteristics of the vehicles
can best be determined by means of an oscillator, in a manner similar to the
one used on the bridges, or, more conveniently, by dropping the vehicle from
a ramp and recording the fres-vibration of the stationary vehicle. There was
no egquipment available to perform the first type of tests, and due toc an over-
gight. the latter tests were nct ccnducted after the tire pressure gages were
perfected. Therefore, the frequencies can only be inferred from the data
obtained for a moving vehicle. In thisvconnectionﬁ 1t should be remembered
from the discussion of the previous article that the test vehicle is not a
simple linear system of twe or three degrees of freedom, but that it is &
coﬁplex system, including additional degrees of freedom associated with the
URgprung axie masses. Thus, the test data obtained represent the response
of a compliex dynamic>system to the irregular excitation provided by the
roadway unevenness, and one can only distinguish and discuss the predominant
components of the response, with their associated frequenéies, amplitudes;
and damping characteristics.

In gonnection with the observed magnitudes, it must be emphasized

that all of the experimental data show only veriations in tire or spring
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forces with respect to an unknown base value, which is not necessarily equal
To the static axle load. The tire pressure measurements give variations with
respect to the ambient tire pressure at the instant the bypass valve around
the pressure transducer is closed (Ref. 8). Since the vehicle is in motion
at that instant; the actual pressure and the corresponding wheel load are
unknown. Similarly, the spring records show the deformations of the springs
from their equilibrium position at the beginning of the particular test run.
As described in the previous article and shown in Fig. 20a, the actual force
corresponding to this position cannot be determined. Concerning the accuracy
of the experimental data, the correlation of tire pressures to wheel loads
was found to be linear but with considerable scatter of individual points,(s)
so that loads computed from the experimental data may be in error by as much
as ten percent. Also, on most records, drifting due to loss of air pressure
was noticeable, but no attempt has been made to correct for this effect in
reducing the records. Similarly, the spring forces obtained with the aid of
the spring constants presented in the previous article can only be considered
as approximate; due to the variations in spring constants discussed earlier.
The smallest change in spring displacement that could be observed on the
records is of the order of five percent of the static load. Finally, the time
scale on the records could be obtained only from the paper speed of the
oscillograph records. These oscillog:aphs were driven by small unregulated
genérators. In the cases where comparisons could be made with the electronic
timer used on the bridge tests, the time scales on the tire and spring records
were found to be in error by as much as 25 percent.

The results presented in this section pertain to two of the four

vehicles tested: the two-axle vehicle No. 91 and the three-acle vehicle
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No. 515. The results are representative of the data obtained; and bring out
the important findings relevant to.the overall scope of the project.

17.2 Behavior of Vehicles with Blocked Springs

(a) Drop Tests. Figure 2la shows the results of a drop test
involving the two—axle vehicle, for a speed of approximately 20 mph, with the
springs blocked on both axles. The origin of the abcissas was chosen arbi-
trarily, but it is the same for the two wheel responses shown. The ordinates
are given as variations in the interaction force in terms of the static lcad
on the axle. As mentioned above, the horizontal base line is not known. For
this record, the base line was arbitrarily selected so asvto bisect approxi-
mately the amplitude of the response. This method of presentation is used
in all figures of this section. A slight drift is noticeable on the records,
however, as discussed above, no correction was applied. The responses of
the two'remaining wheels are not shown; they are essentially in agreement
with the curves presented.

In observing the characteristics of the records at the obstruction,
it is noted that there is an increase in the interaction force as an axle
enters the ramp, as expected. Usually, there is a sudden decrease in the
force as the axle leaves the ramp; however, because the motion at this point
is influenced by the motion on the ramp, and because the motions of the two
axles are interrelated, this decrease is not always noticesble. The double-
amplitudes of oscillation immediaﬁely after the exit are the same for the
front and rear axles. After the vehicle leaves the ramp, the motion of the
two axles are essentially in phase;, but the rate of decay is different, with
the front axle mction damping out rapidly. This fact is due to the interference

of the rear axle; since the center of oscillation for the pitching mode is
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located close to the rear axle, the effect of any component of the pitching
mode is more pronounced on the front axle response than on that of the rear
axle.

The measured frequency based on the paper speed of the record is
of the order of 3.l cps, or approximately 82 percent of the value of 3.8 cps
presented in the previous section on the basis of the static measurements.
In attempting to explain this difference, it should be kept in mind that
discrepancies in the paper speed of the same order as above were observed.
Furthermore, as discussed previously, the static measurements yielded only
the deflection of the axles, and not that of the point of application of the
load. Thus; beside the tires additicnal sources of flexibility may be present
in the vehicle. Because of these two independent factors, the disérepancy
between measured and computed frequencies cannot be ascertained from the
pavement tests above. However; in the bridge tests to be presented latérj
frequencies of the order of 2.9 to 3.5 cps were measured using the more exact
electronic timer. Therefore, it appears that the frequency based on the
static measurements may be somewhat higher than the true frequency of the
vehicle.

The response of the rear axle was used to determine the damping
characteristics of the tires. Figure 22 shows a plot of the amplitude of
vibration versus the number of cycles of oscillations after the rear axle
has dropped from the ramp for the record shown in Fig. 2la. For comparison,
an exponential curve of "best fit" is shown as a dashed line. Thes cbserved
decay corresponds to an equivalent viscous damping coefficient of the order
of 0.8 percent. The significant difference between the amplitudes of the

left and right wheels cannot be explained; however, the average of the maximum
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amplitudes of the two wheels is in reasonable agreement with the computed
value for the entire axle, based on a 7/8" drop. The observed damping
coefficient for the front axle based on the first cycle of osciliation is

comparable to the value presented for the rear axle.

A typical drop test for the three-axle vehicle, with a speed of
20 mph, is shown in Fig. 21lb. The front axle, which was not blocked; shows
distinctly the tire-hop response at the end of the ramp. The measured
tire-hop frequency of 13 cps agrees with the value presented in the previous
section. This motion is damped out rapidly by the suspension springs, as
will be discussed in the next section.

Concerning the responses of the drive and rear axles, if the

dynamic index, i,., of the semitrailer were equal to one, and the horizontal

2
force on the fifth wheel was negligible, the motions of the two axles would
be uncoupled, as discussed previously. However, the responses of the two
axles are in phase. Furthermore, the rear axle motion is increased when

the drive axle is on the ramp, and conversely, the drive axle response shows
a buildup coincident with the entry of the rear axle on the ramp. Thus it
can be concluded that there is a coupling between the axles in addition to
that used in the computation of the vehicle frequencies. Because of this
coupling, damping cannot be determined from the records, and the observed
frequencies cannot be compared with those presented in the previous section
on the assumption of no coupling. It 1s observed; however, that the measured
value of 3.4 cps is in reasonable agreement with the computed bounce
frequency of 3.1 cps, and semitrailer axle frequency of 3.4 cps.

The maximum double-amplitude is 1.2 Pst on the rear axle, as

compared to a value of 2.0 Pst for the two-axle vehicle. This reduction is
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to be expected, since the amplitude of response to a given excitation is
generally smaller for a system with more degrees of freedom.

(b) Tests on pavements. Figures 2lc and 214 present typical

responses on a smooth pavement for the two- and three-axle vehicles, respec-
tively. It can be seen that the double-amplitudes of oscillation are low,
and are of the order of 0.4 to 0.5 PSt for both vehicles. The vehicles
perform essentlially a bounce motion, but the response is influenced by the
details of the irregularities of the pavements.

Figures 2le and 21f show the responses of the same two vehicles
on & rough pavement. The double-amplitudes of approximately 1.2 Pst for
both vehicles are much larger than on the smooth pavement, and approach
those recorded for the drop tests. The beating effect on the front axle
of Vehicle No. 91 is very noticeable. The responses of the drive and rear
axles of Vehicle No. 513 are generally in phase, again indicating some
coupling between the axles. However, in certain regions of the records
the two responses are out of phase; and show higher frequencies and lower
amplitudes than in the former regions. This phenomenon seems to indicate
that under certain types of excitation, there may be interference created
between the responses of the two axles. The observed frequencies for
both vehicles are of the order of magnitude presented for the drop tests,
but because of the uncertainties discussed previously, ro mumerical values
are presented.

17.3 Behavior of Vehicles with Normal Suspension

(a) Drop tests. Figure 23 shows the results of a typical

drop test performed at 10 mph with the two-axle vehicle. The ordinates
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obtained from the tire pressure measurements are given in terms of the static
load; as before. The results of the spring deflection measurements give the
force in the springs in terms of the static load. The equilibrium position
of the springs is taken as the base line, and a value of 1.0 Pst is assigned
to it, although, as discussed in connection with Fig. 20a, the actual force
in the springs may be anywhere between the limits P_, (1 + u), where p is
the coefficient of interleaf frictiom.

It can be seen that the tire-hop motion is predominant in the
response of both axles, but that this motion is rapidly damped out. On both
axles, thé springs are compressed immediately upon the entrance on the ramp,
and remain engaged while the vehicle is on the ramp. At the exit, the first
noticeable feature is the large increase in the interaction force and spring
response as the vehicle "bottoms"” after leaving the ramp. The magnitude of
the double-amplitude at the first half-cycle is approximately 1.1 Pst’ or
almosﬁ the same as that for the blocked springs.

After the drop, the springs of the front and rear axles return
essentially to their equilibrium position in one-half and one~and-az=-half
cycles, respectively. In-this interval, the double-amplitude of the inter=~
action force is reduced to approximately 0.2 Pst’ as compared to the slight
reduction for the vehicle with blocked springs.

The frictional force in the springs was determined quantitatively
by comparing the amplitudes of the tire pressure and spring displacement
records. On the basis of the idealized model presentgd in the previous section,
the response measured from the spring record was taken to be (1 - 2u)AP, whenever
the -double-amplitude of force variation from the tire pressure record was AP.
Thig relationship.was applied to successive half-cycles of oscillation, measured
from peak to peak. For the rear axle response shown, the valuss of p obtained

are as follows:
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first half cycle u= 0,10
second half cycle p= 0.08
third half cycle = 0.05
succeeding cycles i > 0,10 (i.e. no spring response for

double-amplitudes of the
order of 0.2 Pst)

The value. of u measured from the static loading tests was 0.11l. It
can be seen that y is not a constant quantity as assumed, but appears to be
decreasing with each oscillation. This phenomenon was observed on several
records for both vehicles. A possible explanation may be that there is a
certain amount of play between the leaves of the springs, so that as the
excitation builds up, the normal force between the spring leaves is reduced, -
and the frictional force decreases in proportion. When the severity of the
excitation is reduced, the coefficient of friction seems to return essentially
to its static value.

Figure 23b shows the results for a drop test with the three-axle
vehicle. The amplitudes of response are of the order of 0.3 Pst° On the
ramp and immedistely after the drop, the coefficient of friction in the drive
axle springs appears to.be reduced to zero; that is, the vehicle appears to
be oscillating continuously on the combined springs and tires. For later
portions of the record, however, the springs remain locked whenever the
variation in the interaction force is less than the frictional force, exactly
as predicted by the assumed bilinear model.

(b) Tests on pavements. Figures 23c and 23d present typical

responses of the two vehicles studied on smooth pavements. The spring

records show no discerunible displacements, and are not presented. The
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double-amplitudes of force variation for both vehicles are of the order of
0.2 Pst’ or one-half the values recorded for the same vehicles with springs
blocked. Thus, it is apparent that some mechanism of damping does exist.
Considering that the resolution of the spring records is of the order of
0.05 Pst’ and since the measured amplitudes in general do not exceed the
statically determined limiting frictional force by more than this amount,
it is probable that small changes in the spring displacement do occur, but
cannot be distinguished on the records. The measured freguencies agree
substantially with those for blocked springs. This is to be expected, since
the spring deflections, if any, would be of such short duration as not to
affect materially the observed "frequencies".

For the tests on rough pavements presented in Figs. 23e and 23f,
i1t can be seen from the records that-the excitation of the vehicle is not
continuous, but consists of occasional impulses strong enough to produce
changes in the spring deformation. The springs return to their original
position, within the margin discernible on the record, in a time corres-
ponding to from one-half to several cycles of oscillation. For the two-
axle vehicle, the values of the coefficient of frictionm, u, measured on the
records range from 10 to 12 percent on the front spring and 13 to 15 percent
on the rear spring. These values are only slightly higher than the values of
8 and 11 percent, respectively, reported in Table 14 on the basis of the
static tests.

For the three-axle vehicle (Fig. 23d) the spring excitations
described last for several cycles of oscillation. On the left rear springs
of the record shown, values of u of 18 and 16 percent were obtained. Similar

values were measured on the right rear spring. On the drive axle, however,
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a phenomenon similar to that described for the drop tests was observed;
namely, for the excitations lasting several cycles, the apparent friction
gradually reduced to zero, and then built up again.

The double-smplitudes of force variation for both vehicles range
up to 0.4 Pst’ or approximately one-third of the values observed for the
case of blocked springs. Larger amplitudes are always accompanied by the
deflection of the springs. No values of measured frequencies are given,
because in addition to the experimental uncertainties discussed, the periodic
engagement of the springs results in "frequencies" that vary with the
excitation. However, in the regions where the springs are engaged con-
tinuously over several cycles of oscillations, the measured frequencies are
somewhat lower than in the portions where the springs are locked, as expected.

The major conclusion of this section is that the coefficient of
interleaf friction is not a constant quantity, but appears to depend on
the severity of the excitation. If the excitation is very strong, the
suspension system may act as if there was no interleaf friction at all.
This observation has serious implications on the prediction of the inter-
action force from the spring records alone. On the basis of the assumed
vehicle behavior presented in the previous section; a reasonable estimate
of the double-amplitude of the interaction force could be obtained as the
sum of the measured variation in the spring force and twice the static
limiting frictional force. Judging from the records examined this estimate

may be considerably higher than the true value.



-70-
V. REPRESENTATIVE DATA ON BRIDGE-VEHICLE BEHAVIOR
18. General

This chapter contalns a qualitative discussion of the behavior of
bridges and vehicles in the dynamic tests. Data are presented from a selected
number of tests to illustrate the detailed characteristics of the response of
one test bridge under the passage of a two-axle vehicle, and of the response
of the vehicle itself. The results presented are representative of those
obtained for a large number of test runs examined, involving essentially all
of the bridges and vehicles used in the tests.

The response of the vehicle and the bridge is presented in terms of
history curves. A history curve 1s a plot of the variation of a quantity,
such as interaction force, deflection, or strain, as a function of time.

The experimental data obtained consist of oscillograph records of
the dynamic fofces exertedjby the vehicle tires on the bridge, the deforma-
tions of the vehicle springs, and the deflections and strains at various gage
locations on the bridge. Figures 24a and 2hb show typical field records for
a dynamic test run on Bridge 5B using the two-axle vehicle No. 91. The tire
Spring deformation record was retraced full scale. The active gages and the
various markers identifying the paper speed of the records and the position
of the vehicle are identified on the figures.

The abcissas of all history curves represent the ratio x/L, where x
is the distance between the entrance to the bridge and the position of the
‘last axle of the vehicle (drive axle of a‘two-axle vehicle or semitrailer axle

of a three-axle vehicle),‘and_L is the span length. It should be noted that

X_vt_1t (6)
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where v = the speed of the wvehicle
t = elapsed time measured from the instant of entry
t' = time of transit

Thus the abcissas may be interpreted either as position coordinates
or as time coordinates. Negative values of x/L correspond to times prior to
the entrance of the last axle. In particular, the point of entry of the front
axle of a two-axle vehicle is at - sl/L, where S is the wheelbase. Values of

X/L greater than one correspond to the free-vibration era following the exit

of the vehicle.

19. Results for a Regular Test

19.1 Response Curves. As described in Section 8.3, in the regular

tests the bridge was initially at rest, there were no induced initial oscilla-
tions iﬁ.the vehicle, the vehicle suspension system was in its normal operating
condition; and the vehicle followed a path centered over the center beam of
the bridge, producing a concentric loading. The particular run selected, for
which the original field data were presented above, is from Subseries 5453-1,
involving the composite bridge 2B and the two-axle vehicle No. 91. The speed
of the vehicle was 44.5 mph. The pertinent properties of the bridge and
vehicle were presented in the previous two chapters. The results are shown in
Figs. 25a through 25f.

Figure 25a presents history curves of the interaction forces for the
four wheels of the vehicle. The ordinates represent the dynamic interaction
forces in terms of their static value, as before. Increases in force are shown
downward in the figure, to conform with the sign convention chosen for the

bridge response. The comments made previously concerning the uncertainty in



-T2-
the base line and the drift in the records are applicable to all history
curves of interaction forces presented in this and succeeding chapters.

It can be seen that both axles have a vertical component of
motion prior to entering the bridge. This fact has been cbserved on all
the records obtained. While the motion of the front axle is small, the

double-amplitude of oscillation of the rear axle is of the order of 0.3

pavements. The magnitude of initial oscillations is studied in detail in
Section 24.3. The variation of the interaction forces while the vehicle
is on the bridge is generally small for the front axle. For the rear
axle, however, ﬁhere is a large reduction in these forces immediately
after the entrance, caused partially by the sudden change‘in the curvature

of the profile at that point, and to some extent by the deflection of the

bridge itself. The ensuing motion of the rear axle has a frequency of the
order of 2.2 cps. At the exit, the forces are again reduced as the axles
pass onto Bridge 3A.

The responses of the vehicle éprings for the same test are shown
in Fig. 25b. As before, the horizontal base line is taken as the equilibrium
position at the beginning of the record. It should be noted that the springs
engage only for a small fraction of the time of transit, so that generally
the vehicle vibrates on its tires only.

History curves for the dynamic effects on the bridge are shown in
Fig. 25c, with the corresponding crawl curves superimposed. The responses
shown are for deflection and strain at midspan of the center beam. Bach
effect is expressed in terms of the maximum static value of that effect.

The static values used were discussed in Section 10.1 and are given in
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Table 7. In Fig. 25d, the above history curves for total dynamic effects
have been repfoduced, together with the corresponding history curves of
dynamic increments. The term dynamic increment denotes the difference
between the dynamic response at a given instant and the corresponding
static response at the same instant, expressed in terms of the maximum
static effect. A history curve of dynamic increments is thus a time-wise
plot of the difference between the history curve for total response at a
particular location and the corresponding crawl curve.

The characteristics of the dynamic bridge behavior can best be
seen on the dynamic increment curves. In particular, it can be seen that
the frequency of oscillation throughout the test run is essentially that
of the bridge. It is not possible to distinguish on the records oscilla-
tions corresponding to the frequency of the interaction force.

19.2 Correlation of Dynamic Increment Curves. It can be seen

from Figs. 25c¢ and 254 that the'total dynamic responses for deflection

and strain at midspan of the ceﬁter beam are different, due to differences
in the shapes of the corresponding crawl curves. However, when the history
curves of dynamic increments for the two responses are compared, it is
noted that the shapes of the two curves are identical for all practical
purposes. The amplitude of the dynamic increment curve for deflection is
generally somewhat larger than that for the strain. This result is in

(l6b)°

agreement with theoretical knowledge Thus, knowing the dynamic

increments for one response, the corresponding wvalues for the other can

be estimated.

Extending the comparison to effects at different sections, the
bottom portion of Fig. 25e shows history curves of total response for three

successive strain éages on the center beam, located at the third pdint,
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midspan, and the two-thirds point, respectively. As in the previous figure,
each of the responses has been normalized with respect to the maximum static
value of the particular effect at the section considered. At the top of the
figure are shown history curves for dynamic increment for the same three gage
locations. Comparison of the total response and dynamic increment curves
again shows that differences in the total response are due only to differénces
in the shape of the crawl curves and that the dynamic increments are essentially
equal in both phase and magnitude. Only the response of the first mode of
vibration can be detected on the dynamic increment curves, and the contribu-
tion of the second mode is negligible even at the third-points.

In Fig. 25f, the dynamic increment curves for deflection and strain
at midspan of the center beam are compared to the corresponding curves for
the edge beams. In the figure, the dynamic increment curve for each gage
location has been normalized with respect to the maximum static value at the
location considered. Thus, if the dynamic incremgnts were proportional to
the static effects, the curves for the three beams would coincide. It can be
seen that this condition is not exactly satisfied. Although the responses of
the three beams are in phase showing that the bridge behaves essentially as
a single beam, there are slight differences in magnitude. The lateral dis-
tribution of dynamic effects is discussed in greater detail in Section 32.2.
However, two general observations can be made at this point:

(a) The trend in the relative magnitudes of the responses in the
three beams seems to be related to the relative magnitudes of the interaction
forces on the two wheel lines of the vehicle. Comparing Figs. 25& and 25%,
it can be seen that the maximum dynamic increment in the outside beam, which

is located closest to the right wheelpath, is less than that of the other two
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beams. This lower value of the response appears to correspond to the lower
value of the interaction force on the right rear wheel shown in Fig. 25a;
however, as discussed above, the drift in the tire pressure records is such
as to make a direct correlation impossible.

(b) In the free-vibration era, the responses of the three beams
are not equai, with the relative positions of the three beam responses
remaining essentially constant. This is due to the fact that, as mentioned
in Section 9.1, the bridges are not symmetrical about the longitudinal center
line, and as a consequence, the cross-section of the bridge at a natural
mode of vibration is not a horizontal line, but a curve with different ordi-
nates at the exterior beams.

It can be concluded from the above comparisons that for all practi-
cal purposes, the bridge behaves as a beam. Thus the response of a single
gage, when expressed as a history curve of dynamic increments in the form
presented, reflects with sufficient accuracy the dyﬁamic behavior of the
entire bridge. This conclusion applies to all test bridges. In the following
chapters, emphasis is placed primarily on the dynamic effects at midspan of
the center bean.

It must be emphasized, however, that the above conclusion is
limited to the test bridges considered subjected to concentric loads, and

should not be generalized for wider bridges, for which it may represent a

(3,17)

considerable oversimplification of the true behavior The conclusion
does not apply to the tests with eccentric loads on the bridges considered.
A detailed study of the results of the regular tests is presented

in Chapter VI.
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20. Results for a Test with Induced Vehicle Oscillations

Figures 26a through 26c show the results for a representative run
with induced vehicle oscillations. The test run selected is from Subseries
5453-10, which involved the same bridge (3B) and vehicle (No. 91) as thé
test run presented in the previous sectiono‘ The speed of‘the vehicle was
31.0 mph. The end of the ramp designed to induce the initial oscillations
in the vehicle, and described in Section 7.3, was placed directly on the
bridge abutment, as shown in Fig. 26a.

History curves for the interaction forces and response of the
vehicle springs for the four wheels are shown in Figs. 26a and 26b, respectively.
The history curves for the interaction forces arevessentially sinilar to the
ones presented for the pavement runs in Section 17.3, and as in the pavement
runs, in the region immediately following the drop the measured interleaf
friction approaches zero. In comparing the interaction force curves with the
corresponding curves for the regular test run, it can be seen that while the
presence of the ramp changes the initial phase of the interaction force, the
average magnitude of variation of the interaction forces while the vehicle
is on the bridge is essentially the same for the two cases.

The top curves in Fig. 26c show the history curves for dynamic
increment for strain at midspan of the three beams. The corresponding curves
for deflection are essentially identical to those for strain and are not
reported. It can be seen that the curves for the three beams are practically
the same, thus confirming the conclusion made earlier that the bridge behaves
as a single beam. As before, the dynamic increments reflect both the contri-
bution of the intertia of the bridge and of the variation in the interaction

force. However, in contrast to the regular runs, the contribution of the
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variation of the interaction force is more pronounced. Upon close examina-
tion, components of the response in phase with bcth the front and rear axle
force variation may be detected. Finally, at several‘places on the records,
the curves for the edge beams oscillate about the center beam curve, indicating
the presence of a slight contribution of the torsional mcode of vibration.

History curves of dynamic increments for strain at the third points
of the center beam are shown at the bottom of Fig. 26c. The high-frequency
oscillations observed at the third points correspond to the second natural
(first antisymmetrical) frequency of the bridge, as can be seen from the
fact that the third—point responses are 180° out of phase, and have a fre-
quency approximately four times the natural frequency of the bridge. This
contribution of the second mode is always most pronouunced in the early stages
of the response, and tends to decrease at later stages. This is to be expected,
since damping in the bridge tends to decrease the high-frequency oscillations
faster than those of the lower frequencies. When compared to the regular tests,
the contribution of the second mode is more pronocunced, due to the greater
initial disturbance applied to the bridge. However, in all the records studied,
the contribution of the second mode at the third points (measured as the
amplitude of the deviation of the actual curve from an "average" curve) is
only of the order of 10 percent or less of the maximum étatic response; as
compared to dynamic increments ranging up to 75 percent. Thus it is apparent
that the high-frequency oscillations contribute a relatively small amount to
the total bridge response. In general, the correlation between the "mean"
dynamic increment curves at the third points and midspan is good.

It can be concluded that the dynamic increment curve for the center

beam midspan response is still a reascnable measure of the total bridge response,
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and that, except for the high-frequency components, the correlation between
the various dynamic increment curves is satisfactory. In this connection,
it must be noted that the theoretical correlation presented in the previous
section is based on the assumption that only the contribution of the funda-
mental mode of the bridge is important. Tests with induced initial oscilla-

tions are further discussed in Section 30.

21. Effect of Speed on Bridge and Vehicle Response

In this section, the qualitative discussion of behavior presented in
the previous articles for two typical dynamic runs is extended to the results
of several additional tests; in order to illustrate the effect of speed on the
response.

In Fig. 27a, the response of the bridge and vehicle for the regular
dynamic test run presented in Section 19 is compared to two other test runs
from the same subseries. The vehicle speeds for the three runs are 24.7, 33.7,
and 44.5 mph. The top curves show the interaction forces for the right rear
wheel for the three runs considered. As mentioned earlier in connection with
Fig. 25a, there are differences in magnitude between the responses of the two
wheels. However, since this discussion is concerned with trends only, the
response of one wheel can be taken as representative of that of the entire
vehicle.

The frequency of the force variation is the same for all three curves,
and, at least on the approach pavement, correspondé essentially to the fre-
quency of the axle vibrating on its tires. However, since the abcissas repre-
sent position coordinates, these curves are not in phase. There is, however,
one important exception. Approximately five feet prior to entrance to the

bridge (i.e. at x/L = -0.1), the motion for all three records becomes essentially
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the same, and the three records show similar initial conditions when the
vehicle enters the bridge. This indicates that for the bridge considered,
the profile of the approach appears to determine to a great extent the initial
condition of the vehicle entering on the bridge, regardless of the nature of
its prior motion. In Fig. 12a a pronounced upward slope of the approach
slab can be detected in this region, and is in all probability the cause of
this observed effect.

In general, the double-amplitude of the force variation increases
with increasing speed. This is true both when the vehicle is on the approach
pavement and when it is on the bridge.

The response of the bridge for the two faster runs considered is
shown on the bottom of Fig. 27a in terms of the dynamic increment curves
for midspan deflection of the center beam. For the slower run, only the
portion of the record near the maximum dynsmic increment is shown. As the
vehicle speed increaseé, the number of oscillations that the bridge undergoes
during the passage of the vehiéle decreases. Consequently, the number of
waves in the response curve decreases, and successive peaks shift to the
right. It can be seen that the peak dynamic increments increase with speed.
This fact is representative of all the tests. Furthermore, for the particular
runs considered, the peaks move closer to midspan, so that the maximum total
response increases faster than the peak dynamic increment. |

In general, however, an increase in speed is not always associated
with in an increase in total response at a section, since the peak dynamic
increment may combine with a low crawl ordinate. The dynamic increment of
most significance is the "critical' dynamic increment, that is, the one

corresponding to the maximum total response. Depending on the number of
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bridge oscillations, the "critical" dynamic increment may be one of several
relative maxima. For thié reason,'a plot of maximum total response at a
section as a function of speed is quite sensitive to variations in the speed.

In Fig. 27b, the responses of the bridge and vehicle for the test
run with induced initial vehicle oscilllations presented in the previous
article is compared to a second run from the same subseries, but with a
vehicle speed of 37.1 mph. As before, the vehicle behavior is represented
by the history cu%ves for interaction force of the right rear wheel. It
can be seen that for the two runs the initial conditions of the vehicle as
it enters the bridge are similar, even though the variation of the force on
the ramp is somewhat different for the two rums, due to the difference in
time of transit over the obstruction. It can be seen that the initial
vehicle conditions are better controlled, i.e. more uniform, than in the
regular tests.

The response of the bridge, measured by the dynamic increment curves
for strain at midspan of the center beam, is shown on the bottom of Fig. 27b.
As before, the number of waves is reduced with the increased speed, and con-
sequently the dynamic increment curve shifts to the right. There is a slight
increase in the maximum increment with speed. It may be noted that for
similar speeds, the magnitude of effects is comparable to that for the regular
tests. These curves further illustrate the dependence of the maximum total
effect on both the magnitude and position of the "eritical"” dynamic increment.
For the slower run, pesk dynamic increments occur at x/L = 0.2k and x/L = 0.62.
The second of these peaks combines with a crawl value of 0.80, giving a total
maximum response of 1,02; On the other hand, for the faster run, peak dynamic

increments occur at x/L = 0.32 and x/L = 0.80, and it is the first peak which
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combines with a larger crawl ordinate to produce a maximum total response.
‘In the two runs presented, the maximum dynamic increment happens to be the
"eritical" one; however, in many cases a smaller peak dynamic increment closer
to the maximum crawl value may be “"critical'.

In summary, both“theTVehicle and 5ridge responses show increased
effects with speed. The dynamic increment curves show almost a linear increase
in magnitude with speed, and the position of the maximum ordinate also varies
with speed. The total bridge response, which is the sum of the crawl and
dynamic effects, reflects both the magnitude and position of the "c;itical"
dynamic increment, and is thus sensitive to changes in speed. Furthermofe,
since both of the above factors can be affected by minor experimental varia-
tions, notably in the initial conditions of the vehicle when it enters the
bridge, a considerable scatter in the maximuﬁ total response can be expected,

as discussed in the next section.

22. Representative Spectrum Curves

In the preceding secﬁions, the bridge response was studied in terms
of history curves for particular test runs. While this type of presentation
gives the most complete picture bf the behavior, and will be continued in
later sections, the large volume of date obtained precludes the presentation
and .study of dynamic effects in terms of history curves alone. Furthermore,
from a design point of view the quantity of primary interest is the maximum j
value of a given dynamic response.

As an introduction to the comprehensive study presented in Chapter VI,
the results of the two subseries discussed in the previous two sections will

be presented in terms of the maximum effects observed in the individual test
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runs. The results obtained are presented as spectrum curves. A spectrum
curve, as used in this report, represents a plot of the maximum dynamic
values of a selected response as a function of vehicle speed. Thus, for
each dynamic test run, only the maximum response for the run is plotted,
regardless of the position of the vehicle for which the maximum effect
occurred.

Spectrum curves for the two subseries considered are shown in
Figs. 28a and 28b. In these curves, the ordinates have been normalized with
respect to the corresponding maximum static values. The ratio of the maximum
total dynamic response to the corresponding static value is defined as the
amplification factor, A.F. In the presentation of spectrum curves, the
symbols AFD and AFM will be used to designate amplification factors for
defleétion and strain, respectively. The static values used in computing
the amplification factors are given in Table 7. The abcissas of the spectrum

curves are given in terms of the speed parameter, ¢, defined as

vT.

@ =5 (7)
where Tb is the fundamental natural period of the bridge, determined from the
free-vibration records from the subseries considered, as discussed in Section
12.1. The engineering significance of this parameter will be discussed in
the next chapter.

The spectrum curves presented refer to amplification factors for
deflection and strain at midspan of the center beam. As discussed previously,
these two responses reflect with sufficient accuracy the dynamic behavior of
the entire bridge. Each spectrum plot shows all the experimental points and

a line representing an "average" of these points. The "average” curves,
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drawn somewhat arbitrarily, serve mainly for the subsequent comparison of
different spectrum curves.

Figure 28a shows the spectrum curves for the regular test rums,
Subseries 5453-1. The points corresponding to the history curves previously
discussed are shown by vertical arrows. It can be seen that amplification
factors generally increase with speed, and range from 1.08 to 1.34 for
deflection and 1.01 to 1.22 for strains. The scatter between individual
points, anticipated in the previous section, is evident. The significance
and range of the scatter will be explored more fully in Section 25.2. The
magnitude of the scatter makes it impossible to distinguish between the shapes
of the two spectrum curves. However, there is a pronounced difference between
the magnitudes of the spectrum curves for deflection and strain. This dif-
ference can be explained by reference to the history curves for total response,
Fig. 25c. It has been shown previously that the dynamic increment curves for
deflection and strain are essentially the same both with regard to phase and
magnitude, but that the shape of the crawl curves for the two effects is
different. Thus differences in the curves for the total deflection or strain
reflect primarily the differences between the shapes of the two crawl curves.
Since the crawl curve for deflection is relatively flat in the middle third
of the record, a given maximum dynamic increment occurring anywhere in this
region will yield essentially the same total response. On the other hand, for
a two-axle vehicle the crawl curve for strain comes to a sharp peak, and the
total response is more sensitive to variations in the position of the maximum
dynemic increment. A dynamic increment occurring farther away from midspan
produces a conslderably smaller total response. The same reasoning accounts
for the dip in the spectrum curve for strain at approximately o = 0.10. For

the slower speeds, the "eritical" dynamic increment occurs at a point
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corresponding to approximately two full cycles of oscillations after the
entrance of the rear axle. As the speed is increased, (i.e. the time of
transit, t', is decreased), eventually the first maximum becomes the "critical
dynamic increment. It therefore follows that for intermediate speeds, both
of these maxima combine with low ordinates of the crawl curves, and that,
convers;ly, the peak crawl ordinate is combined with a negative dynamic
increment. Because of the flat crawl curve for deflection, this transition
is hardly noticeable on the spectrum curve for deflection.

The spectrum curves for the dynamic tests with initial wvehicle
oscillations, Subseries 5453-10, are shown in Fig. 28b. In comparison with
the spectrum curves presented above for regular tests, two features are
worth noting. The first is the relatively smaller scatter in the individual
points. This fact has been observed in all tests in which the initial con-
ditions of either the vehicle or the bridge were controlled, and substantiates
the observation made previously, that the uncontrolled variation in the
initial conditions affects both the magnitude and phase of the dynamic
increments. The other observation to be made is that the amplification
factors are considerably more sensitive to variations in speed than for the
regular runs. This fact follows from the previous discussion, since for these
tests, there are two components of the response (one due to the inertia of
the bridge, and one to the variation in the interaction force), both of which
can change the magnitude and position of the "eritical" dynamic increment.

In particular, seversal values of amplification factor for strain less than
unity are noted. These correspond to the speeds for which the rear axle
interaction forces, have a minimum value when the rear axle is near midspan
(see Fig. 26a). The above observations are in agreément with the thecretical

predictions made in Ref.(l6b).
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Finally, it should be noted that the amplification factors for deflec-
tion are essentially of the same magnitude as those for the regular tests,
while the amplification factors for strain are actually lower than the corre-
sponding values for the regular tests. Referring again to Fig. 26a, it can
be seen that for that particular test, (and actually for the majority of the
tests in the subseries), the interaction force had a minimum value near
midspan. It can be expected that for different vehicle or bridge frequencies,
speeds, or bridge spans, the vehicle could have "bottomed" at midspan, pro-

ducing much higher amplification factors.
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VI. RESULTS OF REGULAR TESTS
25. General
This chapter presents the results of the regular dynamic tests;
together with the analysis and interpretation of these tests in the light
of available theoretical knowledge. Regular tests have been previously
defined as those in which the bridge was initially at rest, there were no
induced initial oscillations in the vehicle, the suspension system was in
its normal operating condition, and the vehicle was centered over the middle
beam of the bridge. As can be seen from Table 4, 37 test subseries, involv-
ing 14 bridges and 7 vehicles, fall in the category of regular tests. Of
these 37 subseries, five yielded insufficient or erroneocus data which could
not be properly reduced. Furthermore, as shown in Fig. 4, 12 of the 1k
bridges were placed in pairs, with the test wvehicle crossing both bridges
on each test run. This chapter will deal primarily with the bridges located
first in the line of travel, since the response of the bridges located second
in the line of travel was found to be influenced by the vertical oscillations
in the vehicle induced by its passage over the first bridges. The responses
of the bridges located first and second in the line of travel are compared
in Section 27.1.
This chapter deals mainly with 32 subseries invelving 6 bridges and
6 vehicles, as fcllows:
Bridges: 2 composite steel (2B and 3B)
1 noncomposite steel (9B)
2 pfestressed concrete (5A and AA)
1 reinforced concrete (TA)
Vehicles: 2 two-axle vehicles (A and No. 91)

4 three-axle vehicles (C, Nos. 315, 415 and 513).
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The combination of bridges and vehicles for each subseries is
listed in Columns (1) and (2) of Table 15. Additional bridges and subseries
are discussed briefly in Sections 27.1 and 27.k.

The discussion on this chapter will be based principally on
spectrum curves for maximum total response (deflection or strain) at mid-
span of the center beam of the bridges considered. It has been shown in
the previcus chapter that the center beam midspan gages reflect with suffi-
cient accuracy the response of the entire bridge. History curves of dynamic
increments will be introduced wherever additional explanation of the behavior
is required.

It should be emphasized that in this chapter the results will be
interpreted in the light of theoretical predictions in general terms only.
Actual comparisons between measured and predicted response are presented

and discussed in Chapter VIII.

24, Bridge-Vehicle Parameters

2L.,1 Definition of Basic Parameters. The dynamic response of the

bridge-vehicle system depends on the vehicle speed and the combination of

the pertinent bridge and vehicle parameters. The significant bridge para-
meters, namely span, weight, frequency, and permsnent deflection, have been
presented and discussed in Chapter III. The vehicle parameters, including
axle spacing, total weight, weight distribution to the axles, frequencies

of the axles, natural frequencies, limiting frictional forces in the springs,
and dynamic indices, have been presented in Chapter IV. In the analysis of
the problem these parameters enter as dimensionless ratios. From previous
studies(18), it is known that the most significant of the dimensionless ratios

are:
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a. Speed Parameter. Denoted by ¢, the speed parameter is defined

by equation (7). From the definition of @ it follows that the bridge undergoes
approximately é% cycles of oscillation during the passage of an axle over
the span (the reason that this later relationship is only approximate is that
the frequency of the bridge-vehicle system is a function of the position of
the vehicle on the bridge). Since it has been shown in Chapter V that the
frequency of the dynamic increments is important in determining the ordinate

of the crawl response combines which with a peak dynamic increment to produce
the maximum total response, it can be seen that the parameter ¢ is a more
significant measure of the effect of speed than the vehicle speed alone.

b. Weight Ratio. Denoted by R in this report, this ratio is

defined as:

_ Total weight of the vehicle

R = Total weight of the bridge

c. Frequency Ratio. Associated with each axle of the vehicle

there is a frequency reatio, @, defined as:

Q= Frequency of axle
~ Natural frequency of the bridge

It should be recalled that the axle frequency is the natural frequency of a
single-degree-of-freedom system, the mass of which corresponds to the axle
load and the stiffness of which equals the effective spring stiffness of the
axle. In this study, the axle frequency used will be that of thgwgpive axle
of the vehicle, since it corresponds closely to the computed natural frequency
of the vehicle (see Table 14). The frequency ratio, @, will be denoted by

¢t if the axle frequency is computed for blocked springs (§£), and by q%s if

the axle frequency refers to the combined springs and tires (f%s)o
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d. Profile Variation Parameter. Also associated with each axle,

there 1s a ratio denoted by &, defined as:

_ Deflection of the unloaded bridge at midspan

&= Static deflection of the axle

The numerator of this ratio, and therefore the sign of &, may be positive or
negative, depending on whether the bridge deflection is downward (sag) or
upward (camber). The static deflection of the axle used in computing A is
taken to be that of the drive axle of the vehicle, assuming blocked springs.
The deflection of the unloaded bridge is taken to be deflection at midspan
of the center beam, measured from a straight line through the supports, and
interpolated from plots such as Fig. 15 for the date of each subseries. In
this connection, it should be recalled from Section 13 that the lateral
deflection of the bridges was not ﬁniform, and that the longitudinal profile
may deviate considerably from the parabola assumed in the theoretical analysis.
Thus the parameter A must be taken as an approximation only. The profile
variation parameter has a simple physical interpretation: it represents the
change in the interaction force, in terms of the static axle load, due to a
vertical movement equal to the deflection of the unloaded bridge at midspan,
assuming that the vehicle springs do not engage.

Several parameters of minor importance have not been discussed
above, either because their effect is known to be small from theoretical con-
siderations, or because thelr range was restricted in the tests. In the latter
category belongs the axle spacing ratio, s/L, which was essentially constant
for all three-axle vehicles used (see Fig. 18).

24,2 Ranges of Parameters. The principal bridge-vehicle parameters

for the 32 subseries involved in the regular tests are shown in Columns (%)

through (8) of Table 15. For the speed perameter, q, only the maximum value
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for each subseries is showh. The ranges of the parameters R, @ and A,

v s
and the maximum values of @ are listed in Table 16 for each group of tests
involving the same types of bridge and vehicle.

It can be seen from Teble 16 that values of o range up to 0.22.
For normal bridges of the same span, this value of the speed parameter corre-
sponds to higher vehicle speeds than those considered in this program. This
difference is due to the fact that the test bridges were designed for high
stress levels, and their natural periods were higher than those of bridges
designed on the basis of more conservative stress levels. It can also be
seen that the parameters R, q%, ¢%S vary approximately by a factor of two
between minimum and maximum values. The maximum values of the weight ratio
(R = 0.66) and of the frequency ratios (@t = 1.25 and @, _ = 0.76) are high
for 50 foot simple-span bridges, but the ranges of @, R, and @ obtained are
representative of normal bridges of a range of spans(l9).

Finally, it should be recalled that the bridges were not specifi-
cally designed for the dynamic tests, and that the test vehicles were in
general standard trucks used in the regular tests. Thus, the significant
parameters could not be varied continuously and independently of each other
throughout their respective ranges. For example, the ranges of ¢ obtained
for the prestressed and reinforced concrete bridges are differemnt, due to
the large difference in the periods for the two bridge types. Similarly,
the bridge-vehicle parameters R, @ and & occur in predetermined combinations;
interchanéing two vehicles or two bridges changes all three of the parameters.
For this reason, the effects of the parameters will, in general, have to be
considered in groups.

2h.,3 1Initial Oscillations. In addition to the parameters described

above, the behavior of the bridge=vehicle system depends on the conditions of
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the bridge and vehicle at the instant the vehicle enters the span. In all of
the regular tests, the bridge was initially at rest. The vehicle, however,
generally performed a vertical motion on its suspension system prior to its
entrance on the bridge. The magnitude of this oscillation was uncontrolled.

Initial vehicle oscillations are caused by the unevenness of the
approach pavement, including any discontinuity between the approach pavement
and the bridge deck. For the majority of the regular tests, the nature and
magnitude of the initial vehicle oscillations were unknown, as these tests
were conducted before the tire préssure recording equipment became available.
However, in the fourth series of tests, the tire pressure data provided
information for a detailed study of the initial vehicle oscillations.

Figures 29a and 29b show typical curves of the variation in the
interaction force on the approach pavement in terms of the static load. As
before, the right rear wheel is taken to be representative of the entire
vehicle. The curves show clearly the vertical motion of the vehicle at
approximately the natural frequency of the vehicle with springs blocked, as
well as the "tire-hop" motion caused by the sudden discontinuity between the
approach slab and the bridge deck. It can be seen that, in general; the
initial conditions of the vehicle at the entrance to the bridge are uncon-
trolled and may vary from an almost trpe smocthly rolling condition to high
values of initial variations in the interaction force and of the vertical
velocity.

The magnitude of the initial oscillations was studied by computing
(a) the double-amplitude of the oscillation for the cycle of oscillation
immediately preceding the entrance to the bridge, and (b) the average double-

amplitude over five cycles of oscillations preceding the entrance. Table 17
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shows the values obtained for two subseries, involving Vehicle No. 91 and
the approach pavements to Bridges 3B and TA. Both the double-~amplitude at
the entrance and the average double-amplitudes generally increase with speed.
For the higher speeds, the double-amplitude at the entrance is roughly twice
the average value.
| The effect of speed on the magnitude of initial oscillations is
further examined in Figs. 30a and 30b, which show the amplitude of initial
oscillation (expressed as one-half of the double amplitude immediately pre-
ceding the entrance) as a function of speed, for all regular tests for which
tire pressure measurements were available. It can be seen that for both
Vehicles No. 91 and No. 513, the largest amplitudes of the initial oscilla-
tion occur on the approaches to Bridges 3B and 7A, and that the amplitudes
increase with speed, reaching values as high as 25 to 30 percent of the static
load. On the other hand, the initial oscillations on the approaches to
Bridges 9B and 6A seldom exceed 15 percent of the static load and seem to
be independent of speed. It is noteworthy to observe that the scatter of
the points is not very large.
The mean amplitudes of the force variation in terms of the static

load for the seven subseries considered are as follows:

Mean Amplitude of Force Variation, P

st
Vehicle Approach to Bridge
3B TA 9B eA
No. 91, Drive axle 0.1h 0.16 0.08 0.09
No. 513, Rear axle 0.16 0.16 ' 0.08 -

It should be noted that the mean amplitudes of oscillations for two entirely

different vehicles on the same approach are remarkably uniform.
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In Fig. 321, the variation in the interaction force for a selected
number of runs on Bridges 3B and TA are replotted with the profile of the
approabhes to these bridges. It can be seen that the beginning of the high-

frequency "tire-hop" oscillations, as well as certain aspects of the lower-

frequency components, can generally be related to the profile of the approach

pavement. Of particular interest is the sharp rise in the profile starting
approximately five feet from the entrance to Bridge 3B (i.e. at x/L = -0.1).
This rise appears to induce a large impact in the axle of the wvehicle. The
tire pressure records for all the test runs on this bridge show essentially
the same phase angle when the axle enters the bridge, as discussed in
Section 21. The sharp curvature of the bridge deck immediately after the
entrance is noticeable in the figure. In contrast to Bridge 3B, the phase
angle of the interaction force curve at the instant of entry is completely
arbitrary for all the other bridges.

In an attempt to estimate the magnitude of the initial vehicle
oscillations from the characteristics of the approaches, the major profile
deviations for the approaches shown in Fig. 31 were spproximated by half-
sine waves with lengths, £, of 60 and 30 feet, and amplitudes, y, of 0.6
and 0.5 inches, respectively, as shown by the dashed lines in the figure.
Using the axle frequency and the static deflection of the véhiclé given in
Tables 14 and 15, and assuming that the springs do not engege, the following

results are obtained:
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Approach to Approach to

Quantity Run ?ﬁidgeiiﬁn ik Run ?Zidge gﬁn 7
Speed, v, fps 64.6 4ok 66.2 50.8
Time of Transit, ty = /v 0.93 1.21 0.45 0.59
Ratio td/Tv 2.23 2.92 1.09 1.k2
Dynemic amplification factor 0.30 0.30 1.10 0.50
Static change in force, 0.38 0.38 0.31 0.31

(7/¥44) “Pay,

Computed dynemic amplitude, P_, 0.14 0.14 0.34 0.16
Measured dynamic amplitude, Pst 0.18 0.18 0.27 0.18

In the above table, the dynamic amplification factor refers to the ratic of
the distortion in the spring of a simple linear oscillator, subject to a
ground displacement in the form of a half-sine wave with the value of td/Tv
shown, to the static displacement equal to the height of the d.istortion(9c)°
The static change in the interaction force, in terms of the static load, is
obtained as the ratio of the height of the obstruction to the static deflec-
tion of the axle. The product of the amplification factor and the static
change in the force yields thg computed dynamic amplitude. For Bridge 3B,
the amplification factors used were those occurring during the excitation.
For comparison, the measured amplitudes are included in the table.
It is apparent that this simple approximation of the roadway unevenness gives

computed amplitudes of force variation which are in reasonable agreement with

the measured values.

oscillations of the vehicle with the value of the Present Serviceability

Index (PSI), described previously, for the corresponding approach pavements.
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The table below shows the mean amplitudes of force variation on the approach
pavements for the drive axle of Vehicle No. 91, together with the PSI values

for the pavements, evaluated approximately at the time of the tests:

Approach to Bridge
3B TA 9B 6A

Force Variation 0.1k P 0.16 P 0.08 P 0.09 P
st st s st

t
PsI » 3.8 2.2 3,8 2.0

It can be seen that there is no correlation. This disagreement is
undoubtedly due to the fact that the longitudinal slope variance, which is
the major- quantity entering in the determination of the PSI value,is based
on slope measurements at 1-ft. intervals. At the vehicle speeds used (30 to
70 fps), these variations in slope correspond to very high-frequency com-
ponents, which do not excite the vehicle appreciably. It is felt that a
power-spectrum density analysis of the approach profile; which shows the
contribution of all frequencies, may provide more meaningful correlation
with the magnitude of vehicle oscillation.

2L,L Theoretical Predictions. In order to provide a frame of

reference for the presentation of the extensive data obtained in the regular
tests, a brief review of the major effects expected on the basis of theoretical
studies is given in this section.

It is known<l6c)

that for vehicles that may be considered "smoothly
rolling", the speed parameter ¢ is the most important single parameter
affecting the bridge response. A plot of amplification factors versus «

for fixed values of the other parameters gives an undulating curve for which

the magnitudes of successive peaks generally increase with ¢. The weight and

frequency ratios are relatively secondary parameters. The variation of these
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ratios affects the detailed characteristics of the response, but has a relé-
tively‘small effect on the maximumm response. By varying the weight ratio and
frequency ratio within ressonable limits, a family of spectrum curves is
obtained. The envelope to these curves is essentially a straight line the
ordinates of which increase with q. The effect of the deviation of the
bridge profile from a straight line is generally to increase the amplification
factor due to the increased variation in the interaction force.

Finally, the initial oscillations of the vehicle again increase the
amplification factors. The amplification factors generally increase with
increasing amplitudes of initial oscillation, all other factors being equal.
In addition, initial vehicle oscillations change the frequency of the dynamic
increments, so that the critical dynamic increments occur at different points.
On the spectrum curves, this change corresponds to a shift of the abcissas
of the peak amplification factors.

From the discussion of initial oscillations in the preceding section,
it can be expected that the effects of the initial oscillations of the vehicle
will be most pronounced on Bridge TA. On Bridge 3B where the magnitude of
the initial oscillations is of the same order as on Bridge TA, the effects
should be of the same order of magnitude, but because the somewhat more
consistent phase angle of the interaction force at the entrance, a smaller
scatter may be expected than on Bridge TA. For Bridges 9B and 6A, the effect
of the initial oscillations can be expected to be small. For the other
bridges in the tests, for which no tire pressure data are available, it
is difficult to estimate the relative significance of the effect of initial
oscillations. However, on the basis of the correlation with the longitudinal

profile, relatively small effects should be expected on Bridge 2B, the
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approach of which is relatively smooth, (Fig. 13a), except for a discomtinuity

near the abutment, which is similar to, but somewhat flatter than, the one
discussed in connection with Bridge 3B. On the other hand, the unevenness
of_the approach to Bridge 5A is even more pronounced than that of Bridge TA,
and resembles a versed sine curve approximately 80 feet long and 2 inches
high. For the rear axle of Vehicle No. 415, and a speed of 60 fps, the
computed amplitude of force variation, neglecting the effect of friction in
the suspension, is 0.30 Psto Thus, for this bridge, the effects of initial
vehicle oscillations may be considerable. In this connection, it should be
recalled that the unevenness of the approach profile generally increased
with time. Thus, the effect of the initial oscillations on all bridges can
be expected to be less in the earlier tests than in later tests. In partic-
ular, the effect of initial vehicle oscillations on Bridge 2B at the early

dates can be expected to be negligible,

25. Reliability of Data

The purpose of this section is to discuss the reliability of the
experimentally determined spectrum curves.

25.1 Experimental and Reduction Errors. The errors that have a

bearing on the reliability of the results may be caused by the experimental
setup, the recording equipment, and the method oﬁ reduction. These possible
sources of error will be discussed in the following paragraphs.

Errors due to the experimental setup may be duvue primarily to errors
in vehicle speed or lateral position. The speed of the vehicle was obtained
by timing the passage over two hoses 50 to 100 feet aparty using the assump-
tion that the speed was constant over this interval. In a few cases, where

detailed checks were made; it was found that occasionally the vehicle tended
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to slow down, the difference between the speeds at the entrance and the exit
being of the order of five percent or less. Thus the recorded average speed
may in some cases be less than the actual speed in the portion of the record
that is of prime interest. As pointed out earlier, small lateral deviations
from the center line have negligible effect on the response of the middle
beam.

Errors in the recording instruments are primarily caused by drift
and by calibration errors. Drifting of the recording equipment was observed
in a few records, but was usually very small and was controlled by frequent
adjustments. No attempt was made to correct for drifﬁing in the individual
records; thus the values of the recorded response msy in some cases be
slightly lower than the true values. Discrepancies of the order of five
percent were observed both in the gain (amplification) and the time scale
of the recording instruments. Errors due to these differences were mini-
mized by always using the crawl responses and‘bridge periods from‘the same
subseries as the dynamic tests.

Finally, the reduction errors are related to the accuraéy with
which the recorded responses could be measured. It is estimated that this
accuracy was held to within five percent both as to the vehicle speed and
the magnitude‘of the maximum response.

25.2 Replication of Experimental Results. The reliability of the

experimental data will be further investigated by examining the replication
of the test results. The two comparisons that are of prime interest are
the replication of individual results within one subseries, and the replica-
tion of the trends in behavior between subseries involving the same bridge

and vehicle.
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Figure 32 shows the spectrum curves for total response (deflection
and strain) at midspan of the center beam for subseries‘5h52~26, involving
Bridge 3B (composite steel) and Vehicle No. 415, It can be seen that the
test data are scattered in bands the width of which is approximately 20
percent of the maximum static response for deflection, and about 10 percent
for strain. The scatter is reduced by averaging the three beam responses,
as shown in Fig. 35, but it is still appreciable for deflection. Thus the
center beam response is only slightly affected by discrepancies in the |
laterai position of the vehicle.

In order to examine further the possible causes of the experimental
scatter, dynamic increment curves for several test runs from the subseries
considered, for two values of the speed parameter Q, are shown in Fig. 3k.
For the higher value of @, 1t can be seen that the bridge behavior is for
all practical purposes identical for the two replicate runs, but that there
is a consistent difference in the magnitudes of the two responses. For the
slower speed, the agreement for the three curves is reascnably good up to
the value of x/L = 0,5, after which one of the records shows a superimposed
high-frequency wave. In all of these records, the major differences begin
shortly after the drive axle enters the span. There are no tire pressure
measurements available to study quantitatively the variation in interaction
forces; however, it appears that the observed discrepancies are due mainly
to different initial conditions of the vehicle. This assumption is further
substantiated by the fact that in the earlier subseries, when the approach
pavements were considerably smcother, much better replication was cbtained
(see Fig. 16, Ref. 11).

The relatively larger scatter in the spectrum curve for deflection

as compared to that for strain may be tentatively explained by two factors.
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First, the difference may be due to the difference in the shapes of the
crawl curves. For the three-axle vehicle;, in the region near the maximum
static response (i.e. 0.1 < x/I < 0.5), the crawl response for deflection
is a smooth curve the ordinates of which véry from 0.90 to 1.00 times the
maximum response, while the strain response is essentially a straight line
between 1.00 at x/L = 0.1 and 0.96 at x/L = 0.5 (see Fig. 5). Thus a
change in the position of the critical dynamic increment corresponds to
a larger change in the maximum effect for deflection than fof strain.
Exactly the reverse relationship is true for the two-axle vehicles, because
of the sharply "peaked" crawl curve for strain for the latter vehicles
(see Fig. 8). Secondly, it should be noted from Table 7, that for regular
runs on the bridge considered (BB), the scatter in the maximum crawl values
for deflection was generally somewhat higher than for strain. For the
particular subseries considered (5452-26), the meximum deviation in the
center beam crawl values from the averages used in computing the amplifica-
tion factors were 5.2 and 0.6 percent, respectively, for deflection and
strain.

The response spectrum cﬁrves for two other subseries (Nos. 5452-27
and 28) involving Bridge 3B and Vehicle No. 415 are shown in Fig. 35. The
two subseries were performed 3 and U4 days, respectively, after subseries
5452-25 shown in Fig. 32. It can be seen that the shapes of the spectrum
curves agree very well. It is noted that the scatter on the spectrum curve
for deflecticon is not as large as in the previously presented figure, even
though the number of test runs is greater.

The measured bridge periods for the three subseries considered in

Figs. 32 and 35 differed by approximately four percent. These discrepancies
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may be due either to differences in the frequency of the power supply or
to unavoidable scaling errors in the reduction of the records. Discrepan-
cies .of similar magnitude also occurred in the ordinates of the crawl curve
(see Table 7). In general, it may be stated that the overall patterh of
the spectrum curves is adequately replicated.

It is concluded that a single point on the spectrum curve has
little meaning, because of unavoidable errors in recording and reduction,
and because of the experimental scatter introduced by uncentrollable test
conditions. However, the aggregate of the points describes adequately the

general trends in the maximum dynamic response.

26. General Summary of Experimental Results

In this section a summary is given of all the experimental results
in the form of spectrum curves for total response, and certain general trends
are discussed° In this and succeeding sections, only the midspan resﬁonse
(deflection and strain) of the center beam will be considered.

26.1 Presentation of Data and Major Trends. Space does not permit

the presentation of separate spectrum curves for all 32 subseries of the
regular tests. Figures 36a through 3fe show the combined spectrum curves
for Bridges 2B, 3B, 9B, S5A and TA, respectively, for =2ll subseries involving
regular tests with three-axle vehicles. The results shown for Bridge 3B do
not include the data from the three subseries presented in the previous
section.

It can be seen that, with one exception, the spectrum curves for
deflection show a general increase of effects with increasing . This

increase with ¢ is apparent both for the points defining the bounds and for
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the "averages" of all points, even though, as discussed in the preceding
article, the other bridge-vehicle parameters (R and @) vary by as much as
a factor of two for any given bridge. The "peaks" of the individual spectrum
curves are not readily distinguishable, because of the initial vehicle
oscillations and the experimental scatter previously discussed.

The only exception to the above statement is provided by the
results for Bridge 3B, which are shown in Fig. 36b. For the subseries shown
in»fhe figure, it can be seen that the experimental points generally follow
a broad curve, with maximum values occurring roughly between g = 0.10 to 0.1k,
However, it should be noted that the subseries shown cover a relatively small
range of @, and that in Figs. 32 and 35 presented previously there ia a
general increase in the amplification factors with increasing values of q.
For the range of q covered by the spectrum curves shown in Fig. 36b, the
amplification factors are in excellent agreement with those shown in Figs.

32 and 35.

The spectrum curves for strain follow the same general pattern as
those for deflection, but the amplification factors are smaller, as is
expected from theoretical considerations. The very large scatter in the
strains of Bridge 5A (Fig. 36d) is noteworthy. Variations of this order
have been observed in the repeated load studies on this bridge, and appear
to be due to bond failures in the vicinity of the strain gage locations.

The largest amplification factors observed were those on Bridge TA,
corresponding to the largest values of q. However, a consistent pattern of
. differences between the spectrum curves for the various bridges is apparent.
Thus, for the values of ¢ that are common to Bridges 5A and TA, the lowest
recorded amplification factors for Bridge 5A are consistently higher than

the highest values obtained on Bridge TA. The amplification factors for
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Bridges 2B and 9B generally fall between the above two extremes. It is
therefore apparent that while g is a controlling parameter, the cumulative
effect of the other parameters precludes a direct comparison of results for
different bridges. The effects of these parameters are discussed in
Section 27,

Figures 3T7a through 37c show the spectrum curves for regular tests
with two-axle vehicles on the composite steel, noncomposite steel, and con-
crete bridges, respectively. The amplification factors for deflection gener-
ally increase with @, with two exceptions: in Subseries 5450-1 on Bridge 2B
(Fig. 3Ta) the measured effects are consistently low, and in Subseries 5U453-3
on Bridge 7A, (Fig. 37c), the amplification factors actually decrease with Q.
These discrepancies from the general pattern are investigated in Chapter VIII
in connection with the theoretical comparisons.

The amplification factors for strain are generally small, and,
except for the tests on Bridges 3B and 9B, show only a slight increase with
Q. This fact is to be expected, since the critical dynamic increments must
occur very close to midspan and combine with the sharp "peak" of the crawl
curve to produce any sizeable total dynamic effects.

26.2 Summary of Data. The distributions of the amplification

factors for deflection and strain for all 533 regular test runs involved
in the 27 subseries with three-axle vehicle are shown in Fig. 38. The cumu-
lative percentages are shown in Fig. 39.

Concerning deflections, it can be seen that for only five percent
of the test runs were the amplification factors higher than 1.40, and that
for 88 percent of the runs the amplification factors were between 1,10 and

1.40. The maximum single amplification factor was l.63. On the other hand,
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the maximum amplification factor for strain was 1.41, with only two percent
of the runs excéeding 1.30, and 90 percent of the runs giving amplification
factors between 1.05 and 1.30. The relationship between amplification
factors for deflection and strain demonstrates two facts known from theo-
retical considerations:

(a) that dynamic increments, and therefore amplification factors,
are higher for deflection than for strain, and

(b) that for three-axle vehicles the spread of the amplification
factors is larger for deflection than for strain. This latter observation
is again related to the difference in the crawl curves for the two responses.
If the critical dynamic increment occurs in the region 0.1 < x/L < 0.5, it
will result in essentially the same amplification factors for deflection
and strain, as discussed previously. However, outside of this region the
crawl curve for strain drops off more rapidly than that for deflection.
Thus, critical dynamic increments located outside of the above range corre-
spond to low amplification factors for strain.

In connection with Fig. 39 it is worthwhile to compare the distri-
bution of amplification factors for strain with the formula for impact given

by the AASHO Standard Specifications'ZO)

- 29
1= L + 125

where I denotes the impact factor.

For the test bridges, this formula yields an impact factor of
28.5 percent, or an amplification factor of 1.285. Of the 533 tests reported,
only 24 tests, or 4.4 percent of the total,vgave amplification factors for

strain which exceeded this value.
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Because of the large experimental scatter, and the effects of the
bridge-vehicle parameters to be discussed, it is not possible to draw a
reasonable curve of maximum amplification factors as a function of the speed
parameter . As an indication of the magnitude of effects and their varia-
tion with @, Fig. 40 shows all amplification factors forideflection exceeding
1.30, and all amplification factors for strain exceeding 1.20, as a function
of . It can be seen that the majority of experimental points in this
category result from tests on the composite steel Bridges 2B and 3B, which
comprised 64 percent of all regular tests. It is to be expected that if a
similar number of tests were run on Bridge TA, a proportionately larger
number of points with high amplification factors would have been obtained.
It is apparent that the maximum single effects do not increase noticeably
with @, and that for values of o up to approximately 0.18, amplification
factors of 1.4 and 1.3 for deflection and strain, respectively, can be con-
sidered reasonable absolute meximum values. It should be recalled that the
figure includes all tests with three-axle vehicles, and thus reflects the

effect of the additional parameters, to be discussed in the next section.

27. Detailed Study of Effects

In the preceding section, it has been shown that for a given
bridge, there are large variations in the response caused by different
vehicles, and that there are consistent differences between the spectrum
curves for different bridges. In this section, the effects of the bridge-
vehicles parameters will be examined in an attempt to explain the above
differenceso

It should be recalled that the spectrum curves are generally

undulatory in nature, reflecting the effect of successive "eritical" dynamic
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increments as ¢ increases. The detalled features of the spectrum curves,
particularly the abscissas corresponding to the peak amplification factors,
are affected by variations in the bridge-vehicle parameters and the unavoid-
able experimental scatter. However, the details of the spectrum curves are
of little significance, and from a design standpoint only the peak amplifi-
cation factors are of interest. Thus, in the comparisons to be presented,
emphasis will be placed primarily on the level of the peak amplification
factors.

27.1 Isolation of Effects of Bridge-Vehicle Parameters. The effect

of the various bridge-parameters will be investigated by comparing spectrum
curves for which all but one of the dimensionless parameters listed in
Section 2U4.1 are nearly identical. As pointed out earlier, the data avail-
able for such comparisons are limited. Furthermore, the presence of initial
vehicle oscillations introduces an unknown and uncontrollable parameter. The
comparisons presented in this section are restricted to the composite steel
bridges 2B and 3B and the noncomposite bridge 9B.

In Fig. 41, the effect of the speed parameter ¢ is examined. Spectrum

curves are presented for four subseries of tests, involving three bridges and

three vehicles; with values of R, @,, and & kept nearly constant. It can

t
be seen that the increase in the peak amplification factors with increasing
¢ is more clearly pronounced than in the composite spectrum curves presented
earlier. In connection with the spectrum curves for deflection, it should
be noted that the peak values for the two curves involving Bridge 3B are
essentially identical, while there is a spread of approximately 15 percent

between the spectrum curves for Vehicle No. 415 on Bridges 3B and 9B. It

should be recalled, however, that this spread is of the order of that
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observed for a single subseries. The differences between the spectrum curves
may be attributed to the effect of initiel oscillations, since the approach
pavement to Bridge 2B was relatively smooth at the time of the tests con-
sidered, while for Bridge 9B the observed initial oscillations were found
to be smaller than for Bridge 3B. The smaller scatter in the amplification
factors for strain is consistent with the results reported éarlier.

In order to investigate the effect of the weight ratio R, spectrum

curves for deflection involving two subseries of tests on Bridges 3B and 9B
are shown in Fig. 42. For each bridge, results are shown for the two-axle
Vehicle No. 91 and the three-axle Vehicle No. 415. The frequency ratio QE
and the profile variation parameter A are approximately the same, but the
weight ratio R differs by & factor of two. It can be seen that even this
wide variation in R has little effect on the peak value of the amplification
factors.

The large difference in the ordinates of the-two spectrum curves
for Bridge 3B near g = 0.10 is noteworthy. History curves for dynamic incre-
ments corresponding to the above value of ¢ are shown on the top of Fig. 43

for the two vehicles. It can be seen that the differences in amplification

factors are not due solely to the differences in the shape of the crawl . curves, |
but that the peak dynamic increment for the three-axle vehicle 1s greater.

The characteristics of the curves suggest that the differences in the dynamic
increments are due to different initial conditions in the vehicle. For the
higher speeds the peak dynamic increments shown in the bottom of Fig. 43

are comparable in magnitude, and occur approximately at the same point,
resulting in essentially identical total effects. This trend has been
generally observed, so that, for deflections, the peak values of amplifiéation
factors (which usually occur at higher speeds) are comparable for two- and

three-axle vehicles.
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Returning to Fig. 42, it can be seen that on Bridge 9B, for whichA
 the approach conditions were smoother, the spectrum curves for the two sub-
series are in much better agreement.

The effect of the frequency ratio @ was difficult to isolate,

because the range of variation of this parameter was small for the steel
bridges. The only valid comparison that could be made (Subseries 5451-1k4
on Bridge 3B vs. Subseries 5USL-L on Bridge 9B) involved a change in ¢ of
the order of 25 percent, and any possible effect of this parameter was com-
pletely obscured by the different initial conditions for the two bridges,
and the unusually large scatter in the test data for Bridge 9B.

The effect of the profile parameter A is demonstrated by the spec-

trum curves for the two test subseries shown in Fig. Ll, for which the varia-
tion of & was the largest, and the initial oscillations were expected or
known to be small. On the spectrum curves for deflection, it can be seen
that doubling A increases the amplification factors by approximately 15
percent. However, the spectrum curves for strain show a much less pronounced
trend. This seems to indicate that the effect of & on the peak dynamic
increments is not very pronounced, and that the increase of the amplification
factors for deflection is primearily due to & shift in the position of the
critical dynamic increments.

The effect of initial oscillations cannot be isclated since this

parameter was not controlled. The overall effect of initial vehicle oscilla-
tion, as has already been discussed in connection with the spectrum curves
presented, is to increase the peak ordinates of the specﬁrum curves. In this
connection, it is of interest tq compare the responses of the bridge pairs

which are identical in construction, and where the vehicle enters the second
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bridge after oscillations have been induced by its passage over the first
bridge in the line of travel. Two such comparisons are presented in Fig. 45,

In the top plot of Fig. 45 the responses of Bridges 9B (first in
line of travel) and 9A (second) are compared for one subseries of tests. All
bridge-vehicle parameters are the same, since the welghts, frequencies; and
permanent deflections of the two bridges are essentially the same. It can be
seen that the responses of the‘two bridges are indistinguishable for all
practical purposes. In examining the amplitudes of the interaction forces
it was found that the oscillations on the approach pavement and on Bridge QA
(the latter acting as the initial oscillations for Bridge 9B) are essentially
of the same magnitude, averaging 7 to 8 percent of the static :Load° For these
small amplituvdes, the phase of the initial motion of the vehicle is unimportant,
suggesting that the effects may be comparable to a smoothly rolling load.

At the bottom of Fig. 45, a similar comparison is shown for Bridges
7A (first) and 7B (second). The major difference between the two spectrum
curves is obvious. In this case, the amplitude of the initial oscillation
of the vehicle prior to entrance on Bridge TA was of the order of 18 percent
of the static load. By the time of exit from the first bridge, the amplitude
was generally reduced to approximately 10 percent of the static load. How=-
e&er, this reduction in the amplitude of initial oscillations above does not
account for the observed differences, as it will be shown later that the
irregularities of the bridge profile on Bridge TA are responsible for the
large effects at g = 0.20. No detailed study was made of the records for
Bridge TB.

27.2 Comparisons of Dynamic Effects on Individual Bridges. The

type of comparisons presented above cannot be extended to other subseries
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because the ranges of most of the parameters for different bridges in general
do not overlap. In order to extend the comparisons to all tests, the dimen-
sionless parameters R, @t, and A must be allowed to vary simultaneously.

As & first comparison, the effect of three different three-axle
vehicles on the same bridge are investigated. The available test data pertain
to Bridges 3B and TA, and three standard three-axle test vehicles (No.'s 515,‘
415, and 513).

The results for Bridge 3B are shown on the top of Fig. 46. It can
be seen that the peak amplification factors for the three vehicles are essen-
tially the same. It appears from this comparison that the effect of the
larger profile parameter is counter-balanced by that of a smaller weight ratio.
The important conclusion to be drawn is that for a fixed range of speeds, the
maximim amplification factors produced by heavy vehicles carrying their rated
loads are essentially the same.

On the bottom of Fig. 46, similar comparisons are made for Bridge
TA. It can be seen that the effects of the same vehicles are much larger than
on Bridge 3B, the maximum amplification factor being 1.63 for Bridge TA vs.

a value of 1.43 for Bridge BBQF The three spectrum curves shown are similar
in shape, but there is a difference of 20 percent of the static value between
the peak amplification factors caused by Vehicles No. 315 and No. 415, As a
further evidence of the similarity, history curves of dynamic increments for
midspan deflection corresponding to ¢ = 0.19 for the three subseries dis-
cussed are shown in Fig. 47. It can be seen that the three curves are
exactly in phase. The critical dynamic increments occur almost exactly at
the value of x/I for which the crawl curve is a maximum, and are much larger
than any of the other peak ordinates. The trend of the magnitudes of the
three critical dynamic increments is the same as that of the corresponding

spectrum curves.
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There were no tire pressure measurements avallable for the above
subseries. The spring deformation records, hoﬁever, show that the drive
axle springs engaged approximately 30 feet from the entrance; corresponding
to the position of the rear axle of x/L = 0.1 in Fig. 47. This point corre-
sponds to the end of the pronounced irregularity of the bridge surface dis-
cussed in connection with Figs. 13b and 14. Approximating the major
irregularity of the bridge profile by a half-sine "wave"” with [ = 18 feet
and y = 0.2 inches, and assuming that the vehicles vibrate on the coﬁbined
tires and springs, the computed amplitudes of the interaction force variation

range from 0.15 Pst for Vehicle No. 315 to 0,10 PS for Vehicle No. 415.

t
These values by themselves are too low to account for the high dynamic incre-
ments observed. However, it appears that the above variations in the inter-
action force, occurring exactly at the point of maximum static response, and
coﬁbined with frequency ratios close to unity, can account for the large
increase of the critical dynamic increments. Furthermore, the frend in the
observed magnitudes of the dynamic increments and spectrum curve ordinates
for the three vehicles is the same as“that of the computed interaction force
variations.

The second class of comparisons that can be made for all subseries
is to keep the vehicle parameters constant and vary the bridge parameters,
that is, examine the responses of different bridges under the passage of the
same vehicle. Four vehicles (No's 315, 415, 513, and 91) were involved in
identical tests subseries on three or more bridges. The results of the tests
with the above vehicles are shown in Figs. 48a and 48b.

It should be noted in connection with the bridge~vehicle parameters

shown on the above figures that, while for each comparison the range of the
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weight and frequency ratios is roughly the same as that used in‘the previous
comparisons, the variation in the profile parameter is much larger, and that
the comparisons shown include the results for Bridge TA, for which A was
negative. It should also be remembered that the approach pavements of all
the bridges were different, so that the effect of initial vehicle oscilla-
tions should be expected to be different for each bridge. Finally, while
the top speeds of the vehicles in all tests were essentially the same, the
maximum values of ¢ are different, due to the large range in the bridge
frequencies.

It can be seen from the figures that in general there is no agree-
ment between the spectrum curves for the different bridges. In particular,
the results for Bridge TA stand out from the general pattern; this is due
partly to the difference in the profile parameter &, and partly to the
irregularity of the bridge deck discussed previously. With the exception
of Bridge TA, the general effect of the variation in the bridge paramete:s
and the initial vehicle oscillations is to shift the position of the péak
ordinates of the spectrum curves.

27.3 Effect of Number of Load Applications. One of the objectives

of the test program was to determine the effect of time {i.e. number of load
applications) on the response of the test bridges. Four of the testnbridges
(2B, 9B, 5A and TA) were tested in identical subseries approximately eight
months apart. The same vehicle (No. 415) was used in all tests. The
cumulative number of load applications on the bridges at the time of each

test subseries; rounded to the nearest hundred, were as follows:
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Cumulative Number of Load Applications

Test Series Bridge
2B 9B 5A A
5451 - 75,000 7,900 _ 85, 500 77, 500
5452 230, 900 150, 200 239, 700 242, 000
5454 525, 200 Lh1, 500 523, 500 518, 400

The primary changes that occurred in all bridges between the suc-
cessive tests were:

(a) a progressive decrease in stiffness, as indicated by a reduc-
tion in the bridge frequency (Table 10);

(v) a consistent increase in the permanent sag, or, in the case of
Bridge TA, a decrease in camber (Fig. 15);

(¢) an increase in the magnitude of the unevenness of ‘the approach
pavements, as evidenced both by the decrease of the Present Serviceability
Index of the approach pavements and by observation of the profile deviation
measurements (Figs. 12a through 12c).

The change in the bridge frequency results in a change of ¢ for the
same speed, and in change of the frequency ratio. The dimensionless para-
meters were computed on the basis of constant valueé of the vehicle parameters,
since there were no data available to determine aﬁy changes in the properties
of the test vehicle in the period corresponding to the tests described.

Spectrum curves for the center beam midspan deflection for the
four bridges considered in this study are shown in Figs. 49a and L9b, For
Bridge 2B, there is no noticeable change in the response with time. This is
to be expected, since both the frequency and the permanent deflection of the
bridge changed very little, and the approach pavement remasined relatively

smooth.
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For Bridge 9B, the change in the bridge-vehicle parameters with
time was of the same order as for Bridge QB{ and therefore no significant
changes in the response would be expected. As can be seen from Fig. 49s,
there was in fact essentially no change in the response between the first and
second series of tests. The majority of the results of the third series are
higher than those for the previous two sets, and form a well-defined curve.
However, it should be noted that there are points on the latter spectrum
curve which are actually below those for the first two curves, and that the
scatter of points 1s larger than that observed in any of the subseries pre-
sented thus far. To understand the bridge behavior in the latter subseries,
and in particular to explain the reason for the large scatter, it would be
necessary to examine in detail the history curves of bridge response. Within
the available time, this study could not be made, and the differences in
response are tentatively attributed to the reduction of friction between
the beams and the slab of the bridge. In this connection, it should be
noted that the repeated application of loads caused a longitudinal displace-
ment of the slabs of Bridges 9A and 9B, until the slabs became tightly wedged
against the abutment. At several dates, the slabs were Jjacked back to their
‘original position. This movement of the slabs could have materially affected
the initial oscillations induced in the vehicles, as well as the fregquency
and damping characteristics of the bridges.

For Bridge 5A, the changes in the frequency ratio and the profile
parameter are given in Fig. 49b. The irregularities of the approach pave-
ment became progressively worse with time, as shown in Fig. 12b. It can be
seen from Fig. 49b that the peak amplification factors increased from 1,37
to 1.4 between the second and third set of tests. It is not possible to

attribute this increase to any one of the parameters, since, as will be
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shown in the next chapter, the detalils of the response are influenced by
the degree of cracking in the prestressed concrete beams. It should be
noted, however, thatAthe above difference in amplification factors is of
the order of the scatter within one subseries for the bridge considered.

Finally, on Bridge TA, while the change in bridge frequency was
negligible, the profile parameter decreased by a factor of two within the
time cbnsidered° Furthermore, the profile of the approach pavement was

changed radically between the times of the second and third sets of tests,

when an asphaltic overlay was placed on the approach pavement (see Fig. 12c),

thereby eliminating the largest irregularity. The major irregularity on
the bridge deck also appears to have become less pronounced (see Fig. 13b).
It can be seen in Fig. 40b that while the spectrum curves for the first
two sets of series are similar in shape, there is a large difference in
shape between the second and third curves, with a corresponding reduction
of peak amplification factors from l.4 to 1.2. This aifference can be
attributed to the combination of changes in the initial oscillations, the
bfidge camber, and the irregularities of the bridge profile, all of which
influence the location of the "eritical dynamic increment.

The general comment to be made concerning the results presented
in this and the previous section is that, due to the simultaneous variation
of a number of bridge-vehicle parameters, analytical studies ére necessary
to account for the observed trends and to isolate the important parameters.
Exploratory studies in this direction are presented in Chapter VIII.

27.4 Statistical Study of Effects. In addition to the 37 sub-

series of regulsr tests discussed previously, a limited number of test runs

were conducted on five bridges with a total of seven vehicles of three
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different types. These tests constituted Subseries 5452-5 through 15 and
5452-21 through 24, and have been summarized in Table 4. The purpose of
the;e tests was to determine the order of magnitude of the dynamic effects
in the bridges considered, and to insure that no condition producing severe
effects was overlooked in the test program.

The bridges selected for this study included: Bridge 3B (composite
steel) vhich had been studied in detail previously; Bridges €A (prestressed
concrete) and 8A (reinforced concrete) which had not been tested previously;
‘and Bridges 6B and 8B, which were second in line of traﬁel. The véhicles
included: two three-axle vehicles from loop 4, two threeFaxle VEhicles from
loop 5, and three five-axle (tandem axle)vehicles from loop 3. The different
vehicles from the same loop had essentially similar dimensions (Fig. 18) énd
weights (Table 12), but were of different manufacture.

Test runs were made at vehicle speeds from 25 to 45 mph in incre-.
ments of 5 mph, so that only from four to eight runs per subseries were
obtained. The conduct of the tests and'ﬁhe bridge instrumentation were the
same as for the regular tests; however, the vehicles were not instrumented.
All of the tests were performed within approximately two months.

The table below shows the maximum amplification factors for each
bridge. .The values shown are the peak values for all the vehicles considered
and all the tests performed, including duplicate tests. Also included in the‘
table are the maximum values of the speed parameter for all the bridges

considered.
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. Bridge
Quantity 3B A 53 TN 5
a. Maximum Amplification Factors
Deflection 1,39 1oLk 1.36 1l.42 1.28
Strain 1.28 1.27 1.28 1.38 1.23

b. Maximum Values of Speed Parameter

- | 0.16 0.12 - 0.12 0.25 0.25

Because of the large increments of speeds used, the above amplification
factors may not represent the true maximum effects within the range of speeds
considered. However, it is unlikely that any major effécts have been over-
looked in this comparison.

In comparing the above maximum values with the results of the
regular tests, it cén be seen that for Bridge 3B, the values are within the
experimental scatter for the other tests (Fig. 32). The results for Bridge AA
are essentially in agreement with those for the other prestressed bridge
tested (Bridge 5A, Fig. 36d). The results for Bridge 84, hoﬁever, are
somewhat lower than the corresponding values for Bridge TA (Fig. 36e),
even though the maximum value of ¢ obtained is actually larger than that
for Bridge TA. This difference is undoubtedly dﬁe to the absence of pro-
nounced surface irregularities on the slab of Bridge 8A. The meximum
amplification factors for the second bridges in the lines of travel (6B
and 8B) are consistently lower than the corresponding values for the first
bridges (6A and 8A).

The results of these tests were used by the AASHO Road Test Staff
. to make a statistical evaluation of the effects of the various factors influ-
encing the bridge response. For each bridge~vehicle combination, amplificatibn

factors for deflection and strain at midspan of the three beams corresponding
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to vehicle speeds of 30, 35, and LO mph were computed. These values were
then used to evaluate the degree of replication, the response of the indi-
vidual beams in a bridge, and the effects of vehicle speed, vehicle character-

istics, and bridge type. The results of this study were reported in Ref. (21),

D

and the major conclusions are briefly reviewed in the following paragraphs:
(a) "The deflection amplification factors for the three beams of

the same bridge generally did not differ significantly. On the other hand,

the stress amplification factors for the center beams were generally lower

than for the outside beams." This finding substantiates the data presented
in Section 19.2 and is further discussed in the nexﬁ-chapter. However, the
differences in amplifigation factors for strain are generally small.

(b) "The difference between the amplification factors for the same
grouﬁ of vehicles run at different times was generally significanfo* As a
‘rule, this finding was homogeneous over all bridges for both streSS'and.

1

deflection.” These differences under ‘seemingly identical conditions, as
preﬁiously noted, arise from unavoidable errors in recording and reducing
the experimental data, as well as from the differences in the initial condi-
tions of the vehicle at the entrance. This finding substantiates the discus-
sion of the reliability of experimental data presented in Section 25..

(c) "The differences between {amplification factors for) a three-
axle vehicle at different times was as great as the differences between two
three-axle vehicles of different types.”" This finding is in agreement with

the conclusion of Secticn 27.2 that the response of the bridges is not sensi-

tive to variations in the vehicle parameters within the range considered.

* In the Reference cited, "significant indicates that the hypothesis of no
effect was rejected at the five percent level of risk; highly significant
indicates that the hypothesis of no effect was rejected at the cne percent
level of risk."
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(d) "The effect of speed was generally found to be significant for
the three levels studied. The same general trend with regard tc speed was
noted for both stress and deflection.” This finding substantiates the effect
of the speed parameter ¢ discussed in Section 27.1l. It is noteworthy that

the statistical significance of the effect of speed is directly related to

the change in ¢ corresponding to the change in vehicle speed.
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VII. RESULTS OF SPECIAL TESTS
A28¢ General

This chapter is devoted to the presentation and analysis of the
special dynamic tests which include all 