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IN T R O D U C T IO N

T h e  goal of the bridge engineer is to design econom ical structures 
w hich are safe, du rab le , and  serviceable. D eterm in ing  the dynam ic 
response of bridges has been the topic of num erous studies in recent 
years. M uch a tten tion  has been focused on m axim um  dynam ic d isp lace
m ents an d  m om ents and  on the d istribu tion  of loads to the floor 
system —inform ation  necessary to design for adequate  strength . R e la 
tively little  concern has been given to the com fort of persons crossing the 
bridges. T ran sp o rta tion  agencies do, however, occasionally receive 
com m ents and  com plain ts from  m ain tenance  workers, pedestrians, and  
passengers in halted  vehicles abou t the v ibra tion  of bridges.

A lthough people are subjected  to the v ibra tion  of m any structures, 
there  is seldom  any d irect provision in design codes to ensure user com 
fort. T h e  A A SH TO  Specifications have trad itiona lly  im posed restric
tions upon  g irder span -dep th  ratios and  upon  live load deflections in the 
hope th a t these lim its will provide satisfactory dynam ic perform ance. 
T h e  h u m an  body, however, is p rim arily  sensitive to accelerations ra th e r 
th a n  to d isplacem ents so th a t the code requirem ents m ay not necessarily 
achieve the desired results. In  add ition , the code deflection lim its m ay 
tend  to h inder the econom ical use of m odern  high strength  steel.

T his repo rt prim arily  sum m arizes research described in g rea ter 
detail in three JH R P  reports by A ram raks, K ropp, and  S hahabad i. T he 
general objectives of the project have been to ob ta in  a be tte r u n d e r
stand ing  of the dynam ic perfo rm ance of highway bridges and  of the 
vibrations sensed by b ridge users in o rder to aid  in the developm ent and  
u tilization  of a dynam ic-based design criterion  which could m ore effec
tively ensure user com fort. Specific tasks have included:

1) D eterm ination  of reasonable dynam ic criteria  for user sensitiv
ity to v ibrations,

2) Iden tification  th rough  analytical studies of the param eters of 
the bridge-vehicle system w hich are m ost significant in the ir effect upon  
the dynam ic response of the bridge,
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3) M easurem ent an d  analysis of the dynam ic perfo rm ance of 
com m on types of highway bridges u n de r ac tual traffic  in the field,

4) C om parison of analytical predictions w ith field m easurem ents,
and

5) Investigation of a proposed dynam ic-based design criterion  for 
con tro lling  b ridge v ibrations.

H U M A N  SEN SIT IV IT Y  T O  V IB R A T IO N S
H u m an  reactions to vibrations are  bo th  physiological an d  psycho

logical; low frequency, large am plitude v ibrations, for exam ple, are 
associated w ith sea sickness. O n the o ther hand , w hen a person feels the 
traffic-induced  v ib ra tion  of a b ridge, his reac tion  m ay be prim arily  
psychological. H e m ay associate this unexpected  m otion  w ith poor 
design and  possible collapse. Buildings and  bridges are not suppose to 
move!

A lite ra tu re  search was carried  out to identify w hat constitutes an 
ob jectionable level of v ibra tion  for pedestrians on bridges. W righ t and  
G reen’s repo rt contains an  extensive b ib liography  on the subject. Ex
perim ents have been of two types: (1) people subjected  to the v ibra tion  
of ac tual s tructures in the field, and  (2) people subject to controlled  
“shake tab le” vibrations in  a laboratory . In  these la tte r  experim ents 
tables are  usually excited in sim ple harm onic m otion  of various am p li
tudes and  frequencies. Results of these tests are presen ted  in the form  of 
“sensitivity curves,” w hich delineate  levels of v ibra tion  percep tion  in the 
am plitude-frequency  dom ain . T h e  scopes of these curves, w hen p lo tted  
on a log-log scale, ind icate  w hether sensitivity is re la ted  to velocity, ac 
celeration , or jerk .

O ne early study was carried  ou t by R eiher and  M eister. T hey su b 
jec ted  some ten people, aged 20 to 37 years, to vertical sinusoidal v ib ra 
tion w ithout d am p ing  for abou t five m inutes. T h e ir results, shown in 
Figure 1, ind icate  th a t lower sensitivity levels for steady sta te harm onic 
m otion depend  on velocity. H igher sensitivity levels ap p ear to be m ore 
nearly  re la ted  to accelerations. Lenzen, in a la ter study of the v ibra tion  
of steel joist-concrete slab floors, suggested using the R eiher and  M eister 
curves w ith the to lerance lim its increased by a factor of 10 if the 
am plitude decays to less th a n  10% of its initial m agn itude  in 5 to 12 
cycles.

M ore recently  Wiss and  Parm lee investigated the effect of dam ping  
upon  sensitivity to floor v ibrations. Like R eiher and  M eister, they found 
sensitivity to be p roportional to the p roduc t of m axim um  displacem ent 
an d  frequency. For a given sensitivity ra ting  they found  th a t the am p li
tude-frequency  p roduc t could be approxim ately  twice as m uch  when 
the d am ping  was increased from  0%  to 3%  of critical.
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Figure 1. Domains of Various Strengths of Sensations for Standing Persons 
Subject to Vertical V ibration, After Reiher and Meister.
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Figure 2. Contours of Equal Sensitivity to Vibration, After Goldman.
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quan tita tive  m easure of vibrations, W right and  W alker observed th a t in 
the frequency range of interest for bridges (1 to 20 Hz), G o ldm an’s 
curves are essentially constan t acceleration  lines. They have proposed a 
peak  acceleration  lim it of 100 in ./s e c 2, which corresponds to G oldm an’s 
“unpleasan t to som e” curve w ith a tenfold increasefor short du ra tio n  
vibrations. This m agn itud e  is definitely percep tib le  bu t is said to be 
w ithin the to lerable range if pedestrians are  aw are tha t some m otion  is 
to be expected.

A review of the lite ra tu re  has shown th a t there is no single p a ra 
m eter which can com pletely represent the shadings of h u m an  sensitivity 
to v ibra tion . W ith in  the relevant frequency range for highway bridges, 
argum ents can  be m ade for using e ither a velocity or an  acceleration  
lim it as a serviceability criterion . This research project has focused 
p rim arily  on accelerations. T h e  100 in ./s e c 2 acceleration  lim it proposed 
by W right and  W alker seems reasonable a lthough  som ew hat h igher 
th a n  sugested by others, p robably  because of the som ew hat a rb itra ry  
tenfold  increase in m agn itude  taken  to account for the shorter d u ra tio n  
of the large am plitude v ibrations.

A N A LY TIC A L STUDIES
M ethod  o f  Analysis f o r  Sim ple Span Bridges

T h e m ethod  of analysis for the dynam ic response of sim ple span 
m u lti-g irder bridges used in this p roject was developed earlier by O ran  
and  Veletsos at the University of Illinois. T h e ir com puter p rogram  was 
m odified  som ew hat to provide m ore acceleration  inform ation .

For the analysis the b ridge is represen ted  as a p la te  continuous over 
flexible beam s. Both flexural and  torsional stiffness of the beam s are 
considered. T h e  mass of the slab is assum ed to be uniform ly d istribu ted , 
and  the mass per un it length  of each beam  is assum ed to be constan t. 
T he  vehicle is represen ted  by a single axle, two-wheel loading  consisting 
of a sprung  mass and  two equal u n sp rung  masses. T he  two identical 
springs are assum ed to be linear elastic. D am ping  has been neglected 
for bo th  the vehicle and  the bridge.

T h e  m ajo r steps of the analysis are: (1) determ ination  of the in s tan 
taneous values of the in te rac ting  forces betw een the vehicle an d  the 
bridge itself and  (2) evaluation  of the deflections and  m om ents p roduced  
by these forces. T h e  dynam ic deflection configuration  of the b ridge is 
represen ted  by a Fourier series w ith tim e dependen t coefficients. T he 
equations of m otion are fo rm ulated  by app lication  of L aG range’s e q u a 
tion and  solved by num erical in teg ra tion .
A cceleration  Studies fo r  S im ple Span Bridges

Because of the strong relation  betw een acceleration  and  vibra tion
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percep tion , the investigation focused on the variation  of m axim um  
bridge accelerations with several significant param eters of the bridge- 
vehicle system. T h e  study was restricted  to steel beam  bridges with re in 
forced concrete decks. S tandard  designs with 4 to 8 parallel beam s and  
spans to 70 ft were considered. F undam en tal bend ing  frequencies ranged  
from  4 to 16 Hz. T h e  vehicle was represen ted  by a 72 kip sp rung  mass 
traveling  across the span at 60 m ph .

Factors considered included: (a) b ridge param eters, such as span 
and  stiffness, (b) vehicle param eters, such as velocity and  transverse 
position of the wheels, and  (c) construction  param eters, such as ro a d 
way roughness. It was determ ined  th a t the m axim um  accelerations, 
which usually occur at m idspan  of the edge beam s, decrease as the span 
length  increases. A lthough  static deflections are inversely p roportional 
to b ridge stiffness, m axim um  accelerations were found to increase only 
slightly w hen ligh ter A572 steel beam s were substitu ted  for the A36 
beam s of the basic design.

Over a vehicle speed range of 20 to 70 m ph , m axim um  bridge ac 
celerations were alm ost directly p roportional to speed. By varying the 
transverse position of the vehicle on the bridge, it was shown th a t edge 
beam  (curb) accelerations are greatest when the vehicle travels along 
the edge of the roadw ay and  decrease when the vehicle travels near the 
cen ter line. In con trast, cen ter beam  accelerations increase as the vehi
cle moves tow ards the cen ter line and  are slightly larger th a n  edge beam  
accelerations when the vehicle straddles the center line. For m ost s itu a 
tions, however, edge beam  accelerations are the largest.

Several previous test reports have ind icated  th a t surface roughness 
can  significantly affect b ridge v ibrations. T h e  com puter p rog ram  used 
to analyze sim ple span bridges could represent surface roughness as a 
constan t am plitude sine wave. By varying the nu m b er of h a lf sine waves 
it was possible to app roach  a resonant condition  where the tim e re 
qu ired  for the vehicle to cross one roughness wave corresponded roughly 
to the fu n d am en ta l frequency of the bridge. M axim um  accelerations 
w ith a periodic deck roughness were as m uch  as five tim es as g reat as 
those for the sam e b ridge w ith a sm ooth deck.
Analysis o f  C ontinuous Bridges

A general theory for the dynam ic analysis of continuous bridges was 
developed by H u an g  and  Veletsos. A com puter p rog ram  developed by 
H uang  was used for a p a ram etric  study of two- an d  three-span  sym
m etric  beam  bridges.

For this analysis the bridge is m odeled  as a single continuous beam  
w ith lum ped  masses. Viscous d am ping  of the bridge is considered by 
locating  dashpots at the mass coord inate  points. Since the bridge is 
idealized as a single beam , torsional v ibra tion  m odes and  the rolling of
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the vehicle canno t be considered. However, a m ore sophisticated  vehicle 
m odel is used. A trac to r-tra ile r is represen ted  by a three-axle load un it 
consisting of two in terconnected  masses. Each axle has springs and  a 
fric tion  device to sim ulate the suspension system.

T h e  equations of m otion  for the vehicle and  for each mass po in t of 
the bridge form  a set of sim ultaneous, second-order d ifferen tia l e q u a 
tions w hich are solved by a num erical in teg ra tion  schem e. E valuation  of 
the in te rac ting  forces betw een the b ridge an d  the vehicle is a m ajo r in 
term ed ia te  step.
A cceleration  Studies fo r  Continuous Bridges

Both two- and  three-span  sym m etric continuous steel g irder bridges 
w ith concrete decks were studied . T h e  accuracy of the analysis depends 
on the n u m b er o f lum ped  masses chosen as well as the size of the in 
teg ra tion  steps. Good stability  of the solution was ob ta ined  lum ping  the 
masses of the bridge at the q u a rte r  an d  m idpoin ts of each span and  by 
dividing the tim e req u ired  for the vehicle to cross the b ridge into  2000 
in teg ra tion  steps.

As w ith the sim ple span  bridges, m axim um  accelerations decreased 
w ith span length  and  increased only slightly w hen the stiffness of the 
beam  was reduced , ind icating  again  th a t v ibra tion  control is no t d irec t
ly re la ted  to deflection control. M axim um  accelerations for tw o-span 
bridges were abou t 50%  higher th a n  those of three-span  bridges of 
equal span length . T h e  highest accelerations occurred  in sim ple span 
bridges.

For two- and  three-span  bridges with spans in the 60 ft range, the 
largest accelerations occurred  w ith a tra ile r axle spacing of abou t 40%  
of the span. M axim um  accelerations again  increased w ith vehicle speed. 
A com parison of accelerations was also m ade for one-, two-, an d  three- 
axle vehicle m odels of the sam e w eight. M axim um  accelerations p ro 
duced  by the two- and  three-axle vehicle m odels were abou t the sam e, 
b u t they were abou t tw o-thirds of the m axim um s produced  by the single
axle vehicle.

If the vehicle was oscillating som ew hat as it en tered  the bridge, due 
to ap p ro ach  pavem ent roughness or a discontinuity  at the ab u tm en t, 
m axim um  accelerations were increased by as m uch  as 50% . As w ith the 
sim ple-span bridges, very large peak  accelerations could be genera ted  
by ad justing  the deck surface roughness so th a t the frequency of oscilla
tion  of the in te rac ting  forces was close to the fu n d am en ta l frequency of 
the bridge.
E X PE R IM E N T A L  STUDY

A lthough  the dynam ic response of bridges has been the subject of 
several analy tical investigations in recent years, only a few experim ental
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studies have been repo rted . T he objective of this phase of the research 
was to m easure an d  docum ent certa in  cynam ic response characteristics 
of typical highw ay bridges. T he  princ ipal activities involved field testing 
of a n u m b er of bridges and  reduction  and  analysis of the collected d a ta .
Test Program

D ynam ic response in form ation  was collected on-site in analog  form  
on m agnetic  tape  for some 62 representative beam -type bridges th ro u g h 
ou t the state of Ind iana . Categories included  com posite and  noncom 
posite sim ple span an d  continuous steel beam  and  p la te -g irder bridges 
as well as sim ple span and  continuous reinforced concrete g irder bridges 
an d  prestressed concrete I-beam  bridges. T h e  n u m b er spans varied 
from  one to four, the span lengths from  27 ft to 129 ft, the deck w idth 
from  24 ft to 51 ft, and  the year of construction  from  1929 to 1972. Test 
variables included  speed of the vehicle crossing the bridge, type and  
w eight of vehicle, an d  transverse location  of the vehicle on the bridge.

A lthough  a m ain  objective of the testing p rogram  was to determ ine 
responses for a b ro ad  range of bridge structures under norm al traffic, it 
was also necessary to utilize a reference test vehicle w ith known 
characteristics in o rder to com pare analytical predictions w ith field 
m easurem ents. M oreover, for certa in  bridges w ith low truck  traffic, u s
ing  the test vehicle was the only p ractica l way to ob ta in  significant 
dynam ic response records. T he  reference vehicle used was a school bus 
owned by the In d ia n a  State H ighway Com mission Research and  T ra in 
ing C enter. This bus, a 1969 In tern a tio n a l w ith dual rea r wheels and  a 
23-ft wheel base, was loaded so th a t the gross vehicle weight was 21,000 
lb.
In strum en ta tion  and  Testing

A cceleration  was the quan tity  of p rim ary  interest because of its 
re la tion  to h u m an  sensitivity to v ibra tion . A ccelerom eters were a ttach ed  
to bo th  curbs a t or n ear m idspan  of each span to m ake it possible to 
identify  and  analyze bo th  flexural and  torsional m odes of v ibra tion  for 
each  bridge. In  add ition , one tau t wire cantilever beam  deflection 
transducer was a ttach ed  a t the accelerom eter location  in the first span 
on the traffic lane side of each bridge. T he o u tp u t signals from  the ac 
celerom eters an d  the deflection gage were recorded  in analog  form  on 
m agnetic  tape  using one to three 4-channel tape  recorders, depend ing  
on the n u m b er of accelerom eters used.

Personnel from  the In d iana  State H ighw ay Com mission R esearch 
and  T ra in in g  C enter carried  out the d a ta  collection. A typical b ridg e
testing  crew consisted of two engineers and  four assistants. All eq u ip 
m ent and  instrum ents were transpo rted  to the bridge site in a m obile 
laborato ry , w hich was equ ipped  with a po rtab le  AC generato r. D uring
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the tests, personnel were sta tioned  off the bridge and  h idden  from  view 
when possible so as not to influence the norm al flow of traffic.

O ne person sta tioned  near the bridge in position to view the a p 
p roach ing  traffic was in voice com m unica tion  w ith the op era to r of the 
record ing  equ ipm ent in the m obile lab . Vehicle crossing records were 
collected only w hen, in the judgem en t of the vehicle spotter, the bridge 
was relatively quiescent im m ediately  p rio r to vehicle entry  and  there  was 
a t least a 15-second gap  before the entry  of ano ther vehicle so th a t free 
v ibra tion  could aldo be recorded . T he spotter en tered  coded vehicle- 
type identification  d a ta  by m eans of a h an d  held encoder.

Data R ed u ctio n  and  Analysis
M ore than  13,000 deflection and  acceleration  records co rrespond

ing to over 2200 vehicle crossings were actually  collected; however 
because of cost and  tim e constrain ts only 900 vehicle crossing records 
have been analyzed. O f these approxim ately  65%  were for trucks, 30% 
were for the test vehicle, and  5%  were for various light vehicles.

T h e  first step in d a ta  reduction  involved converting the analog 
(continuous) response records into d ig ital form  for processing. T he 
analog  records were first filtered  to rem ove high frequency noise and  
then  sam pled at 5 m illisecond intervals. T h e  analysis of this co n 
siderable volum e of d a ta  was lim ited  to determ ination  of m axim um  
values of deflection, velocity, acceleration , and  jerk , as well as 
equ ivalen t viscous d am ping  and  frequency content of each record. 
These peak values have been adop ted  as indices of overall b ridge p e r
form ance.

Since velocity and  jerk  were not m easured  directly by transducers, it 
was necessary to ob ta in  these quantities indirectly . T o  accom plish this, 
algorithm s were developed to d ifferen tia te  the digitized acceleration  
and  deflection files and  to in teg ra te  the acceleration  files. U n fo rtu n a te 
ly, d irect d ifferen tia tion  of a raw  d a ta  file significantly m agnifies the in 
heren t random  noise in the digitized d a ta . T o  ob ta in  satisfactory results 
by d ifferen tia tion  it was necessary first to sm ooth the d a ta  files th rough  
the use of “sm oothing po lynom ials.”

T o  ob ta in  satisfactory results by in teg ra ting  acceleration  files it was 
necessary to apply su itable corrections to elim inate  so-called baseline e r
rors which arise because the reference axis of zero acceleration  is 
generally  unknow n due to inde term ina te  initial conditions. Good com 
parisons were then  found betw een tw ice-differentiated  deflection 
records an d  corresponding accelerom eter records and  betw een deflec
tion records and  corresponding tw ice-in tegrated  accelerom eter records.
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Table 1. Summary of Test Results for Heaviest Vehicle Class

Bridges
Span

Length(s)
(ft)

Absolute/Mean
Maximum
Deflection

(in.)
Category 1 

SB A-l 
through
SB -A-5

60 -0 .0 6 0
0.021

SB-C-1 72 -0 .0 5 8
0.031

Category 2 
CSB-A-1 
through 
CSB-A-4

47.5-57-47.5 + 0.143 
0.027

CSB-B-1
through
CSB-B-4

60-72-60 -0 .075
0.041

CSB-C-1 68-85-68 -0 .137
0.082

Category 4 
KCSB-C-1 

through 
KCSB-C-4

76-76 -0 .228
0.099

Category 7 
RCB-A-1 
through 

RCG-A-3
34-34-34 -0 .0 1 4

0.007

RCB-B-1
through

RCG-B-4
36-36-36 -0 .025

0.009

Category 9 
CRCS-A-1 

through 
CRCS-A-6

27-36-27 -0 .0 0 8
0.003

Category 10 
PCIB A-l 

and
PCIB-A-2

70-72-72-70 -0 .0 6 6
0.037

Absolute/Mean Absolute/Mean Absolute/Mean
Maximum Maximum Maximum
Velocity Acceleration Jerk
(in./sec) (in./sec*) (in./sec3)

1.38 89 7760
0.87 61 5080

1.16 50 2320
0.67 33 1490

1.55 105 7790
0.82 53 5110

1.40 123 4580
0.97 58 2900

1.84 83 5910
1.20 52 2740

NA 133 NA
NA 74 NA

0.43 45 4300
0.29 24 3150

0.21 59 1440
0.15 25 1150

0.15 30 1280
0.10 16 700

0.89 41 3280
0.61 31 2180

Sum m ary o f  Test R esults
M ajor results of the test p rogram  are shown in T ab le  1. All m axim a 

shown were p roduced  by heavy five-axle trac to r-tra ilers. T h e  m ean  
m axim um  values were determ ined  as the m ean  of the m axim a, w ithout 
regard  to sign for all heavy vehicle crossings for th a t p a rticu la r bridge. 
M axim a for deflection, velocity, and  jerk  are at the point where the
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deflection gage was located. T h e  m axim um  for acceleration  is the 
largest value w hich was m easured  by any accelerom eter on the bridge.

Steel bridges exhib ited  generally h igher responses (acceleration  
levels were abou t twice as large) than  reinforced  or prestressed concrete 
bridges. Levels of acceleration  recorded  were generally well w ithin ac 
cep tab le  ranges. T h ere  were only five instances in the en tire  testing p ro 
g ram  w here a single vehicle crossing p roduced  an acceleration  g reater 
th a n  100 in /sec2. T h e  highest m ean  m axim um  acceleration  (for all 
recorded  heavy vehicle crossings of a bridge) of only 74 in /sec2 was ex 
h ib ited  by the tw o-span continuous-com posite steel bridges.

E quivalent viscous dam ping  ratios for free v ibra tion  of the test 
bridges were generally in the range of 1 % to 2% . F undam en ta l flexural 
frequencies calcu lated  using properties of the bridge cross sections com 
p ared  favorably w ith m easured  values. Spectral analysis of the accelera
tion  records disclosed th a t several frequencies, in add ition  to the fu n 
d am enta l one, were excited by each vehicle crossing, ind icating  the 
com plex n a tu re  of the actual vibrations.

DESIGN IM PL IC A T IO N S
In 1977 the A A SH TO  Bridge Specifications were revised, allowing 

the designer the d iscretion of exceeding the recom m ended  live load 
deflection  lim it. No specific gu idance is given o ther than  a reference to 
W right and  W alker’s repo rt “C riteria  for the D eflection of Steel 
B ridges” which recom m ends th a t the estim ated  m axim um  acceleration  
should  no t exceed 100 in /sec2. T h e  m axim um  acceleration  is estim ated 
simply as the p roduc t of the m axim um  dynam ic d isplacem ent (about 
30%  of the static deflection) and  the square of the fu n d am en ta l b e n d 
ing frequency of the bridge.

A nother sim ilar ap p ro ach  to v ibra tion  control is con ta ined  in the 
new O n ta rio  H ighway Bridge Design Code. A deflection lim it is given as 
a function  of the fu n d am en ta l bend ing  frequency of the bridge of co r
relate  response w ith h u m an  sensitivity. T h ree  v ibra tion  levels, d ep en d 
ing on the degree of pedestrian  usage, are specified in the form  of design 
curves, which correspond roughly to constan t velocity lines for sim ple 
harm on ic  m otion. Both m ethods, sim ple for designers to use, give 
sim ilar deflection lim its in the m iddle range of b ridge fu n d am en ta l fre 
quencies.

W righ t and  W alker’s m ethod  was used to estim ate the m axim um  
acceleration  for n ine of the test bridges. Static deflections were 
calcu la ted  for a 0.7 wheel load d istribu tion  factor, assum ing an  HS20 
truck  traveling  at 55 m ph . A lthough the th ree  sim ple-span bridges were 
designed and  bu ilt as noncom posite structures, properties o f the corn-
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posite section were used to calcu late deflections and  n a tu ra l frequencies 
because frequencies calcu lated  in this way com pared  favorably w ith 
those m easured  in the field. All of the tw o-span bridges were com posite 
construction .

A sum m ary of bridge properties, estim ated accelerations, and  peak 
accelerations m easured  in the field u n der actual traffic is shown in 
T ab le  2. In  general, estim ated values do indicate  correct trends. T he  
accelerations of the sim ple-span bridges were properly  p red ic ted  to be 
larger than  those of the two-span bridges, p rim arily  because of the 
h igher n a tu ra l frequencies.

E x perim en ta lly -de term ined  fu n d am en ta l-b en d in g  frequencies, 
m axim um  deflections, and  m axim um  accelerations for 14 series of steel 
beam  and  g irder-test bridges are shown in T ab le  3. For each b ridge the 
pro d uc t of the m axim um  displacem ent and  the square of the fu n 
d am enta l c ircu lar frequency is shown in the last colum n. C om parisons 
w ith the m axim um  accelerations are surprisingly good.
CO N C LU SIO N S AND REC O M M EN D A TIO N S
1) A nalytical studies have shown roadw ay roughness to be a significant 
fac to r influencing bridge deck accelerations. R ougher decks do cause 
h igher accelerations. A lthough a roughness index m ight be incor
p o ra ted  into  a sim ple acceleration  estim ation form ula, the condition  of 
the deck surface varies w ith tim e. T h e  best recom m endation  for v ib ra 
tion  control is to bu ild  and  m a in ta in  sm ooth roadways and  sm ooth t r a n 
sitions from  the app roach  slab to the bridge deck.
2) M oderate success has been achieved in checking field m easure
m ents analytically. W ithou t precise knowledge of the in tial conditions 
of the vehicle and  the roadw ay roughness, a com puter p rog ram  based 
upon  a perfect m odel of the system canno t yield a precise dynam ic 
response history for a vehicle crossing. Also the m odels underly ing the 
com puter p rogram s used in this study lacked some of the sophistication 
necessary for m ore accura te  results. For exam ple, in m odeling  a two- 
span bridge as a single continuous beam , rolling of the vehicle and  to r 
sional response of the bridge are lost. O f course, the com puter p rogram  
d id  properly establish trends, identify  significant param eters, and  
p red ic t peak responses.
3) T h e  h u m an  body is sensitive to m otion. Both velocity and  accelera
tion criteria  recently have been proposed and  could be used successfully 
to lim it b ridge vibrations to levels which are not ob jectionable to 
pedestrians, m a in tenance  workers, cyclists, etc. E ndorsem ent of the 
W right and  W alker recom m endations for vibra tion  control by A A SH TO  
is a needed im provem ent in b ridge design practice. C onsidering the 
com plexities o f com puting  and  actual dynam ic response history of a
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bridge, the sim ple d isplacem ent tim es frequency squared  expression 
yields a reasonable an d  p ractica l estim ate of peak acceleration .
4) It has been possible to m easure the dynam ic response of typical 
sim ple-span and  continuous-beam  bridges and  to reduce the d a ta  to o b 
ta in  v ibra tional characteristics. Good com parisons were ob ta ined  b e 
tween tw ice-differentiated  d isplacem ents and  m easured  accelerations 
an d  betw een tw ice -in teg ra ted  accelerations and  m easured  d is
p lacem ents. T he  relatively low levels of acceleration  m easured  for steel 
and  concrete beam  bridges seem to ind icate  th a t m ore flexible designs 
w ould still give v ibra tion  levels which would not be ob jectionable. T he 
next logical step in this research  would be to design and  bu ild  a bridge 
m ore flexible th a n  perm itted  by previous A A SH TO  rules, using the 
W right and  W alker guidelines for v ibra tion  control, and  to m onito r its 
dynam ic perfo rm ance u n de r actual traffic and  an instrum ented  control 
vehicle.

Table 2. Comparison of Measured Peak Accelerations With Those 
Predicted by Wright and Walker’s Equation

Bridge Span El Beam Static* Fundamental
Peak Accelerations 

Predicted* Measured
Indentification (ft) (K-in.2) Defl (in.) Frequency (Hz) in./sec2 in./sec2
Single Span

SB-A-1 60 .604 x 109 0.284 6.39 116 89
SB B-l 55 .490 x 109 0.263 6.95 128 57
SB-C-1 72 .636 x 109 0.485 4.82 118 50

Two Span
KCSB-B-1 103.5 .703 x 109 0.965 2.19 60 33
KCSB-C-2 76 .746 x 109 0.351 3.73 56 133
KCSB-D-2 96 1.898 X  109 0.285 2.62 24 42
KCSG-A-1 122.5 2.564 X  109 0.452 2.27 27 30
KCSG-B-1 128 2.860 x 109 0.294 2.20 26 23
KCPG-A-1 129 3.018 x 109 0.448 2.36 28 27

* Based on HS20 Truck Traveling 55 mph.
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Table 3. Measured Fundamental Frequencies and Maximum Measured 
Accelerations and Deflections for the Bridges in the Study.

Bridge Type
Fundamental Bending 

Frequency (Hz)
Maximum 

Deflection (in.)
Maximum

Acceleration
(in/sec*)

Estimated
Acceleration

(2nf)*D
Single Span

SB-A-1 thru SB-A-5 7.62 .060 89 137
SB-B-1 thru SB B 3 6.77 .047 57 85
SB-C-1 4.88 .058 50 54

Two Span
KCSB-A-1 and KCSB-A-2 2.73 .277 34 81
KCSB-B-1 2.15 .124 33 22
KCPG-PT and KCPG-B-2 2.25 .154 36 32
KCSB-C-1 thru KCSB C-4 3.81 .228 133 130
KCSB-D-1 and KCSB D-2 2.83 .123 42 38
KCSB-A-1 and KCSG-A-2 2.34 .131 30 28
KCSB-B-1 and KCSG-B-2 2.22 .117 23 22
KCPG-A-1 thru KCPG A 3 2.44 .112 27 26

Three Span
CSB-A-1 thru CSB A 4 7.54 .049 105 109
CSB-B-1 thru CSB B-4 5.27 .075 124 82
CSB C-l 3.91 .137 83 82

REFERENCES

1. Standard Specifications for Highway Bridges, American Association of 
State Highway and Transportation Officials, Twelfth Edition, 1977.

2 . Aramraks, T ., “Highway Bridge Vibration Studies,” Joint Highway Re
search Project Report JHRP-75-2, Engineering Experiment Station, Pur
due University, 1975.

3 . Kropp, P., “Experimental Study of the Dynamic Response of Highway
Bridges,” Joint Highway Research Project Report JHRP-77-5, Engineering 
Experiment Station, Purdue University, 1977.

4 . Shahabadi, A., “Bridge Vibration Studies,” Joint Highway Research Pro
ject Report JHRP-77-17, Engineering Experiment Station, Purdue Univer
sity, 1977.

5 . Wright, D.T. and Green, R., “Human Sensitivity to Vibrations,” Report
No. 7, Department of Civil Engineering, Queen’s University, Kingston, 
Ontario, February, 1959.

6 . Reiher, H. and Meister, J J ., “The Effect of Vibration on People,” (in Ger
man), Forschung auf dem Gebite des Ingenieurwesens, v2, p. 381, 1931. 
(Translation: Report No. F-TS-616-RE H.Q. Air Material Command, 
Wright Field, Ohio, 1946).

7 . Lenzen, K.H., “Vibration of Steel-Concrete Slab Floor,” AISC Engineer
ing Journal, Voi. 3, No. 3, July, 1966, pp. 133-136.

8 . Parmalee, R.A. and Wiss, J.F., “Human Perception of Transient Vibra
tions,” Journal of the Structural Division, ASCE, April 1974.

115



9 . Goldman, D.E., “A Review of the Subjective Response to Vertical Motion 
of the Human Body in the Frequency Range 1 to 70 Cycles Per Second,” 
Naval Medical Research Institute, Report No. 1, Project MM004001, 
March 16, 1948.

1 0 . Wright, R.N. and Walker, W .H., “Criteria for the Deflection of Steel 
Bridges,” A.I.S.I. Steel Research for Construction, Bulletin No. 19, 
November 1971.

1 1 . Oran, C. and Veletsos, A.S., “Analysis of Static and Dynamic Responses of 
Simple-Span, Multigirder Bridges,” University of Illinois at Urbana- 
Champaign, Civil Engineering Studies, Structural Research Series 221, Ju 
ly, 1961.

1 2 . Veletsos, A.S. and Huang, T ., “Analysis of Dynamic Response of Highway 
B r id g e s ."Journal o f Engineering Mechanics Division, ASCE, Vol . 96, No. 
EM5, October 1970.

1 3 . Huang, T ., “Dynamic Response of Three Span Continuous Highway 
Bridges,” University of Illinois at Urbana-Champaign, Ph.D. Thesis, 
1960.

1 4 . Casaletto, j j  and Rice, J.R ., “Smoothing and Estimating Derivatives of 
Equispaced D ata,” Purdue University Computer Sciences Department, 
CSD TR 35, May, 1969.

1 5 . “The Determination of True Ground Motion by Integration of Strong- 
Motion Records: A Symposium,” Bulletin of the Seismological Society of 
American, Voi. 33, No. 1, January, 1943.

1 6 . Nigam, N.C. and Jennings, P.C., “Digital Calculation of Response Spec
tra from Strong-Motion Earthquake Records,” California Institute of 
Technology, Earthquake Engineering Research Laboratory, June 1968.

1 7 . “Strong Motion Earthquake Accelerograms, Digitized and Plotted D ata,” 
California Institute of Technology, Earthquake Engineering Research 
Laboratory, Report No. EERL 71-50, September 1971.

1 8 . Ontario Highway Bridge Design Code, Ontario Ministry of Transportation 
and Communications, First Edition, 1978.

116


