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Summary 

The major goal of this dissertation is devoted to investigate two main subjects， 

development of the general three-dimensional traffic-induced vibration analysis and its 

application to dynamics of steel girder bridges. To meet the needs， a numerical model for也e

traffic・inducedvibration of bridges is presented. 

The probabilistic assessment of code specified impact factors for decks of highway bridges 

are carried out based on the Monte-Carlo simulation (MCS) method， because the rational 

criterion of performance level of RC decks， which are more easily damaged than other 

structural members in steel highway bridges due to directly subjected to wheel loads of 

vehicles， provides useful assessment tool for decision making related to the inspection， repair， 

upgrading and replacement of existing steel plate girder bridges based on life-cycle cost. 

A pioneering research on dynamic responses of web plates of the two-girder steel bridge 

with elastomeric bearings is carried out in由isstudy to examine the effect of deck's 

deformation on those of web plates， since the investigation on dynamic responses of the web 

plate can give useful information in solving fatigue and infrasound problems of bridges. The 

end-cross beam reinforcement taken as a countermeasure reducing traffic-induced vibration is 

applied to two-girder bridges， and a removing bumps瓜 expansionjoints， so called a over1ay 

bump， is considered as another method to reduce the traffic-induced vibration. 

The effectiveness of the three-dimensional finite element analysis is verified by comparing 

with the field-test data. 

The investigation on the dynamic response of the two-girder bridge by means of the full 

3・Dmodel shows that the dynamic response of girders are amplified by a biased running of a 

vehicle or series of vehicles because of its simplified lateral bracing system. It indicates that 

the lower torsional rigidity of two-girder bridges than conventional multi-girder bridges can 

give rise to additional vibration e妊ectson girders due to biased running of vehicles. This 

study also demonstrates that， for two-girder bridges with wide girder spacing， the deformation 

of decks can give influence to the out-of-plane response ofweb plates. 

It isobserved that the end-cross beam reinforcement can give vibration reduction e旺ectson 

血edeck slab near expansion joints as well as the end-cross beam. For the twin-girder bridge 

system with wide cantilever deck 

lV 



Nomenclatures 

: j-th generalized coordinate of a bridge 

Gaussian random variable with zero mean 

Generalized displacement vector of a bridge 

Generalized velocity vector of a bridge 

Generalized acceleration vector of a bridge 

aj 

ak 

a 

a 

Damping matrix of a bridge 

Damping matrix of the vehicle-bridge interaction system 

Normalized damping matrix of a bridge 

Damping coefficient of vehicles 

Deci-Bel 

a 

Cb 

C 
Cb 

Cvmku 

Displacement vector of a bridge 

Velocity vector of a bridge 

Dynamic Increment Factor 

Dynamic Load Coe百icient

Frequency (Hz) 

Force vector ofthe vehicle-bridge interaction system 

Gravity acceleration (9.81mJs2) 

Damping constant according to i-th mode 

dB 

F
 

D
・D
n
u
DLC 

f 
R 
g 

hbi 

Mass moment of inertia of vehicles on x-axis 

Mass moment of inertia vehicles on y-axis 

Spring constant of elstomeric bearings at each axis 

Rotational spring constant of elstomeric bearings at each axis 

Stiffness matrix of a bridge 

Stiffness matrix of the vehicle-bridge interaction system 

Normalized stiffness matrix of a bridge 

Jxvk 

ふk

kx，んι
kex， k，砂 k(}Z

Kb 

Ks 

Kb 

Kvmku Spring constant ofvehicles 

Critical headway ofvehicles Lcr 

Extemal moment at nodes i andj， respectively mJ 
m
 Mass of vehicles 

Mass matrix of a bridge 

Mass matrix of the vehicle-bridge interaction system 

mvlm 

Mb 

Ms 

Normalized mass matrix of a bridge 

v 

Mb 



α 

Monte-Carlo Simulation 

Over all acceleration level (dB) 

Extemal force act on a rigid node of a s仕切知resystem 

Dynamic wheelload at time t 

Power Spectral Density 

Unknown force at a hinge 

i-th generalized coordinate of the vehic1e-bridge interaction system 

i・thgeneralized velocity ofthe vehic1e-bridge interaction system 

Displacement at each p訂 tof the vehic1e system 

Root Mean Square 

PSD function for a roadway surface roughness 

Kinematic energy ofthe vehic1e-bridge interaction.system 

Dissipation energy of the vehic1e-bridge interaction system 

Vehic1e speed 

Potential energy of the vehic1e-bridge interaction system 

VibrationAcceleration Level (dB) 

Vibration Level (dB) 

Vibration Reduction Level (dB) 

Vertical displacement at a node i 

Displacement of bridge at Xvmu of time t 

Static wheelload 

Static axle-load 

Displacement vector of the vehic1e-bridge interaction system 

Velocity vector of the vehic1e-bridge interaction system 

Acceleration vector of the vehic1e-bridge interaction system 

Displacement of a vehic1e (Bouncing) 

Displacement at an axle (Axle-hop) 

Relative displacement between bridge deformation and roughness 

Roadway roughness 

Displacement vector of the vehic1e system 

Roughness coefficient 

Shape p訂 ameterfor the PSD function of roadway profi1es 

Target reliability index 

Tolerance in Newmark's s method 
Modal vector 

Modal matrix 

MCS 

OAL 

、，/
1

l

l

 

/

1

、，J

f

削
幻

p
p
p
 

'仰

S
刻
γ

仏
り

n引

-n引
ん

引

M
w
m
T

ぬ
v 

Y 

お4L

VL 

VRL 

Wj 

h
J
w
 

m
 

x

f

活

u

u

p

p

-

q

m

1

2

明

m

州

m
w川

w
・W
H
W
n向
み

み

み

Z

β 

βT 

ε 

め
φ 

Vl 



λ 

λxv.λXV1lbλyvm 

μDLC 

μDIF 

π 

a 
'xv11 

8xvJ2， 8xv22 

4申11

8yv22 

向'LC.DIF

σφ 

ω 

o 
v 

Wave number (m1c) 

Geometry of the vehicle system 

Mean ofthe DLC value 

Mean ofthe DIF value 

Circular constant 

Angular displacement at a node i 

Angular displacement of the vehicle system (Rol1ing) 

Axletramp 試合'Ontand re訂 axles，respectively 

Angular displacement of the vehic1e system (Pitching) 

Axle wind-up (Rear axle) 

Correlation coefficient ofDLC and DIF values 

RMS values of the dynamic component of wheelloads 

Circular仕equency(rad/s) 

Spatial frequency (c/m) 

Distribution vector 

Vll 



Chapter 1 

Introduction 

1.1 General 

In the last two decades， there has been a significant increase in numbers of new bridge 

cons加 ctiondue to rapid urban development and economical growth in many areas of the 

world. Consequently， the challenges to state-of-practice of bridge engineering are becoming 

broader range in recent ye訂 s.While bridge engineers still stride to build safe and economical 

bridges to meet the transportation needs of the public by using innovative computer modeling 

and analytical techniques， many countries are now faced with the problem of developing 

innovative solutions to enhance the performance level of existing bridges. 

Modem bridge design requires not only strength but also cost-e伍ciencyas well as aesthetic 

features. These technical situations have bridge engineers bring about a concept of innovative 

design strategy. The concept includes both innovations of structural systems and materials. 

The adoption of new materials and improved design methods has resulted in lighter and more 

flexible bridges. However， heavy vehicles have become larger and have increased in number. 

Highway bridges therefore are increasingly susceptible to vibration. 

Among the innovative design strategy to make steel bridges more economical， one of the 

most popular design concepts in short and medium span bridges has been the steel two-girder 

bridge that adopts the simplified structural system because of advantages it 0妊erswith regard 

to fabrication， erection and maintenance， etc. Questions that remain unanswered for the 

two-girder bridge are whether the undesirable vibration exists， and， if it exists， what kind of 

countermeasures can be applied to reduce the vibration. 

The adoption of the. wide girder spacing and simplified structural system of the two-girder 

bridge compared with the conventional multi-girder bridge can give rise to change of dynamic 

characteristics. As a resu1t， the bridge becomes to be easily vibrated by extemal dynamic 

loads like wind and vehicle loads， etc. Consequently， the flexible innovative bridges can make 

better score if the undesirable vibration induced by structural characteristics uf the bridge can 

be e旺icientlyreduced. 

Bridge responses induced by moving vehicles is an important aspect in design and 

structural evaluation of bridges， since highway bridges serve as a vital role in transportation 

systems. In a typicaljourney， a heavy vehicle crosses dozens ofbridges. During crossing each 

bridge， it appli 
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Generally， bridge engineers use the impact factor defined as the maximum of dynamic 

response on the maximum static response to a design or evaluation of bridge capacity. 

However， it is not enough to consider the time varying effect of vehicle loads as an impact 

factor because， behind this factor， there are a lot of phenomena that influence the bridge 

response. The important factors訂 e:the characteristics of vehicles， the velocity of the vehicles， 

the characteristics of the bridge， the roadway roughness profile of the bridge surface， and 

multiple vehicles and their transverse positions. Bumps near an expansion joint usually cause 

excessive impulsive dynamic wheel loads with high-企equencycharacteristics. These 

impulsive high-企equencyvibrations will attack the member near bumps， since the impulsive 

energy of a vehicle may be dissipated within a short period because of large damping of the 

vehicle. The impulsive load affects the impact factor of deck slabs near the expansion joint， 

and can also be one of sources to cause noises and vibrations. 

In recent ye紅 s，wide spreading urbanization of m司orcities and their skirts needs 

construction of highway viaducts th剖 linkcommercial zones at an urban訂 eaand industrial 

zones at the skirts of the urban area. This leads to buildings being constructed closer to 

highway bridges， and an increased exposure of the bui1dings to traffic-induced vibration of 

bridges. Thus， especially for viaducts， the undesirable vibrations of bridges， so cal1ed 

environmental vibrations， occurred at the members near the expansion joint will influence to 

nearby grounds and bui1dings through supports and piers. Those undesirable vibrations on 

human reception have been one of major technica1 problems because of its high possession 

rates of viaducts in land sc訂 cemajor cities. 

Highway bridges typically have natural frequencies in the same range asthose of heavy 

vehicles. Excitation of one system by the other is significant. The low damping of bridges 

does not significant1y reduce the vibration caused by bridge-vehicle interactions. 

Notwithstanding the importance of tra伍c-inducedbridge dynamics， major bridge fai1ures are 

not normally caused by dynamic wheel10ads ofvehicles. Usually， the wheelloads cause more 

subt1e problems and contribute to fatigue， surface we民 andcracking of concrete decks that 

leads to corrosion. Thus， dynamic loads continually degrade bridges and develop vi 
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spacing in steel two-girder bridges needs deck slabs with higher performance than those of 

conventional multi-girder bridges. 

Since the dynamic response of bridges due to heavy vehic1e loads is not adequately 

understood， it is not known what portion of the bridge damage is caused by the heavy vehic1e 

load. Nevertheless， even if only a small percentage of the damage arises丘ombridge 

vibrations， then this accounts for significant expenditure. 

A better understanding of the dynamics of the bridge-vehic1e interaction system is 

necessary in order to build user-企iendlyand environment-企iendlybridges to resist vibrations， 

to design better vehic1es to reduce bridge damage， and/or to regulate vehic1e loads and 

suspensions. Moreover， proper estimation of dynamic wheel loads of moving vehic1es is also 

important in maintenance and management of roadway pavement and decks. 

1.2 Objectives 

The dynamic response of bridge structures subjected to moving vehic1e loads has been an 

interesting topic in the field of the bridge engineering. Those dynamic responses of bridges 

have been considered in design as a form of impact factor. Studies about impact factor of 

bridges have been mainly focused on girders. However， those impact factor-related studies for 

deck slabs have not been fully investigated， even though some experimental researches 

suggest the need of considering effects ofthe bump near the expansionjoint. 

Moreover， the advent of innovative bridge design concept focused on lighter and more 

flexible but safer bridges has resulted in easily vibrating bridges， although heavy vehic1es 

have become larger and have increased in number in recent years. In the serviceability (or 

performance) point of view， the advanced bridge design should fulfill the needs of the times: 

user-and environment-friendly bridges (or low vibration and noise bridges). Moreover， 

viaducts with the flexible structural feature may easily produce annoying vibration for people 

living and working in neighboring buildings to a distance a little far from the bridge. 

Vibration is therefore one of the more important consequences to be considered， when 

planning new viaducts and upgrading older ones. 

However， these technical problems in relation to the traffic-induced vibration of bridges 

have not been fully investigated for the lack of public interests and of computer capacity that 

can process a proposed analytical method. 

There are two ways to investigate the complicate bridge-vehic1e interaction problem: 

experimental and analytical approaches. For experimental method， it needs much time and 

facilities， and costs a great. On the other hand， the analytical approach will be an economical 

way to investigate the bridge-vehic1e interaction problem if the validi守 ofthe analytical 
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method is verified. 

One of the most common ana1ytical approaches to examine the bridge-vehicle interaction 

problem has been two-dimensional model for the bridge and the vehicle. 1t also has been 

reported that such a two-dimensional system gives good approximation for investigating the 

dynamic responses of main girders of bridges due to moving vehicles on rough roadway. F or 

three-dimensional bridge-vehicle interaction system， it is usually adopted to simulate the 

behavior of local members of a bridge like deck slabs， cross beams， web plates， etc. A few 

three-dimensional analytical models for the bridge-vehicle interaction system thus have been 

developed. 

Although the source that produces stress in a bridge under moving vehicles is a result of the 

static load of vehicles and the dynamic wheel loads induced by the vehicle-pavement-bridge 

interaction， most of the former studies have focused on main girder responses. However the 

dynamic wheelload is discussed， there is little verification with field-test data irrespective of 

its importance in bridge dynamics. 

Models are therefore needed that can be used to predict the vibration with sufficient 

reliability， and at an affordable cost for the different planning stages. 

To meet the technical needs， one of the major goals of this study is the development of 

analytical model to comprehensively simulate the dynamic wheel load of vehicles as well as 

bridge responses including the response of local members. Therefore， Lagrange equation of 

motion企omHamilton's principle is adopted to develop governing dynamic differential 

equations for bridge-vehicle interaction system that is treated in the time domain. A numerical 

model for the traffic-induced vibration of bridges is presented by using finite element method 

and modal analysis. Decks， web plates， upper and lower flanges of the bridge are idealizedぉ

flat shell elements with 5・DOF.Beam elements with 6・DOFare adopted in the FE modeling 

to idealize the stiffener， the girder， etc. of the bridge. To express the actual behavior of 

elastomeric bearings in the bridge， the double node with springs is used. 1n modeling PC 

decks， the prestressing force is considered in the numerical modeling. Newmark-s method is 

applied to solve the derived system governing equations of motion as a numerical integration 

method. 

Confirming the reliability of the developed simulation method or algorithm is another 

important objec 

4 



increment factor of the bridge responses is examined. 

The RC deck is the member that is more easily damaged th組 otherstructural members in 

steel highway bridges due to directly subjected to wheel loads of vehicles. Therefore， the 

probabilistic assessment of the code specified impact factor for decksof highway bridges are 

carried out based on the Monte-Carlo simulation (MCS) method， because the rational 

criterion of perfOIτnance level of RC decks provides useful assessment tool for decision 

making related to the inspection， repair， upgrading and replacement of existing steel plate 

girder bridges based on life-cycle cost. 

A pioneering research on the dynamic response of web plates of the two-girder steel bridge 

is carried out to investigate the effect of deck's deformation on those of web plates， since the 

investigation on dynamic responses of the web. plate can give useful information in solving 

fatigue and in企asoundproblems of the two-girder bridge. 

To prevent the undesirable vibration at the end-cross beam of multi-girder bridges as well as 

enhancing the resistance of the expansion joint and the deck slabs near an expansion joint， 

countermeasures called as an end-cross beam replacement and an end-cross beam 

reinforcement have been devised and applied. However， advanced researches focused on the 

two-girder bridges with reinforcing up to cantilevered p訂tsand reinforcing e旺ectson high 

frequency related to vibration perception of human have not been advanced. Therefore， 

analytical investigations about reduction effects of high-企equencytraffic-induced vibration of 

a twin-girder bridge by reinforcing end-cross beam are ca凶edout. Another countermeasure 

against the vibration on highway bridges is the method to reduce the impulsive effect induced 

by the vehicle running over the bumps国 expansionjoints. The methods called deck extension 

and no joint are thus developed. Therefore the vibration reduction effect after removing the 

bump is investigated. 

1.3 State-of-the arts 

At the middle of the nineteenth cent町 ythere was no agreement among engineers over the 

e百ectof a moving load on a beam. Whi1e some assumed that a load moving with high speed 

acts like a suddenly applied load and may produce deflections larger than those corresponding 

to static action， other argued that at very high speeds there was insufficient time for the load to 

drop through the distance of the expected dynamical deflection. 

The very first milestone on vehicle-bridge interaction is started in 1847. Within the 

丘ameworkof acommission investigated by the English queen in 1847， Willis [1] carried out 

an entire series of laboratory tests as well as some field tests. Based on these tests he 

formulated a differential equation for the trajectory of a mass of constant magnitude 
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traversing a massless beam as a function of the speed of the mass. Not being able to solve the 

equation， Stokes [2] who worked with Wi11is剖 Cambridgefound the solution in.1849， which 

discussed the reasons for the collapse of the Chester Railway Bridge. In 1889， Waddell [3] 

earned the honor of being the first time to treat highway bridges in the same manner as 

rai1way bridges distinguished between railways employing steam and elec仕icallocomotives 

and are based on a great number of experiments. 

Over the next century， investigations into bridge dynamics were mainly concerned with 

developing analytical solutions for simple cases of moving forces， moving masses and 

moving vehicle model. The moving-force model， in which a vehicle is modeled as a force， is 

the simplest model whereby researchers can capture the essential dynamic characteristics of a 

bridge under the action of a moving vehicle， but the interaction between the vehicle and 

bridge is ignored. Where the inertia of the vehicle cannot be regarded as small， a 

moving-mass model， in which a vehicle is modeled as a mass， is often adopted instead. 

However the moving-mass model suffers企omits inability to consider the bouncing effect of 

the moving mass， which is significant in the presence of road surface irregularities or for 

vehicles running at high speeds. Digital computers introduced a new level of detai1 in bridge 

vibration research because the complexities of bridge and vehicle system could be modeled. 

In the early 1920's， experimental investigations devoted exclusively to the behavior of 

highway bridges were carried out for the first time. Fuller described these efforts in 1928 and 

1931 [4]. 

In the early 1950's， VanEenam [5] performed exhaustive tests on a steel truss bridge. The 

test involved a total of eight vehicles and.30 measurement points. The results of his tests led 

him to the conclusion that the speed effect cannot play a significant role in comparison with 

other influences. In 1957， Biggs et al [6] reported studies of vehicle-bridge dynamics of 

simply supported bridges traversed by a vehicle with two undamped single mass osci11ators. 

Investigations訂isingout of the AASHO road test extended these analyses to bridges with 

more complicated vehicle models [7， 8]. 

Veletsos and Huang [9] considered a two-dimensional multi-axle tractor-trai1or model and 

lumped mass model of the bridge， and solved the bridge equation of motion by numerical 

integrati 
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investigated the e宜ectsof braking and initial bounce of the vehicle for a single span bridge. 

They idealized the bridge as an orthotropic plate and a beam with lumped masses. 

Hayashikawa and Watanabe [15] applied the continuum method of dynamic analysis for a 

multi-span continuous beam under a concentrated moving load. Honda et al [16] studied the 

characteristics of roadway surface roughness of bridges to give the basic data of power 

spectral density (PSD) using d抑制nicresponse analysis of bridges under moving vehicles. 

Mulcahy [17] utilized an orthotropic plate model of a single span bridge to obtain the 

dynamic response of bridge of a three-axle tractor-trailor vehicle， and considered the effects 

of braking and eccentric placement of the vehicle as well as bridge surface roughness. 

Recently， Hwang and Nowak [18] developed a procedure for calculation of the dynamic 

load and it is subsequently used in the development of a reliability based design code. Green 

and Cebon [19] applied丘equencydomain ca1culation procedure using the fast Fourier 

transform to compute the dynamic response of a bridge to a arbitrary wheelloads. Yang et al 

[20] discussed the effects of the speed parameters， the vehicle/bridge企equencyratio， and 

damping of the bridge and roadway roughness on the impact factors. The influencing 

p訂ameterson the dynamic behavior of a bridge idealized as a three-dimensional model are 

studied by Kou and Dewolf [21] using the finite element method. 

The study by Kawatani and Kim [22] is one of pioneering works on dynamic response 

analysis of deck slabs of a steel pate girder bridge. The analytical strain responses are verified 

by comparing with in・fieldtest results， and demonstrated good agreements. Based on the 

analytical method， the probabilistic assessment on deck slab's impact factor based on 

simulation technique due to single moving heavy vehicle are also carried out by Kim and 

Kawatani [23]， and proposed the needs of considering effects of bump at expansion joint to 

impact factor of deck slabs. The effects of vehicle speed on dynamic features of the wheel 

loads and bridge responses are studied by Kawatani and Kim [24]， and the research also 

investigated those e旺ectson丘equencyrelations between dynamic wheel loads and bridge 

responses. 

A number of studies on reinforcing end parts of steel bridges have been performed to 

prevent the undesirable vibrations and enhance the resistance of expansion joint 
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Kawatani [28] investigated the e宜ectiveness of end-cross beam reinforcement on 

high-frequency vibration of a two-girder bridge. 

It is noteworthy that a detailed historical review can be found in由ereport of Cantieni [4]， 

even though the detailed review of the literature with respect to the vehicle-bridge interaction 

is omitted in this paper. 

1.4 Brief review of this study 

This research work is composed of seven chapters， and the contents of each chapter are 

organized as follows: 

百lefirst chapter contains the introduction and a brief historical review of dynamic 

phenomena ofbridges due to moving vehicles so called traffic-induced vibration ofbridges. 

The numerical modeling of vehicle-bridge-roadway roughness interaction system is 

presented based on the Lagrange equation of motion企omHamilton's principle in Chapter 2. 

The developed goveming d戸1田nicdifferential equations for the bridge-vehicle interaction 

sys旬m are treated in the time domain. The validity of numerical dynamic wheel loads is 

verified in Chapter 3 by comparing with the in-field test results， and dynamic characteristics 

of the vehicles are investigated. 

In Chapter 4， the relationship between the dynamic response of vehicles and bridges are 

investigated by means of the experimentally verified analytical method. A pioneering 

investigation on the probabilistic assessment of deck's impact factors is also carried out based 

on the Monte-Carlo simulation technique. 

A fu1l3・Dd戸1出nicresponse analyses for a steel two-girder bridge with PC deck slab under 

vehicles running is carried out to investigate not only dynamic responses of a two-girder 

bridge but the effect of the elastic deformation at an elastomeric bearing on dynamic 

responses of local members like web pl瓜esand decks in Chapter 5. To veriちTthe validity of 

the analytical responses， the analytical acceleration responses and power spectra of the bridge 

members are compared with field test results. 

In Chapter 6， the end-cross beam reinforcement taken as a countermeasure reducing 

traffic-induced vibration is applied to two-girder bridges， and vibration reduction effect is 

investigated. In addition， removing bumps at expansion joints is considered as another method 

to reduce the traffic-induced vibration. 

Main conclusions obtained through the study are summarized in Chapter 7 with some 

technical proposals. 
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Chapter2 

Analytical procedure of vehicle-bridge interaction system 

2.1 Introduction 

The vibration of girder bridges under moving vehicles has been widely studied by 

analytical and numerical methods during the last three decades [1・8].As analytical methods 

訂eoften limited to simple moving load problems， many researchers have resorted to various 

numerical methods， such as the finite element (FE) method. The mode superposition 

technique has also been widely employed in the analysis for vehicle-bridge interaction 

problems. The goal of this chapter is to develop a general procedure for determining the 

vehicle-bridge interaction system. Thus goveming equations of the bridge-vehicle interaction 

system is derived using Lagrange's formulation， and a full three-dimensional numerical model 

for the traffic-induced vibration of bridges is presented by using FE method and modal 

analysis. 

2.2 Idealization of vebicle 

百四 two-axlecargo truck (one企ontaxle and one re紅 axle)[9・10]is idealized as a vehicle 

of seven degree-of-企eedom(7DOF) [see Fig. 2・1(a)]. The three-axle dump truck (one仕ont

axle and two rear axles) [11・12]is idealized as a vehicle model of eight degree-of-freedom 

(8DOF) [see Fig. 2・1(b )]. The vehicle body itself is considered to be rigid and supported by a 

set of linear springs and dashpots attached to each axle. 

In Fig. 2・1，~vll， ~v12， ~v22， t'xvl1 ， t'xvI2，らあら11and ら22refer to bounce， parallel hop of 

front axle， parallel hop of rear axle， rolling， axle tramp of合ontaxle， axle tr田npofre町奴le，

pitching and axle windup motion of the re町 axleofthe vehicle model， respectively. mv11， mv12 

and mv22 indicate the concentrated mass of the vehicle body， front axle and re訂 axle，

respectively. Kvmku and Cw伽 arethe spring constant and damping coefficient of a vehicle; the 

subscript k is the index for indicating vehicle body and axle (k= 1， 2 indicating vehicle body 

and axle， respectively)， m is the index for positions ofaxles or tires (if k=1 then m=1， 2 

indicating丘ontand rear axle， respectively; if k=2 then m=1， 2， 3 indicating the tire at the 

企ont-axle，front and悶 artires of the rear axle， respectively) and u is the index for indicating 

left and right side ofa vehicle (u=1， 2 indicating le抗andright side， respectively). The sign is 

taken as positive if the direction of a deformation is downward， the pitching is occurred from 

re訂 axleto丘ontaxle and the rolling is generated from the right side to the left side. 
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2.3 Idealization of bridge system 

2.3.1 General 

The finite element (FE) method and modal analysis are adopted as tools for idealizing 

bridges for dynamic response analysis. 

To idealize members of the bridge super園町ucture，beam and flat shell element is used in 

bridge modeling [13・16].Just as the two-dimensional rigid-jointed frame member is a 

combination ofbar and beam elements， the flat shell element is a combination ofin-plane and 

plate-bending elements [13・16].

It will be stated by many shell experts that when we compare the exact solution of a shell 

approximated by flat facets to the exact solution of a truly curved shell， considerable 

differences in the distribution ofbending moments， etc.， occur. It is arguable ifthis is true， but 

for simple elements the discretization error is approximately of the same order and excellent 

result can be obtained with flat shell element approximation [17・18].

It has been reported that， for many practical pu叩oses，the flat element approximation gives 

very adequate answers and also permits an easy coupling with edge beam and rib members 

[18]. lndeed， in many practical problems the structure is in fact composed of flat surfaces，瓜

least in part， and these can be simply reproduced. For these backgrounds， the flat shell 

element is adopted as an element to solve responses of web plates as well as decks of 

highway bridges in this study. 

百leconcept of matrix condensation is a well-known procedure for reducing the number of 

unknown displacements in a static problem. For dynamic analysis， a similar type of 

condensation was introduced by Guyan [19]， which brings in an additional approximation. To 

improve the calculation efficiency a process known as Guyan reduction is performed [19]. 

The QR method (or QR factorization) is adopted as a procedure for obtaining all the 
eigen-values of a symmetric matrix [20， 21]. 
The lumped mass system and Rayleigh damping [22] is adopted to form mass and damping 

matrices of the bridge model， respectively. 

2.3.2 Double nodes 

The effect of the hinges and supports like pin， roller， elastomeric bearings， etc. can be 

conveniently considered by means of double nodes defined as two nodes of independence 

出athave the same coordinate [23]. 
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(a) Beam element with a hinge 

(1) Pin support 

When two nodes i and j are connected wi也 apin as shown in Fig. 2.2(a)， the extema1 

forces act on the rigid node訂'eP;; m;， and mj. Ifthe unknown force acting on nodes i andj of 

the structure divided into two groups is CJ.i as shown in Fig 2.2(b)， then the system stiffness 

matrix can be written as Eq. (2.1). Adding the lh row to the ith row of the Eq. (2.1) and 

introducing the compatibi1ity condition of W戸川 atthe nodes i and j introduce the deletion of 

the unknown force CJ.f， and the system stiffness matrix for structure wi出 thepin support at a 

node becomes as Eq. (2.2). 
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(2) Elastic support 

In the case that two nodes are connected with the elastomeric bearing， the element stiffness 

matrix ofthe spring equivalent to the rubber is expressed as Eq. (2.3) [24]. 
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where， 

ι" ky.ι : Spring constant of x， y and z directions， respectively (kN/m) 

kθ広kθ'y.kθ'z: Rotational spring of x， y and z directions， respectively (kN. m/rad). 

2.4 Assumptions 

The assumptions considered in this study are: 

1) The bridge follows Hooke's law， Navier's hypothesis， Saint-Venant's principle and 

small-deflection theory， 

2) The ground acceleration and support settlement of the bridge are not considered. 

3) The bridge is initially at rest before vehicle enters the span. 

4) The vehicle speed and path is constant. 

5) The vehicle body is treated as a rigid body: the elastic behavior of the body is not 

considered. 

6) Suspension springs are assumed to be linearly elastic and the damping of the 

suspension system is considered to be viscous. 

7) 百ledamping of the elastomeric bearing itself is not considered. 
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2.5 Equation of motion for bridge-vehicle interaction system 

Figure 2・3is the idealized bridge-vehicle interaction system with pavement roughness in 

defonned state [25]. The variable ZOvmu denotes the vehicle displacement企omthe datum to 

the tire. The longitudinal position of the tire location Xvmu is relative to the bridge entry. The 

pavement roughness of the bridge at a tire is denoted by Zrvmu・百levariable w仏XvmJis the 

elastic defonnation of the bridge at the location Xvmu of a time t. The subscript v indicates the 

vth vehicle on the bridge. The subscripts m and u are the same indices explained in section 2.2 

The method called Lagrange equation of motion has been known as one of the most 

popular methods to fonnulate a dynamic system since French mathematician Lagrange 

discovered a relationship that provides a method of great power and vers剖ilityfor the 

fonnulation of the equations of motion for any dynamical system. Therefore， goveming 

equations of the bridge-vehicle interaction system are derived from the energy method with 

Lagrange equation ofmotion as shown in Eq. (2.4) [26，27]. 

(2.4) 
d ダダ ov 況，，，
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where， T is kinematic energy of the system; V， potential energy of the system; Ud， dissipation 

energy ofthe system; q;， the ;th generalized co-ordinate. 

The kinematic energy， potential energy including strain energy and dissipation energy due 

viscous damping of the bridge-vehicle interaction system are expressed in a set of 

generalized coordinates as follows [28]: 

to 

(2.5) 寸内D+泣いv1K2vlK2叫1kaxv1川ん2)叫 2v222叫山}]

(2.6) ペトTKb4SSι1uRvmA

(2.7) 

『

U
M
M
U川
J

vrIJ 
m
 

.z m
 

L
M
山、m

 

C
 

+
 

m
 

・Rm
 

(
C
1
 

2
で
ム
凶

3
ヤ
ム
同

M
Z同

+
 

・DC
 

T

・-.D 

r
i
l
l
-
-』

1

一2一一d
 

U
 

17 



where， 

nveh: Numbers of vehicle on the bridge 

ZOrmu =w(t，xrmu)ーZrrmu

Zrl1一(ーl)mλ'xrmB1"ll一(ー1tλ'1"1θ口 11-Zrm2 +(ー1tλyv(m+1)θxrm2

R.._r_. = rmku -

Zr12 -(ー1tλ'yr2Bxrl2

jbr m=l，2;k =1;U =l，2 

for m=l; k = 2; u = 1， 2 

Zr22 +(_l)mλ'xr3B1"2一(-ltλ'1"3Bx叫

jbr m =2，3;k =2;U =l，2 

。 otherwise 

;g[(I全)mr11+町，] m=l; u =1， 2 

凡 =ih[(1告附m.n] m = 2， 3; u = 1， 2 

。 otherwise 

(2.8) 

(2.9) 

(2.10) 

The superscript dot in Eq. (2.4)， Eq. (2.5) and Eq. (2.7) denotes differential with respect to 

time. J in Eq. (2.5) and g in Eq. (2.10) indicate mass moment of inertia of the vehicle and 

gravity， respectively. In Eqs. (2.5)-(2.7)， D and IJ indicate displacement and velocity 

vectors of the bridge， respectively; Mb and Kb respectively indicate reduced mass and sti飴less

matrices [19] of the bridge; Cb， damping matrix of the bridge derived企omassumption of 

linear relation between the mass and stiffness matrices， which can be expressed as Eq. (2.11) 

[22]: 

Cb = pMb +qKb (2.11) 
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ln Eqs. (2.12) and (2.13)，ω'bl and ω'b2are the first and second natural circular frequencies of 

the bridge system， respectively; hbl and hb2， damping constants according to two modes of 

vibration with natural circular frequencies of ω'bl and OJb2・Inthis study， hb2 is assumed to 

have same value with hbl because of its difficulty to estimate the second damping constant hb2 

[20]. 

百ledisplacement vector of the bridge is written generally in terms of the normal 

coordinate as shown in Eq. (2.14). 
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(2.14) 

where，φand a are the modal matrix and the generalized displacement vector of the bridge， 

respectively. 

The displacement of the bridge w(t，xvmJ can be obtained by combination of the 

displacement and distribution vectors as shown in Eq. (2.15). 

w(t，xvmJ = 'JIvmu T D (2.15) 

where， 'Pvmu is the distribution vector which delivers wheel loads of the vth vehicle at a plate 

element to each node ofthe element， and represented as Eq.( 2.16). 

'JI vmu = lo;.. . ;0; ¥}' k川 (t);甲山'mu(t); ¥}'ωバt);甲山刷(の;…;0J (2.16) 

The final formulation of the goveming differential equations for the bridge-vehicle 

interaction system is obtained丘omthe relations in Eq. (2.4) to Eq. (2.16): 
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(2.23) 

(2.24) 

(2.25) 

where， Mb' Cb and Kb in Eq. (2.17)向島rto normalized mass， damping and sti缶less

matrices， respectively: M b =φTMbO;ξ=φTCbφ Kb =φTKbφ. 

The time varying wheel loads at each tire of the vehicle are estimated from the following 
relationship: 

尺mu(の=凡 +cvm2ulRv山一(IJ'~叩 φ á-Zrvmu)J 
+ Kvm2札ω一(凡φa-Zrvmu )]; m =日3

(2.26) 

The equations of the bridge-vehicle interaction are represented as following matrix 

formation by combining Eqs. (2.17)・(2.26):

MsW +CsW +KsW = Fs (2.27) 

where， MムCsand Ks indicate the mass， damping and stiffness matrices of the bridge-vehicle 
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interaction system， respectively. The W， W， W and Fs respectively refer to acceleration， 

velocity， displacement and force vectors of the system. Details about the system matrices are 

described in Appendix. 

By eliminating elements of the column and row related to variable ら'22in the system 

matrices and replacing 1/4 of Eq. (2.10) to 1/2， the Eq. (2.27) can be applied to the 

bridge-vehicle interaction problem under two-axle vehicle (7DOF vehicle) running.百le

equation becomes applicable to the vehicle running on the rigid roadway by neglecting 

matrices and variables related to the bridge response. 

2.6 Dynamic response analysis using Newmark's s method 

The dynamic equation for the vehicle-bridge interaction derived in the section 2.5 is a 

non-stationary dynamic problem since the coefficient matrices of the equation vary according 

to the vehicle position. Therefore the matrices must be updated at every time step. But within 

every time step， the system maintains the linear properties. An unconditionally stable implicit 

numerical integration method can be used to solve the system equations (see Eq. (2.27) or 

Eq.(A・1)).In this study， the simultaneous di能 rentialequations of the bridge-vehicle 

interaction system are solved by the Newmark'sβmethod as a numerical integration method 

[29]. 

In Fig. 2・4，the f10w chart of the tra伍c-inducedvibration analysis of bridges due to vehicle 

series as well as a single vehic1e is appeared. The f10w chart of the subroutine for dynamic 

response analysis by means of the iterative process (Newm訂k'ss method) is shown in Figs. 
2・5and 2・・6.The algorithm includes a process considering the randomness of inf1uencing 

factors to d戸mmicresponses combined with MCS technique. 

The algorithm can consider the randomness of the vehicle speed， the roadway surface 

roughness， bump heights， the axle weight， spring constant according to the axle weight and 

the traveling position of vehicles. 
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Fig. 2-4 Flow chart for tra宜ic-induceddynamic analysis ofbridges; Main algorithm 
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Appendix 

The Eq. (2.27) can be expressed as follows: 

[ム二](;}+[LE](;}+[LE](;}=(fj (Al) 

where， 

[mol Afb= ・

勾Jmm. … Mbn

(A2) 

Mv1 
。

Mvv = MVi 
(A2) 

秒mm. Mw附
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where， 

Cbij5 =乞(-lyλ'Yi2Ci山吹luTφj ， Cbij3 =-LL Cim2u" 加Jφj ， 

j=l~nth and Cb刊 =-LL(ーl)mんん2u"imuTφj 

Cbij2 =-LCi山 vtUTφ
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cfI=CJ2 

一一寧 一一

A similar procedure can be employed to derive each element in K b ， K bv and K vv 

matnces. 
The displacement and force vectors shown in Eq. (Al) are defined as; 

{a; Z} = {a1; …; 円 Zl; ・・; Zt; … Z nveh;} (AI0) 

Zi = {Zill; Zil2; Zm; Bxill; Bxil2;θx凶 (All) 

λ=φT(ZSSTAu+K叫ん

(A12) 

fv = {fl; …/;;…;んeh;} (A13) 

ょ ~{o;会んluZr川

エ(ーl)Uん2(κωζtlu+Ct山 Zrilu);LL(-l)Uλ川Kim2uZrimu+ ~ゅZrimJ; (A14) 

0;ー泣川i3(んん
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Chapter3 

Dynamic responses of vehicle 

3.1 Introduction 

Dynamic e旺ectsdue to moving vehicles on bridges are of most concem at shorter spans. It 

has been reported that the traffic-induced vibration of bridges is greatly affected by the 

企equencycharacteristic of vehicle vibrations and surface roughness. Thus， the accurate 

identification of wheel loads on bridges is an important issue for the bridge design. 

Furthermore， the deterioration of pavement as well as decks is another output due to the time 

varying wheel load， and the proper estimation of the dynamic wheel load becomes important 

in maintenance and management of decks and roadway pavement. Many experimental studies 

on the dynamic wheelload have been ca凶edout (e.g. [1， 2]). In spite of those efforts， most 

of the investigations are stagnated at qualitative estimations of the experimental data， because 

of the difficulty to understand the complicate mechanism of vehicles. 

Table 3・1Properties of two-axle vehicle 

Tread 2.07 

Geome甘y(m)
Distance between企ontand rear axle 6.20 

Distance oftandem axle 0.00 

Distance between企ontaxle and center of gravity 3.94 

Sprung mass including payload 14，790 

Mass (kg) Steer axle un-sprung mass 650 

Drive axle un-sprung mass 1，070 

Spring constant of suspension Front leaf spring 475 

(kN/m) Rear leaf spring 1，820 

Spring constant oftire (kN/m) 
Front tire 1，390 

Rear tire 1，170 

Front le丘 7.810 

Damping coefficient of Front right 8.065 

suspension (kN's/m) Rear left 3.324 

Rear right 1.649 

Damping coefficient oftire Front tire 
Not considered 

(kNs/m) Rear tire 
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百lIschapter contributes the verification of analytical responses of a vehic1e model by 

using the equations of motion derived in Chapter 2. The vehic1e to be verified by 

experimental data is the two-axle vehic1e idealized as 7DOF (see， Fig. 2・1(a)). Table 3・1

shows properties ofthe vehic1e model [3，4]. The roadway surface profi1e measured under the 

wheel tracks of each vehic1e is used in analysis. 
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Fig.3・1Measured roadway surface profi1e under the wheel track of two-axle vehic1e: 
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The measured roadway profile under tracks ofthe two-axle vehicle (Pl-profile) is shown in 

Fig.3・1[3， 4]. Figure 3・2is the PSD curve of the measured roadway surface in Fig. 3・lwith

ISO estimate [5]. 

Within the eight classes of roads A to H， paved roads are generally considered to be among 

road classes A to D. Road class A corresponds to a very good road， which typically indicates 

a newly paved highway. An unpaved road where a truck would hardly be able to travel at a 

speed of 40 kmJh corresponds to road class E or F. Thus， it is observed that the Pl-profile is 

categorized as very good road according to the ISO 8608 code [5]. 

3.2 Verification of analytical dynamic wheelloads of two-axle vehicle 

To verify the validity of analytical dynamic wheelloads of the two-axle cargo truck model， 

time histories of wheelloads， the dynamic load coefficient (DLC) [3， 4] and the dominant 

仕'equencyof wheel loads at each tire are comp訂 edto the field-test data. The DLC is defined 

as the ratio of the root mean square (RMS) dynamic wheel loads to the mean whee1 load 

where the RMS dynamic wheel load is essentially the standard deviation of the probability 

distribution as shown in Eq. (3.1). The DLC is hence the wheelload coefficient ofvariation. 

Since the DLC value has a limited role in validating mode1s， the cumulative distribution 

function is also adopted as a function to analyze and validate the mode1. 

σι 
DLC=ーとL

WLS1 

(3.1) 

where，σdy is the RMS value of the dynamic component of the wheel load， and WLst is the 

maximum static load (mean wheelload) over the component of the wheelload. 

The measured dynamic wheelload of the two-axle vehicle running on the Pl-profile is 

taken企omthe DIVINE (Dynamic Interaction Vehicle-INfrastructure Experiment) project 

developed by the OECD [3， 4]. A P訂tof the project was coordinated by the TNO 

(Road-Vehicles Research Institute of Nether1ands Organization for Applied Scientific 

Research) working under the auspices ofthe DIVINE joint research program [3]. 

Spring constants and damping coefficients of the two-axle vehicle shown in Table 3・1紅 e

estimated in the DIVINE project [4]. In field-test， vehicle speeds were measured as 

64. 96km1hr， 75.68km1hr and 82. 73km1hr. The sample rates were 100Hz during the 

experiment. 
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v=82.73km/hr 

Table 3-2 DLC values and dominant企equenciesof dynamic wheelloads of 

two-axle vehicle 

DLC Dominant企equency(Hz) 
Speed (kmIhr) Wheel 

Experiment Analysis Experiment Analysis 

Front left 0.0309 0.0328 1.93 1.96 

Front right 0.0319 0.0337 1.93 1.96 
64.96 

Rear left 0.0444 0.0511 2.53 2.58 

Rear right 0.0471 0.0531 2.53 2.58 

Front left 0.0342 0.0394 1.88 1.93 

Front right 0.0357 0.0371 1.88 1.93 
75.68 

Rear left 0.0579 0.0572 2.46 2.43 

Rear right 0.0582 0.0609 2.46 2.43 

Front le食 0.0384 0.0399 1.98 1.66 

Front right 0.0397 0.0377 1.98 1.66 
82.73 

Rear le食 0.0632 0.0598 2.31 2.48 

Rear right 0.0649 0.0601 2.31 2.48 
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Figures 3・3and 3-4 show， respectivel払timehistories and PSD curves of dynamic wheel 

loads of the two-axle vehicle. A good agreement is observed between analysis and 

experiment. 

To assess the validi句rof the analytical dynamic wheel load quantitatively， the cumulative 

distribution of wheelloads， the DLC value and the dominant企equencyof the wheelloads are 

compared with experimental ones. Cumulative distributions of the dynamic wheel load at 

each wheel of the vehicle are shown in Figs. 3・5to 3・7.The DLC value and dominant 

企equencyare summarized in Table 3・2.The correlation between analysis and experiment 

shown in Figs. 3・5to 3・7and Table 3・2shows that the model is capable of simulating the 

dynamic wheelloads to accuracy under 10 percent in average. 

It is observed that the dominant企equencyof dynamic wheel loads varies with respect to 

vehicle speedsぉ shownin Table 3・2.One of the reasons for the dominant企equency

variation according to speed may be that the dominant space企equencyof the roadway profile 

which can resonant with a vehicle system can change with respect to the vehicle speed. How 

travel speed and spatial丘equencyaffect the vehicle dynamics can be determined from the 

relation shown in Eq. (3.2) [7]. 

f=f=vQ (3.2) 

where， f is仕equencyin cycle/sec， v is vehicle speed in units of mlsec， Q is the spatial 

frequency (wave number) in cycle/m， and λis the wave length in mlcycle 

3.3 Frequencyrelations between dynamic wheelload and vehicle motion 

The dynamic response of the vehicle is investigated by using the experimentally verified 

two-axle vehicle. As p紅白neters，the roadway roughness condition and the vehicle speed are 

considered. The roadway profile measured at Umeda entrance bridge， Osaka， Japan [8， 9] is 

used in analysis to examine the effect of roadway roughness condition. The profile is named 

as P2・profileis shown in Fig. 3-8. The PSD curve of the P2・profileis shown in Fig. 3・9，and 

shows the roughness condition can be categorized as very good according to the ISO estimate 

[5] like as the condition ofthe P1-profile. However， the roughness condition ofthe P2・profile

is relatively worse than that ofP1・profile.

Frequency relations between dynamic wheel loads and vehicle motion are shown in Fig. 

3・10，佃dit is observed that there exists strong resemblance between丘equenciesof dynamic 

wheelload and bounce motion. 
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10 

Another interesting feature is appeared in Fig. 3・11，which show PSD curves of the 

dynamic wheelload while the two-axle vehic1e running on P1 and P2 profiles， respectively 

with different speeds ofv=30km/hr， v=50kmゾnrand 70km/hr. From the figures， it is observed 

that the dynamic characteristic of wheel loads is dominated by the frequency of 2.4Hz 

corresponding to the bounce motion of the vehic1e. The丘equencynear 14Hz corresponding 
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to the axle-hop motion of the vehic1e is the secondary dominant企equency，even though the 

energy is very small compared with that of the bounce motion. However， the peaks of PSD 

curves ofwheelloads near 14Hz become app訂 entwith increasing speed. It means that those 

axle-hop motions wi出 relativelyhigh丘equencycan affect dynamic whee1 loads with 

increasing speed. Moreover， those powers of PSD curves increase notably due to the roadway 

roughness condition. 

It supports the fact that the deck slab with relatively higher企equencycharacteristic than 

that of the main girder can be easi1y damaged by the vehic1e running on rough roadway 

surface with high speed. 
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3.4 Conclusions 

14 

In this chapter， the verification of analytical dynamic responses of a vehicle is carried out 

by comparing with field-test data. The major conclusions that can be drawn丘omthe 

comparative investigation between the analysis and the experiment are as follows: 

1. The data from field-test indicate th剖 theanalytical method is accurate for predicting the 

dynamic response as well as the wheelload of heavy vehicles. 

2. It is observed由atthe dominant丘equencyof dynamic wheel loads varies with respect to 

vehicle speeds， and one of the reasons for the dominant企equencyvariation according to 

speed may be that the dominant space frequency of the roadway profile which can 

resonant with the vehicle system can change with respect to the vehicle speed. 

3. The dominant企equencyof the dynamic wheelload and the bounce motion of vehicle are 

strongly related with each other. The axle-hop motion， which has relatively high 

frequency characteristic comp訂 edto that of the bounce motion， can also influence to the 

dynamic wheel load with increasing speed. Therefore， the deck slab that has relatively 

higher企equencycharacteristic than that of the main girder can be easily damaged by the 

vehicle running on a rough roadway surface with high speed. 

4. If the properties of the vehicle are well estimated or tested， then the analytical method 
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guarantees good simulation result. The analytical DLC values and dominant企equencles

of wheelloads of the two-axle vehicle are 印刷eredwithin 88% ~ 110% and 84% ~ 110% 

ofthe experiment， respectively (see Fig. 3・12).
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Chapter4 

Dynamic responses of conventional type steel girder bridge 

4.1 Introduction 

The basic research topic on the tra宜ic-inducedvibration of bridges has been impact factor 

related problems， since the complicate vehicle-bridge-surface roughness interaction e旺ectis 

determined by means of the impact factor in most of all the bridge design codes. In general， 

the impact factor taken企oma fie1d test has features也atf1uctuate with vehicle speeds.百le

reason for those phenomena is not clear so far though some research works related to the 

dynamic amplification factor such as the effect of moving mass on beam [1・3]have been 

investigated. Because， there are many factors that would affect the bridge-vehicle interaction 

such as roadway roughness， non-linearity ofvehicle suspension system， vehicle axle spacing 

and frequency spec回 ofvehicleand bridge as well as moving speed [4]. 

One of the most important sources on the traffic-induced vibration of bridges is the 

dynamic wheel load that is the result of dynamic motions of vehicles， since， originally， the 

impact factor itself means the e宜ectof the extemal dynamic load. Another important factor 

can be the relation of the丘equencycharacteristic between bridge behaviors and vehicle 

motions as the Ontario bridge design code [5] define the impact factor (dynamic 

amplification factor) as a function of the企equencyof the first bending mode to consider the 

possibi1ity of the resonance between the vehicle motion and the bridge behavior. Therefore， 

the relationship between the dynamic response of bridges and the dynamic wheel load of 

vehicles is investigated by using the experimentally verified analytical model of a 

conventional type steel three-girder bridge [6] and vehicles [7]. 

百ledeck is another important member experiencing the dynamic wheelload， since the RC 

decks， being direct1y subjected to wheelloads of vehicles， are more easi1y damaged than other 

structura1 members in steel highway bridges [8]. Moreover， the wide spreading adoption of 

the steel two-girder bridge needs higher performance of deck slabs than those of conventional 

multi-girder bridges because of the adoption of wider girder spacing than conventional 

bridges. 

百lerational criterion of the performance level of reinforced concrete (RC) decks provides 

useful assessment tool for decision making related to the inspection， repair， upgrading and 

replacement of existing stee1 plate girder bridges based on life-cycle cost. It is clear出at，

except corrosion due to envi 
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expansion joints is another important factor inducing the impulsive loading effect generated 

by a vehicle passing over the bump [9・11].

However， most of all the existing research topics related to the deck have been focused on 

static responses. The dynamic response of deck slabs due to moving vehicles. has not been 

fully investigated， even though the fatigue problem for the RC deck as a p訂 tof dynamic 

problem has been wide spreading research theme. Moreover， in civil in企astructures，也e

recent design concept trends reliability-based design to consider many sources of uncertainties 

in the structure design. However， researches on the impact factor of deck slabs based on 

probabilistic approach have not been advanced. Therefore， there is a need to fill this gap. 

The dynamic increment factor (DIF) [12] is selected as a p紅創出terfor the quantitative 

investigation of bridge responses.百leDIF is defined as the ratio of absolute maximum 

difference between dynamic and static responses during one major period of the dynamic 

response including maximum static response to the maximum static response as expressed in 

Fig.4・1[12]. The L1Yin Fig. 4・1can be expressed as L1Y = I 1';ゅUlmic-乙taticlmax・

百lebridge considered is a steel plate girder bridge wi也 spanlength of 40.4m， and 

composed of three girders and RC decks [6， 13]. The validity of analytical results is 

experimentally verified [6]. Sectional and plan views of the bridge are shown in Fig. 4・2.

Details ofthe bridge model are summarized in Table 4・1.

The FE model of the conventional three-girder bridge is shown in Fig. 4・3.The solid 

circles瓜由ecenter of the G 1 and G2 girders indicate the noted nodes for the dynamic 

response of the bridge， and the DIF value at each node is compared with the DLC value of 

dynamic wheelloads. Solid circles denoted by P1， P2， P3， P4 and P5 are也enode to consider 

the DIF value of decks. 

one cycle 
〉
司 Dynamic response 

Static response 

同
国

ε
U
E冊
目
的
〉

DIF=1 + Ll YN static.max. 

Fig.4・1Definition ofDIF 
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Table 4・1Properties of steel bridge 

7，550 Mass per unit length (kg/m) 

0.142 Section area of girders (m2) 

0.212 Moment of inertia (m4) 

0.0548 Torsiona1 constant (m4) 

0.0253 Damping constant( for 1はand2nd modes) 

l吋Bending)
2nd(Torsion) 

2.33/2.32 

3.86/3.56 
Fundamental企equency(Experiment/ Analysis， Hz) 

間口

Unit: m 

6.50 叩

[JT

~~ 
~ l 

己」旦2.65 2.65 

(a) Section view 

Unit: m 

5.05 30.30 5.05 

40.40 

(b) Plan view 

Fig.4・2Conventional steel girder bridge with three girders 
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Fig.4・3FE model of bridge 

Table 4・2Properties of three-axle vehicle 

Tread 1.80 

Geome句r(m)
Distance between企ontand rear axle 3.99 
Distance of tandem axle 1.20 
Distance between企ontaxle and center of gravity 2.99 

Sprung mass including payload 18，500 
Mass (k:g) Steer axle un-sprung mass 500 

Drive axle un-sprung mass 1，450 

Spring constant of suspension Front leaf spring 1，577 
(kN/m) Rear leaf spring 4，724 

Spring constant oftire Front tire 3，146 
(kN/m) Rear tire 4，724 

Front left 11.200 
Damping coefficient of suspension Front right 11.200 

(kN's/m) Rear left 33.420 
Rearright 33.420 

Dampingco巴伍cientof tire Front tire 13.300 
(kN's/m) Reartire 10.000 

4.2 Dynamic relationship between vehicle and bridge 

The impact factor taken丘omthe field test has feat田 esfluctuating wi也 respectto vehicle 

speeds. The reason for these phenomena is not clear so far though some research works 

related to the dynamic amplification factor such as the effect of moving mass on beam [1， 

3・4]have been investigated， because of the coupled effect of factors that would a民ctthe 

bridge-vehicle interaction such as roadway roughness， non-linearity of vehicle suspension 

system， vehicle axle spacing and frequency spectra of vehicle and bridge as well as moving 

speed [3]. 

48 



To detennine the relationship between vehicle motions and dynamic responses of bridges， 

the correlation between the vehicle speed to DLC of dynamic wheelload and DIF of bridge 

response are investigated. The parametric study is also focused on the effect of different 

vehicle types and roadway roughness conditions on the variation of DLC values of dynamic 

wheel loads and DIF of the bridges according to vehicle speed. The frequency relations 

between dynamic wheelloads and bridge responses are also investigated. 

The roadway profiles used in the analysis are the Pl・andP2・profile.The experimentally 

verified three-axle vehicle [13， 14] is also used in analysis to investigate the effect of vehicle 

type (or axle conf・igurationtype)， and properties of the three-axle vehicle are summarized in 

Table 4-2. 

4.2.1 DLC vs. (DIF・1)

To investigate the relation between DLC values (see， Eq. 3.1) of wheel loads and DIF 

values ofthe bridge responses， the traffic-inducedvibration analysis ofthe conventional steel 

girder bridge is ca町iedout. In the analysis， the effect of vehicle types by using the two-axle 

and three-axle vehicles under the condition of eight types of vehicle speeds (30kmlhr， 

40kmlhr，…， 90kmlhr， 100km/hr) and two types of surface roughness condition (Pト and

P2・profile)are considered. 

The correlation between the two parameters DLC and (DIF・1)is. detennined， and 

summarized in Tables 4・3and 4・4.In Tables 4・3and 4・4，μDLC，μ(DIF-l)and PDLC，DIF are the 

mean value of DLC， the mean of (DIF・1)and the correlation coefficient of DLC and DIF， 

respectively. 

Table 4・3Co-relation between DLC and DIF values; effect of roadway surface roughness 

Roadway Profile 

Pl・profile P2-profile 

μDLC μ(DIF・1) PDLC.DIF μDLC μ(DIF・1) PDLC.DIF 

Front axle 0.104 0.418 0.233 0.651 
0.067 0.349 

Rear axle 0.034 0.587 0.221 0.692 
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Table 4-4 Co-relation between DLC and DIF values; effect ofvehicle type 

μDLC 

Front axle 0.093 

Rear axle 0.143 

Vehicle type 

Two-axle vehicle 

μ(DIF・1) PDLC.DIF 

o 

0.8 

0.6 
マ-

u. 

口0.4

0.2 

0.832 

0.306 
0.870 

DLC of wheel load 

(a) Two-axle vehicle 

DLC of wheelload 

(b) Three-axle vehicle 

μDLC 

0.181 

0.112 

Three-axle vehicle 

μ(DIF.・1) PDLC.DIF 

0.823 

0.109 
0.891 

1 

Fig. 4-4 Relations between DLC ofwheelload and (DIF・1)of bridge response 
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Table 4・5Dominant frequencies of vehicle motion 

Axle Vehicle body Front axle Rear axle 
configuration 

type Bounce Pitching Rolling Parallel-hop Tramp Parallel-hop Wind-up Tramp 

Two-axle 2.4Hz 2.4Hz I.5Hz 1 1. 8Hz 12.3Hz 13.9Hz 14.5Hz 

官rree-axle 3.4Hz 3.6Hz 3.5Hz 17.3Hz 13.9Hz 18.8Hz 17.1 Hz 18.3Hz 

Analytical fundamental企equencyfor the frrst bending mode of the bridge: 2.32Hz 

It is observed that the correlation between DLC and DIF values due to a vehicle running on 

the Pl-profile is weaker than those due to vehicles running on the P2・profileas shown in 

Table 4・3.One reason of the phenomena may be that under the condition of vehicle running 

on smooth roadway like the Pl・profilethe vehicle motion or wheel load cannot fully 

stimulate the bridge， thus the DIF value ofthe bridge in this case will depend not on the weak 

external load but on the fundamental natural frequency or sti缶lessof bridge itself. It is 

observed that the DIF value ofthe bridge as well as the DLC value of dynamic wheelloads is 

affected by roadway surface conditions very severely as expected. 

The e旺ectof vehicle types on the DIF value of the bridge is summarized in Table 4-4， 

which shows the strong correlation between DLC and DIF values. As shown in the Table 4・4，

the DLC value of wheelloads at the rear-axle is more strongly correlated with the DIF value 

of the bridge than that of the wheel load at the front axle. To investigate the correlation 

between DLC and DIF values with respect to vehicle types， the two corresponding 

p紅白netersDLC and (DIF・1)are plotted with a curve fitted line as shown in Fig. 4-4. The 

PDLC. DIF is the correlation coefficient， and the f(x) indicates the 1inear relation between DLC 

and DIF values. 

It is observed in Fig. 4-4 th剖 theslope due to the two-axle vehicle (Fig. 4-4 (a)) is steeper 

than that due to the three-axle vehicle， although simil訂 strongcorrelations can be observed in 

bo出 cases.It means that the dynamic response of the bridge is easily amplified by the small 

d戸lamiccomponent of wheelloads of the two-axle vehicle. One of reasons for this result can 

be the existence of resonance between the vehicle motion and the bridge system. As shown in 

Table 4・5，the企equencycharacteristic of the bounce motion of the two-axle vehicle has about 

2.4Hz， and it is very similar企equencyof the first bending mode of the bridge like 2.32Hz 

(see Table 4・1).On the other hand the frequency for bounce motion of the three-axle vehicle 

is 3.4Hz， and DLC and DIF values are corresponding one to one with each other. Thus， it can 

be concluded that， despite of the strong correlation between DLC and DIF values， the 

frequency features of vehicles and bridges should be included to define dynamic effect due to 

vehicle loads. 
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4.2.2 Frequency relations between dynamic wheelload and bridge response 

Figure 4.5 shows the企equencyrelation between dynamic wheel loads and bridge 

responses， and a good resemblance of the企equencyrelation between the dynamic wheelload 

and the bridge response is observed. It indicates that the dynamic characteristic of bridge is 

strongly atfected by the bounce motion of vehicles， because the frequency feature of dynamic 

wheelloads is strongly correlated with that of the bounce motion. 

As observed in Fig. 4-5， the best correlation can be seen in the case ofthe two-axle vehicle 

running on the P2・profilethat has relatively worse surface than that of the P l-profile. On the 

other hand the worst correlation can be observed in the case of the three-axle vehicle running 

on the Pl・profilethat has smoother surface than that of the P2・profile.One of the reasons for 

the result can be血atthe dynamic characteristic of bridge responses is dominated by the 

natural丘equencyof bridges or bridge stitfness itself in the case of vehicles running on the 

very smooth roadway because of the weak extemal loading etfect. On the other hand， when 

vehicles are running on relatively rough roadway that has enough ability to stimulate the 

vehicles， the dynamic characteristic of the bridge tends to be dominated by the dynamic 

characteristic of vehicles. 

Another feature can be observed in Figs. 4・6and4・7，which show PSD curves of dynamic 

wheel loads (right wheel of rear axle for the two-axle vehicle and front right wheel of rear 

axle for the three-axle vehicle) and bridge responses according to vehicle speeds while the 

two-axle and the three-axle vehicles are running on P 1・andP2・profile，respectively. 

From the PSD c町 ve，it is observed that血epower of wheel loads and bridge responses 

increases according to the vehicle speed. Moreover， those powers of PSD curves increase 

notably due to roadway roughness conditions. Therefore， it is possible to conclude that the 

dynamic features of bridge responses can be more easily dominated by dynamic 

characteristics of vehicle system while vehicle running on rough roadway with high speed 

than running on smooth roadway with low speed. 

The power of wheelloads and bridge responses at the frequency range between 10Hz and 

20Hz， which can be the e妊ectofaxle-hop motion as summarized in Table 4・5，increases 

according to the vehicle speed， simultaneously. It indicates that the axle-hop motion with 

higher frequency characteristics than that of the bounce motion can inf1uence to dynamic 

w 
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4.3 Assessment of code specified impact factors of deck considering random variables 

In this section， probabilistic assessment of code-specified impact factors for the deck slab 

of the steel girder bridge in Fig. 4・2is carried out by means of three-dimensional 

traffic-induced vibration analysis of bridges combined wi血 Monte-Carlosimulation (MCS) 

technique [17]. 

It has been reported th剖 themost low reliability index can be expected on the RC deck 

near an expansionjoint due to a bump and a vehicle with tandem axle [10， 11]. Therefore， the 

impact factor of decks are simulated by means of experimental1y verified analytical model 

[18] in considering random variables such as bump heights， vehicle speeds， axle weights and 

traveling positions of vehicles as wel1 as the roadway roughness under the condition of 

three-axle vehicles running. 

4.3.1 Random variables 

Roadwav orofile 

Physical features of the roadway profiles and those stochastic models can be treated as a 

homogeneous Gaussian random process with zero mean [19] and the random characteristics 

can be defined by a power spectral density (PSD) function. The Eq. (4.1) is used as a PSD 

function ofroadway roughness [20]. 

S(O) =一一竺一一
on+βn 

(4.1) 

where，αis roughness coefficient，。作ml2iりisspatial丘equency(cycle/m)，βdesignates 

shape parameter and n means p町田neterto express the distribution of power of the PSD 

curve. 

Asp訂 ametersin Eq. (4.1)，α=0.001，β=乱05and n=2.0 [21]訂 eused in this study based 

on measured data of Meishin Expressway in Japan， and the PSD curve is shown in Fig. 4・8

with ISO estimates [22]. If the PSD function for a roadway profile is defined， then， by means 

of MCS method， samples of roadway profiles can be obtained using the sampling function 

expressed as Eq. (4.2). 

Zr(X) = Z:ak sin(ω'k .X+仇) (4.2) 
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where， ak is Gaussian random variable with zero mean and variance a-/=4S(m，JL1ω;仰， a 

random variable having uniform distribution between 0 and 2n;ω'h circular企equencyof 

roadway surface roughness written as ω'k =ω'L +(k-l/.みAω"L1ω=仰u-ω'L)/M，ω'UandωL 

designate the upper and lower limit of the企equency，respectively; M means a large enough 

integer number and S( m，J is血ePSD of a roadway profile. 
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Bump height near expansion ioints 

The extreme Type 1 distribution is assumed to describe bump heights at expansionjoints of 

bridges based on the s町 veyingresults in Japan [23] as shown in Fig. 4・9(a)and Fig. 4・9(b).It 

was found，合omthe preliminary investigation， that the bump Pattem-B σig. 4-9(b)) gives 

greater effect on impact factors of decks than the Pattem-A (Fig. 4・9(a))does. Thus the 

Pattem-B is adopted as a bump model. 

Vehic1e soeed 

The normal distribution is assumed for vehicle speed on a highway as shown in Fig. 4・10

[24]. 

Vehic1e oath 

The position of a vehic1e path from a target position is assumed to follow normal 

distribution with zero mean value and standard deviation of 0.2m as shown in Fig. 4・11[25]. 

Axle weight 

The lognormal distribution is assumed for axle loads of the three-axle vehic1e based on the 

database measured on Hanshin Expressway， Japan [25] (see Fig. 4・12(a)to Fig. 4・12(c)).

4.3.2 Simulation of impact factor for deck 

A number of sample roadway profi1es， bump heights， vehic1e speed， vehic1e path and axle 

loads are generated by means of MCS method. Impact factors of each deck are analyzed 

according to each sample of the random variables by means of tra百ic・inducedvibration 

analysis of bridges. In simulations， no correlation among the considered random variables is 

assumed. 

A hundred samples of the simulated random variables are considered in analysis， since 

impact factors tend to converge within 100 s田nplesas shown in Fig. 4・13.

Cumulative distribution functions of deck slab's imoact factors 

The pre1iminary investigation on the impact factor of the RC deck shows that the normal 
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represent the statistica1 characteristics of the impact factor by only 

considering randomness of roadway roughness [10， 11]. However， the histogram of the 

impact factor at each panel is shown in Fig. 4・14indicates由剖也eimpact factor of decks is 

no longer idea1ized as a norma1 distribution. 
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To examine the probabilistic feature more clearly， simulated impact factors at each deck 

slab are plo悦 don the normal， lognormal and extreme Type 1 probability papers as shown in 

Fig.4・15to Fig. 4・17，and the straight lines on the lognonnal and extreme Type 1 distribution 

paper can approximately represent the probabilistic property of the impact factor. 
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Table 4-6 Code specified impact factors for deck slab 

Code 

AASHTO (USA) 

DINI072 (Gennan) 

JSHB (Japan) 

OHBDC (Ontario， Canada) 

Impact factor 

;=501(3.3L+ 125，出0.3

;=0.4-0.008L 

;=201(L+50) 

;=0.4 

Probabilitv exceeding codes soecified imoact factors 

lcode 

0.300 

0.379 

0.380 

0.400 

L=2.65m: Span length in meter 

The probabilities of exceeding the impact factors specified in AASHTO standard， 

Japanese Specifications of Highway Bridges (JSHB)， Ontario Highway Bridge Design Code 

(OHBDC) and DIN1072 are examined.羽田 impactfactors specified in the codes are shown 

in Table 4-6. The probabilities of exceeding the code specified impact factors are determined 

according to the relations in Eqs. (4.3) to (4.5). 

Normal distribution ( (icode -μ;)) 
P(i > icod.) = 1-φ|一一一一一|
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Lognormal distribution P(i > (..) " 1-<1>(与1] (4.4) 

Extreme Type 1 distribution; P(i > i
cod

.) = 1 -F(i)ニ l-e-f川油引 (4.5) 

where， i is the impact factor assumed as a general normal random variable， icode is the code 

specified impact factor，μi， a mean value of the impact factor，σi， a standard deviation of the 

impact factor， y indicates lnの，メ今， a mean of ln(i) and cろ， a standard deviation of ln(i). αand 

u are distribution par田netersof the extreme Type 1 distribution. 
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The probability of exceeding the code-specified impact factors is summarized in Fig. 4・18

wi出 respectto each panel. It shows白瓜theimpact factor ofthe deck near the expansionjoint 

(P2 panel) dominates the design impact factor under the conditions considered in this study. 

The symbols N， LN and EXl in Fig. 4・18indicate the probability determined丘omthe impact 

factor assumed as normal， lognormal and extreme Type 1 distribution， respectively. 

For the P2 panel experiencing the maximum impact factor， the probability exceeding the 

code-specified impact factors is the order of 10.1 under the assumption of fol1owing the 

lognormal distribution of the impact factor， on the other hands those for P 1 and P3 -P5 

panels are the order of 10・2as shown in Table 4・7.

As an example， for the bridge wi血 twolanes on Hanshin Expressway (see Fig 4・2)，ifthe 

traffic volume per ho町 inone lane is assumed to be 862 vehicles， 20% of the traffic volume 

to be the heavy trucks， 30% of the heavy trucks to be the three axle truck [26] and the 

probability exceeding the code specified impact factor to be 10・1as shown in Table 4・7，then 

the number that the deck experiences the dynamic effect greater than that considered in 

designing stage becomes more than one hundred per day. 

The reliability index of the code specified impact factor under the assumption of 

log-normal distribution is summarized in Table 4・8，the value in the parenthesis indicates the 

reliability index of the code specified impact factor under the condition of no bump at the 

expansion joint. 

The target reliability index proposed in Eurocode is also summarized in the Table 4・8and 

Fig.4・19:target reliability index for serviceability limit state (SLS) is 1.5; for the ultimate 

limit state (ULS)， 3.8; for the fatigue limit state (FLS)， 1.5-3.8 [27， 28]. The G 1 in Table 4-8 

indicates the reliability index of code specified impact factor for the G l-girder (see， Fig. 4・3)，

which is adopted to comp訂'ewith the impact factor of decks. 

If the impact factor can be classified in the serviceability limit state then reliability index 

for the P2 panel is lower than that of the target reliability index for the SLS， although what 

kind of limit state the impact factor is classified in has not been defined yet. On the other 

hand the reliability considering the condition of no bump at the expansion joint satisfies the 

SLS. The reliability index for the SLS of the G l-girder satisfies the target reliability index 

regardles 
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impact factor are summarized in Table 4-9. 

The probability becomes the order of 10・1for P 1 and P2 panels and the order of 10・2for P3 

~ P4 panels under vehicle speedof 80kmlhr， on the other hand th剖 probabili句rbecomes the 

order of 10・2for the P 1 panel， the order of 10・3for P2~ P4 panels and the order of 10-4 for the 

P5 panel under the speed of 40km/hr. It means血atthe impact factor of the deck has tendency 

to increase according to the vehicle speed. One of the reasons for increasing possibility to 

exceed血ecode specified impact factor according to vehicle speeds may be that the 

impulsive wheel load generated by passing the bump tends to travel far企omthe expansion 

joint even under the condition of 1訂gedamping of the vehicle and affect the dynamic 

response of deck slabs. Therefore， the vehicle speed should be considered as a random 

variable in the simulation. 

Table 4・7.Probability of exceeding code specified impact factors 

Panel 
Pl P2 P3 P4 P5 

Code 

AASHTO 10・1 10・1 10・1 10・2 10・2

DINI072 10・2 10・1 10・2 10・2 10・2

JSHB 10.2 10・1 10・2 10.2 10・2

OHBDC 10・2 10・1 10・2 10.2 10・2

* The probabi1ities are calculated based on the assumption of following lognonnal distribution 

Table 4・8.Reliability index of the code specified impact factors 

Panel 
Pl P2 P3 P4 P5 Gl 

Code 

AASHTO 1.3 (2.1) 0.3 (2.4) 1.3 (2.5) 1.6 (2.7) 1.6 (2.7) 1.6 (2.5) 

DINI072 1.6 (2.5) 0.7 (2.7) 1.7 (2.7) 2.0ο.9) 1.9 (2.9) 0.5 (1.0) 

JSHB 1.6 (2.5) 0.7 (2.7) 1.6 (2.7) 2.0 (2.9) 1.9 (2.9) 1.8 (2.7) 

OHBDC 1.6 (2.5) 0.7 (2.7) 1.7 (2.7) 2.0 (2.9) 2.0 (3.0) 2.8 (3.7) 

( ): Reliabi1ity index ofthe code specified impact factor in the case of no bump 

sT for SLS: 1.5， sT for ULS: 3.8， and sT for FLS: 1.5-3.8 
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Table 4-9. Probability of exceeding code specified impact factors剖 di宜erentspeeds 

P5 P4 P3 P2 Pl 

Speed 
40kmlhr 80kmJhr 

Panel 

40kmJhr 80kmJhr 40kmJhr 80kmJhr 40kmJhr 80kmJhr 40kmJhr 80kmJhr 
Code 

10・210・310-2 10・310・210・310・110・310・110・2AASHTO 

10・210-4 10-2 10・310・210・310-1 10・310・110-2 
DINI072 

10-2 10-4 10・210・310・210・310・110-3 10・110-2 
JSHB 

10・210-4 10-2 10・310・210・310-1 10・310・110・2OHBDC 

* The probabilities are calculated based on the assumption offollowing lognormal dis凶bution

4.4 Conclusions 

It is not possible to generalize the vehicle-bridge interaction problems because of its 

complicate dynamic iriteraction system. Nevertheless of its complicate dynamic relations 

between vehic1e motions and bridge responses with roadway roughness， if some e宜ectsof 

influence factors are defined， it can be seen that the variation is not purely random but must 

follow a certain physical law. Therefore， in this chapter， to investigate to a certain physical 

law of the vehicle-bridge interaction problem， a computer simulation on dynamic responses 

ofbridges and wheelloads ofheavy vehicles idealized as 7DOF and 8DOF vehicle systems is 

carried out. 
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The probabilistic features of RC decks' simulated impact factors are also examined in this 

chapter. The reliability evaluation of code-specified impact factors is carried out considering 

randomness of roadway roughness， bump heights， vehicle speeds， traveling position of 

vehicles and axle weights. 

The summarized result can be described as follows; 

1. A strong correlation between DLC and DIF values is observed. The dynamic feature of 

bridge responses is dominated by the natural仕equencyof bridge itself for vehicles 

running on the very smooth roadway. On the other hand， the dynamic feature is 

dominated by vehicle's dynamic characteristics for vehicles running on the relatively 

rough roadway which has enough ability to stimulate vehicles. Moreover， the dominant 

frequencies of dynamic wheelloads， bounce motions of vehicles and bridge responses are 

strongly related with each other. 

2. The axle-hop motion wi出 relativelyhigh dominant frequency compared to those of 

vehicle wheel loads and bridge responses can also influence to the dynamic wheel load 

and the bridge response with increasing speed. Thus， despite of the strong correlation 

between DLC and DIF values， the frequency features of vehicles and bridges should be 

included to define dynamic effect of vehicle loads on bridges. 

3. The lognormal distribution can approximately represent probabilistic properties of the 

impact factor for the RC deck slab. 

4. The impulsive wheelload e百ecton decks due to the bump tends to travel far企om由e

expansion joint even under the condition of large damping of the vehicle， and the impact 

factor has tendency to increase according to the vehicle speed. That is， the probability can 

be greatly affected by the vehicle speed， thus the vehicle speed must be considered as a 

random variable to assess the impact factor more rationally. 

5. The impact factor of the deck ne訂 expansionjoints dominates the design impact factor 

under the conditions considered. F or the panel experiencing the maximum impact factor， 

the probability exceeding the code-specified impact factors is the order of 10・1under the 

assumption of following lognormal distribution of the impact factor. Thus， if the impact 

factor ofthe deck near an expansionjoint of approaching side of a bridge satisfies a given 

reliability due to a vehicle with tandem axle running on a bump， those reliabilities of 

other deck slabs are satisfied automatically. 

6. It is noteworthy that the probability of exceeding code specified impact factors is 

overestimated since the bump in real highway bridges is expected to have better condition 

than that measured at national roadway bridges which used in this study. The advanced 

study considering a real condition on highway bridges rema 
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Chapter5 

Dynamic responses of two-girder bridges with PC deck 

5.1 Introduction 

In the last two decades， there has been a significant increase in the number of new bridge 

constructions due to rapid urban development and economical growth in many areas of the 

wor1d. Consequent1y， the challenges to state-of-practice of bridge engineering are becoming 

broader range. While bridge engineers sti11 stride to bui1d safe and. economical bridges to 

meet the transportation needs of the public by using innovative techniques， many countries 

are now faced with the problem of developing innovative solutions to enhance血e

perfonnance level of existing bridges. [1，2] 

Among the innovative design strategy to make steel bridges more economical， one of the 

most popular design concepts in short and medium span bridges has been the two-girder steel 

bridge using simplified structural system because of advantages it offers with regard to 

fabrication， maintenance， etc. [2~5] 

Simplified structural 

details 

Steel two-girder bridge 

Reducing girder 

numbers 

Fig.5・1Structural features: two-girder bridge vs. multi-girder bridge 
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However， as shown in Fig. 5・1，the wider girder spacing and more simplified structura1 

system of the twin-girder bridges than conventional multi-girder bridges can give rise to 

change of dynamic characteristics of the bridge. It makes the bridge to be easily vibrated by 

extemal dynamic loads like wind， vehic1e loads， etc. Questions th瓜 remainunanswered for 

the two-girder bridge are the dynamic behavior caused by the structural features under 

moving vehic1es. Furthermore， it is expected that the large deflection of decks due to wide 

girder spacing can a偽 ctthe vibration of web plates， which can be linked with fatigue 

problems as well as low企equencynoise from the web plate. 

Moreover， to minimize the seismic load on bridges， elastomeric bearings have been 

equipped in many bridges. The elastomeric bearing works as a soft p制 betweensub-and 

supers仕uctureand a110ws movements in all directions by elastic displacements or rotations. 

Despite of its excellence against seismic loads， larger. vertical displacement of the 

elastomeric bearing than the steel bearing can occur undesirable vibration under moving 

vehicular loadings. 

The dynamic responses of the two-girder bridge due to moving vehic1es， however， have 

not been studied and reported so f:訂 asthe au白orknows. Moreover， few investigations on 

the bridge vibration inc1uding local members due to the elastic deformation of elastomeric 

bearings have been reported， although Harada et al. [6] reported a three-dimensional 

traffic-induced vibration of a bridge inc1uding vibrations of local members of the bridge 

idealized by means of flat elements for decks and web plates due to moving vehic1es. 

Therefore， in this chapter， a three-dimensiona1 dynamic response analysis due to moving 

vehic1es is carried out to investigate not only dynamic responses of a two-girder bridge but 

the effect of the elastic deformation at an elastomeric support on the dynamic response of 

local members such as web plates and decks. To veriち，the validity of the analytical response， 

analytical acceleration responses and Fourier amplitudes ofthe bridge members are compared 

with field test data. 

5.2 Analytical models 

5.2.1 Bridge models 

A two・spancontinuous steel two-girder bridge in service with total length of 106m 

(53m+53m)， girder spacing of 6.0m and width of 11.4m is adopted as a bridge model. Figure 

5・2shows the plan view and the cross-section of the bridge. The bridge model is assumed as 

a straight bridge， even though it is a curved bridge with radius of curve R=1000m. The deck 

slab is made of a prestressed concrete of 31 cm thick， and is assumed to act compositely with 
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main girders.百leproperties of the bridge are shown in Table 5・1.

Two kinds of bridge models can be used in the analysis according to the problem to be 

solved. The full 3・Dmodel can be adopted to determine the behavior of local members like 

web plates of a main girder， on the other hand the 3-D plane model is widely used in 

investigating the vertical dynamic responses of the bridge. 

The full 3・DFE model of the bridge is shown in Fig. 5・3，which consists of flat shell 

elements [7， 8] for decks， guardrails， cross beams， web plates and upper and lower flanges of 

main girders and beam elements for stiffeners. Vl， V2， V3 and V4 in Fig. 5・3indicate the 

noted nodes adopted to comp訂 ewith experimental responses;百lelocation ofthe point Vl is 

top of the guardrail on the abutment A 1; V2， center of the deck at the center of the first span; 

V3， upper flange of girder at the center of the first span; V4， center of the deck on血e

abutment A2. Hl， H2， H3 and H4 are the nodes to investigate the dynamic response of web 

plates; Hl is the node connected with cross beam at the center ofthe first span; H2， the node 

located at 2.65m企omthe Pl support to the first span; H3， the node located at 2.65m企omthe 

Pl support to the second span; H4， the connected point wi也 crossbeam at the center of the 

second span. 

The FE bridge model consists of 1003 nodes inc1uding double nodes. The bridge has 

elastomeric bearings at the supports on abutments Al and A2 and pier Pl， and thus the double 

node with springs at each direction inc1uding rotation is considered to idealize the elastomeric 

bearing. 

Details for the spring constants of elastomeric bearings are summarized in Table 5-2. In 

modeling a prestressed concrete deck， the assumption of isotropic plate is adopted. Young's 

modulus for steel and prestressed conc附 are assumed as Ec=3.04* 1O~/cm2 and 

Es=2.06キ107N/cm2，respectively. In modal analysis， the consistent mass is considered， and the 

mass of aspha1t pavement is also considered. 

Table 5・1Properties of bridge model 

Span length (m) 

Width(m) 

百lIcknessof deck (cm) 

Girder depth (m) 

Weight of super-structure (凶1m)

山 (N/mm
2
)

Dimensions ofthe main girder (mm): at center span 
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53m+53m=106m 

ll.4m 

31cm (45cm at bridge end) 

3m 

175kN/m 

39.2 N/mm2 

WEB 3000X23 

Up. FLG. 960X44 

Lw. FLG. 970X40 



The damping ratio of the bridge is detennined企omtest resu1ts based on logarithmic 

decrements of the bridge. response; the logarithmic decrements for the first and the second 

modes are 0.045 and 0.040， respectively. Thus， the damping constant ofthe bridge is assumed 

to have 0.7 % for the first and second modes. 

A3・Dplane FE model for the bridge is shown in Fig. 5-4， and it consists of 231 nodes， 192 

flat elements for decks and 159 beam elements for girders， cross-beams and guard-rai1s. The 

properties of the structural members are the same as those of the full 3・Dmode1. 
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Fig. 5-2 Steel two-girder bridge with PC deck 
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Table 5・2Spring constants of elastomeric bearing (kN/m) 

Longitudinal 

Transverse 

Vertical 

Properties 
Gross weight (kN) 

Axle weight (凶)

Natural合equency(Hz) 

Logarithmic decrement 

Tread (m) 

Axle distance (m) 

A1 

4.4718 E+02 

6.4332 E+02 

1.4834 E+06 

P1 

9.8067E+02 

7.3746 E+02 

1.0564 E+07 

Table 5・3Properties of vehicles 

Vehicle 

Front 
Rear 

Bouncing 
Front 
Rear 

Axle-hop 
Front 
Re創・

Front 
Rear 
Front 
Rear 
Front-Front tire oftandem axle 
Front-Rear tire oftandem axle 

5.2.2 Vehicle model and roadway profile 

VEH-EX 

196.03 
42.95 
153.08 

2.35 
3.00 

8.54 
9.75 
0.81 
0.14 
1.86 
1.86 
3.21 
4.50 

A2 

4.4718 E+02 

6.0409 E+02 

5.5547 E+06 

VEH-1 

194.86 
49.92 
144.94 

1.90 
3.30 

16.35 
19.16 
0.66 
0.33 
2.05 
1.86 
3.35 
4.65 

A three-axle dump truck with gross weight of 196祖、Jidealized as 8DOF model [9] as 

shown in Fig. 2・1(b) is used in field test and analysis as a heavy vehicle model running on 

the bridge. Details of the vehicle model are in Table 5・3.The vehicle model denoted as 

VEH・EXin Table 5・2is the vehicle used in the field test; VEH-l， the vehicle having tires of 

higher frequency characteristics than that of the VEH・EXvehicle. 

The roadway roughness is measured every 50cm within the range of 10m at each supports. 

The roadway surface profile considered in the analysis is， however， simulated based on the 

PSD function in Eq. (2.65) [10]， because the sampling rate is too rough and the measured 

range is too confined within a small area to apply to the analysis of the traffic-induced 

vibration of bridges. In dynamic response analysis， on the other hand， measured bumps 

assumed to have a shape of the half sine curve剖 expansionjoint of Al abutment under the 

vehicle path are considered: depth of 16mm with width of 780mm for left wheel track; 14mm 
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with 780mm for right wheel track. 

The roughness coe宜icientαisassumed as O.OOlcm2/c/m.百levalues of s and n of the 

PSD curve are assumed as s=O.05 and n=2.0， respectively， to fit the measured PSD of 

Meishin expressway in Japan [11]. The PSD curve assumed in numerical analysis is the same 

as the PSD curve appeared in Fig. 4・8.

5.3 Eigen-value analysis 

5.3.1 Fundamental frequencies 

Typical fundamental frequencies and mode shapes taken from the eigen-value analysis are 

compared with experimental results as shown in Fig. 5・5and Fig. 5・6of the full 3・Dand3・D

plane models， respectively. It verifies the validity of two analytical bridge models for 

d戸別nicresponse analysis. 

The natural frequency related to the bending mode of the 3・Dplane model has greater 

value than that of full 3・Dmodel. On the other hand， for the first torsional mode， the natural 

frequency of the 3・Dplane model is lower than that of the full 3・Dmodel， and the second 

torsional mode of the two models show similar frequency features with each other. It 

indicates that也esti盛田ssfor bending of the 3・Dplane model is overestimated compared 

with the full 3・Dmodel. On the other hand the torsional rigidity of the 3-D plane model is 

underestimated. 

4th mode (1 st bending) 
Analysis: 2.03Hz 

Experiment: 1.8-2.2Hz 

6th mode (2nd bending) 
Analysis: 2.97Hz 

Experiment: 3.0-3.4Hz 

5th mode (1st torsion) 
Analysis: 2.87Hz 

Experiment: 2.2-2.8Hz 

7th mode (2nd torsion) 
Analysis: 3.47Hz 

Fig.5・5Mode shapes and natural frequencies: Fu1l3・Dmodel 
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1 st mode (1 st bending) 
Analysis: 2.26Hz 

Experiment: 1.8-2.2Hz 

3rd mode 
(2nd bending & to悶 ion)

Analysis: 3.37Hz 
Experiment: 3.0-3.4Hz 

2nd mode (1 st to陪 ion)
Analysis: 2.55Hz 

Experiment: 2.2-2.8Hz 

4th mode (2nd torsion) 
Analysis: 3.50Hz 

Fig. 5-6 Mode shapes and natural企equencies:3・Dplane model 

5.3.2 Natural modes oflocal members 

To investigate the dynamic characteristic of local members such as decks and web plates， 

typical mode shapes of the full 3・Dmodel are summarized in Fig. 5・7.It is observed that也e

natural frequencies related to the bending of decks and out-oιplane deformation of web 

pl瓜esare distributed near 7Hz and 8Hz (see Fig. 5・7(a)and Fig. 5・7(b))and 16Hz (Fig. 

5・7(d))，respectively. The frequency related to vertica1 deformation of e1astomeric bearings 

can be observed near 14Hz as shown in Fig. 5・7(c).

Those modes taken合omthe 3・Dplane model corresponding to the bending of decks and 

the vertica1 deformation of elastomeric bearings of the full 3-D model are shown in Fig. 5・8.

The mode shapes and the natural丘equenciesrelated to the bending of decks of the 3・Dplane 

model are very similar to those of the full 3・Dmodel. On the other hand， the natural 

frequency re1ated to the vertical deformation of elastomeric bearings due to the 3・Dplane 

model reveals quite difference， although the same properties for e1astomeric bearings are 

used in analysis. One of the reasons may be the di宜erencein modeling of the main girder 

directly linked with the bearings at the supports. 

Dynamic characteristics of the two-girder bridge indicate that the natural企equencyof the 

bending of decks is less than th剖 ofthe conventional multi-girder bridges (e.g.， the natural 

frequency of a deck of a conventional three-girder bridge is about 20Hz [12]). 

In dynamic response analysis by using the full 3・Dmodel， acceleration responses of the 

bridge are estimated by superposing up to 200th mode (色。o=30.54Hz).
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web plate) 
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Fig.5・7Mode shapes and natural企equenciesoflocal members:白113・Dmodel 

6th mode: 7.82Hz 

(bending of deck) 

(a) 

18th mode: 16.82Hz 
(Vertical deformation of 

elastomeric bearings) 

(c) 

8th mode: 8.45Hz 
(bending of deck & 

girder) 

、‘，ノ'hu 
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Fig.5・8Mode shapes and natural企equenciesof local members:白113・Dmodel 
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5.4 Verification of the analytical acceleration responses 

To ver均，the validity of the analytical responses of the noted nodes shown in Fig. 5・3，the 

analytical acceleration responses as well as the Fourier田npli加deof the acceleration 

responses are compared with those of experimental results. The vehicle speed in analysis and 

experiment is 100km/hr. Experimental acce1eration responses and Fourier amplitudes of the 

noted nodes are compared with those of analytical ones determined企omthe釦113・Dmodel 

as wel1 as the 3-D plane model， and the result is shown in Fig. 5-9 and Fig. 5・10.

Although the roadway surface profile used in the analysis of the full 3・Dmodel is the 

assumed one， the trends， maximum amplitudes and overall responses and the Fourier 

amplitude of the analytical response match quite well with experimental ones. 

The responses of the 3・Dplane model have tendency to have smal1er amplitude than that 

of也efull・3Dmodel. However， in general， the quality of the agreement between the 

experimental and analytical results is considered extremely encouraging and quite acceptable 

in the light of potential sources of error. 

The most dominant acceleration responses due to the impulsive load as vehicle passing 

over bumps can be found剖也egu紅drailon A1 (node V1) among the acceleration responses 

appe訂 edin Fig. 5・9.The dominant frequency over 15Hz may be the effect of the' axle-hop 

motion amplified by bumps combined with the elastic deformation of elastomeric bearings. 

The dominant企equencynear 3Hz is found in the Fourier ampli加desof the acceleration 

responses of nodes V2 and V3 (Fig. 5-9 (b) and Fig. 5・10(吋).It can be explained as也e

combined effect of the torsional and bending modes of the bridge as well as the bounce 

motion of the vehicle. 
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5.5 Parametric study for dynamic responses of full3・Dmodel 

In the field test of the bridge， only the case of a vehicle running on the lane located at 

inside of the G l-girder was considered. However， the vehicle running on biased position of 

the bridge or outside of the G l-girder (cantilevered p訂tof the deck) will be expected to give 

critical e宜ects，since the simplified lateral bracing system of the steel two-girder bridge 

makes the bridge have less torsional rigidity than白atofthe conventional multi-girder bridge. 

百leadditional bump effect due to the elastic deformation of the bearings will give rise to 

greater impulsive loads to the vehicle followed by the head vehicle. 

Therefore， the vehicle type， the vehicle running position， the vehicle speed and the 

existence of following vehicle are considered as p紅白neters.The critical headway of traveling 

vehicles can be estimated企omthe relationship between the vehicle speed and the natural 

period ofa bridge as shown in Eq. (5.1). 

Lcr=n-v-宅 (n:integer) (5.1) 

where， Lcr is critical headway(m); v， vehicle speed(mJs); Ti， i-th natural period ofbridge (sec). 

5.5.1 Effects ofvehicle types on dynamic responses 

百levehicle used in the experiment (VEH-EX) has natural frequencies of 8-10Hz for the 

axle-hop motion. On the other hand， in Japan， it has been reported that dump trucks generally 

in service have natural企equencyof 15Hz to 16Hz about the axle-hop motion [13]. It means 

th剖 thevehicle used in the experiment (VEH-EX) does not guarantee the critical situation， 

since the first out-of-plane mode of the web pl剖eoccurs前 16.31Hzas shown in Fig. 5・7(d). 

The VEH-l vehicle with higher企equencythan that ofthe VEH-EX vehicle is thus adopted to 

investigate the response of local members of the steel two-girder bridge. Dominant 

企equenciesofaxle-hop motions are summarized in Table 5・3.

The effect of vehicle type to acceleration responses of the bridge is demonstrated in Fig. 

5-11. As expected， the peak amplitude of the acceleration response as well as the Fourier 

amplitude near 20Hz due to the VEH-l vehicle is greater than that ofthe VEH占X.
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5.5.2 Effects of vehicle running position on dynamic response of main girder 

The running position of a vehicle (running on inside of the G 1・girderand/or on outside of 

the G 1-girder (see Fig. 5・2(b))) is considered as a parameter to investigate the effect of 

vehicle running position on dynamic responses of the two-girder bridge. The vehicle model 

used is the VEH -1， and considered node is the V3. Acceleration responses of the node V3 

with respect to running positions of the vehicle are shown in Fig. 5・12.

In considering peak acceleration responses at the moment of vehicle entering the bridge， 

the peak acceleration response and the Fourier amplitude at 16Hz due to the vehicle running 

inside of the G l-girder are greater compared with those responses and amplitudes induced by 
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the vehicle running outside of the G l-girder. It indicates that at the moment of a vehic1e 

entering the bridge the response can be strongly atfected by vertical deformations caused by 

the bending of a deck and the elastic deformation of elastomeric bearing of the support. 

On the contrary， when the impulsive loading etfect induced by vehicles running on the 

bump on the expansion joint is damped， the amplitude of acceleration responses as well as the 

Fourier amplitude ofthe main girder is more easily atfected by the vehicle running outside of 

the G1・girderbecause of the coupled e飴 ctbetween torsional modes and vehicle loadings as 

shown in批 Fourier amplitude ne訂 3HzofFig. 5・12(的and(b). 

5.5.3 Effects of vehicle speed and vehicle series 

Acceleration responses and those Fourier spectra ofthe noted node V2 under the condition 

ofthe VEH・1vehicle running are shown in Fig. 5・13with respect to running speed. It is 

observed that amplitudes of responses tend to decrease as the vehicle speed decrease. 

Moreover， the Fourier spectra indicate that bo血 Fourieramplitudes near 3Hz and over 10Hz 

also have tendency to decrease as vehicle speed decrease. It is noteworthy th国 theamplitude 

ne訂 19Hzbecome dominant according to vehicle speed， and it can be the etfect of the 

axle-hop motion of 19.16Hz as shown in Table 5・3.

The etfect of vehicle series (two vehicles with critical headway of 46.63m) on dynamic 

responses is summarized in Fig. 5・14.It shows that the amplitude ofthe acceleration response 

of decks is more easily amplified by passage of traveling vehicles than by single vehicle 

running. As shown in Fig. 5・14(b)，the amplitude of the second peak at the moment of 2.2 

second is greater than that of the first peak， although the two vehicles having the same 

properties are used in analysis. One of the reasons for the result can be th剖 theimpulsive 

wheelload of the second vehicle becomes amplified by the additional bump height generated 

by the elastic deformation of the elastomeric bearing and decks under the load of the head 

vehicle. On the other hand， amplitudes of the Fourier spec仕umtend to decrease over the 

frequency range in considering except near 8Hz related to bending mode of decks. 
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5.6 Acceleration responses ofweb plates 

To investigate the response characteristics of web plates， numerical analyses are carried out 

conditions of different vehic1e type， running position and number of vehicles. 

Acceleration responses ofHl， H2， H3 and H4 nodes (see Fig. 5・3(b )) under the condition of 

the vehic1e VEH・EXrunning with speed of 100krn/hr are considered as a prototype for the 

response of web plates， and are summarized in Fig. 5・15.The acceleration responses of the 

nodes on the web plate that is connected with a cross beam (Hl and H4 nodes) is observed to 

have relatively smal1 amplitudes compared with those of the nodes on the web plate (H2 and 

H3 nodes) that is distant企omcross beams. 

under 

considering the dynamic characteristics 丘om Fourier spectra， the dynamic 

characteristics of the web plates connected with a cross beam (Hl and H4) are dominated by 

the企equencyof about 3Hz. On the other hand， those dynamic characteristics of the web 

plates apart企omthe connection point with a cross beam (H2 and H3) is dominated by 
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企equencyof about 25Hz (1 4~25Hz). Typical mode shapes related to the frequency of 25Hz 

are shown in Fig. 5・16.It indicates the existence of a strong relationship between the 

dominant企equencyof near 25Hz and modes related to也eout-of-plane mode of web plates. 

The results demonstrate th剖 thedynamic properties of the web plates th剖 connectedwi由

a cross beam can be easily affected by dynamic characteristics of the bounce motion of heavy 

vehicles. On the other hand， the responses of web plates ap訂 t企omthe cross beam can be 

dominated by dynamic sources with higher仕equencyfeatures like axle-hop motion of 

vehicles， etc. 

The simulation for dynamic response of web plates due to the VEH-1 vehicle is carried 

out to investigate the effect of the vehicle type on the dynamic response of web plates by 

comparing the responses shown in Fig. 5・15(b). In here， the vehicle VEH・1is used as the 

vehicle having higher企equencyaxle-hop motion than th剖 oftheVEH・EXvehicle. Typical 

acceleration responses at出eH2 node due to VEH・1vehicles running on inside as well as out 

side of the G 1-girder are shown in Fig. 5・17.

It is observed， by comparing the response of Fig. 5・17(a)(1)and th瓜 ofFig. 5・15(b)(1)，

that the Fourier amplitude at 25Hz as well as the amplitude of acceleration responses 

produced by the VEH・1vehicle running become larger than those responses induced by the 

vehicle VEH-EX running. It demonstrates the importance of assuming the spring constant of 

tires ofvehicles in simulating the critical response. That is， ifthe main object ofan analysis is 

the response of local members， the use of tire property well defined is necess訂 y.

The effect of vehicle series on the dynamic response of web plates is examined by 

comparing Fig. 5・17(a) with Fig. 5・17(b). It is also observed that， at the moment of the 

second vehicle entering， acceleration responses of the web plate are amplified like the 

responses of decks shown in Fig. 5・14.

Interesting phenomena are observed by comparing responses induced by different vehicle 

paths (running inside of the G 1・girderand outside of the G 1・girder);th瓜 is，as shown in Figs. 

5・17(a)(1) and (2)出 wellas Figs. 5・17(b)(1)and (2)， the Fourier amplitude at 25Hz and 

acceleration responses produced by vehic1es running on inside of the G 1-girder is greater than 

those amplitudes induced by vehicles running on outside of the G 1-girder. It means that the 

ouトof-planedynamic response of web plates is more easily a 
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(a) 146th mode 
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Fig.5・16Modes corresponding to the企equencyof near 25Hz inc1uded in the responses of 
web plates 

90 



。
炉司

官 100

S50 
0 

言 0

3・50

~ -100 
...... 0.0 1.0 2.0 3.0 4.0 

Time(sec) 

ω 
包4.0
ω 
ヨ3.0

5..2.0 

510 

.型 0.0
ヨ o 10 20 30 
正 Frequency(Hz)

宕 100

S50 
0 

苦 0

苦-50
o 
~ -100 、

0.0 1.0 2.0 3.0 4.0 
Time(sec) 

偲

c) 4.0 
ω 
ヨ3.0
:!::: 

ヨ2.0a. 

~ 1.0 
旦0.0
::; 0 10 20 30 
~ Frequency(Hz) 

(1) Vehicle running on inside ofGl・girder (2) Vehicle running on outside of G 1・girder

宕 100
包 50
c 
g 0 
E 
2 ・50
ω~ 1""'¥..._ "-_ '-__.1 .__L!_l 

g -100 I
I..JUC lU山 auYC:lIl'-'IC 

<( 0.0 1.0 2.0 3.0 4.0 
Time(sec) 

(a) Single vehicle running 

ω 
包4.0
ω 
冨3.0

5..2.0 

~ 1.0 
亙0.0
::; 0 10 20 30 
~ F陪 quency(Hz)

宕 100

250 
0 

言 o
g .50 
3・100

0.0 1.0 2.0 3.0 4.0 
Time(sec) 

c¥l 

Q.4.0 
~ 3. 
星 O
5..2.0 

~ 1.0 
.~ 0.0 
ヨ o10 20 30 
~ F陪 quency(Hz)

(1) Vehicle running on inside of G 1・girder (2) Vehicle running on outside of G 1・girder

(b) Two vehicles running with headway of 46.63m 

Fig.5・17Acceleration response and Fourier amplitudes at node H2 ofweb plates due to number oftraveling vehicles VEH・1:v= 1 OOkmlhr 



5.7 Conclusions 

In this chapter， a three-dimensional traffic-induced dynamic response analysis due to 

moving vehicles is carried out to investigate not only dynamic responses of a two-span 

continuous steel two-girder bridge but the effect of the elastic deformation at an elastomeric 

support to d戸lamicresponses of local members like web plates and decks. The summarized 

result of this chapter is as follows: 

1. Although the roadway surface profile used in analysis of the full 3・Dmodel is the 

assumed one， the trends， maximum田nplitudesand overall responses and the Fourier 

amplitude ofthe analytical response match quite well with experimental ones. 

2. In general， the quality of the agreement between the experimental and analytical resu1ts 

is considered extremely encouraging and quite acceptable in the light of potential 

sources of e釘 O巳eventhough responses of the 3・Dpl出iemodel have tendency to have 

smaller amplitude than也atof the full・3Dmodel. 

3. At the moment of a vehicle entering the bridge the response of the main girder can be 

strongly a:ffected by vertical deformations due to the bending of a deck and the elastic 

deformation of elastomeric bearings at the support. The amplitude of the acceleration 

response of the main girder as well as the Fourier amplitude is more easily affected by 

the vehicle running outside of the G 1・girderbecause of the coupled e除 ctbetween 

torsional modes and vehicle loadings. 

4. On the other hand， the out-of-plane dynamic response of web plates is more easily 

affected by deformations of deck slabs between girders than by deformations produced 

by vehicles running on the cantilevered part of decks. 

5. It is observed that the response amplitude of decks tends to decrease as the vehicle speed 

decrease， and the Fourier spectrum indicates that both Fourier amplitudes near 3Hz and 

over 10Hz also have tendency to decrease as vehicle speed decrease. 

6. The amplitude of the acceleration response of decks is more easily amplified by passage 

of vehicle series than by single vehicle running， since the impulsive wheel load of the 

following vehicle is amplified by the additional bump height generated by the elastic 

deformation of elastomeric bearings and decks under the load of the head vehicle. The 

acceleration responses of the nodes on the web plate that is connected with a cross beam 

(H1 and H4 nodes) is observed to have relatively small amplitudes compared with those 

of the nodes on the web plate (H2 and H3 nodes) th瓜 isapart合omcross beams. The 

appearance ofthe dominant frequency near 3Hz ofthe web plate connected with a cross 

beam demonstrates that the dynamic property of the web plate connected with cross 

beams can be easily affected by dynamic characteristic of the bounce motion of heavy 
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vehicles. On the other hand， the response of web plates ap訂t企omthe cross beam can be 

dominated by dynamic sources wi由 higherfrequency feat町 'eslike the axle-hop motion 

of vehicles. Thus， if the main object of an analysis is the response of local members， the 

use of tire property well defined is necessary. 
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Chapter6 

End-cross beam reinforcement of two-girder bridges 

6.1 Introduction 

Bridges th剖 equippedthe two-girder system have been adopted as one of the most common 

structural types for the bridge with span length of about 50m because of advantages they offer 

with regards to fabrication， erection， etc. However， the structural characteristics of the 

two-girder bridge makes the bridge to be easily vibrated by extemal dynamic loads like wind， 

moving vehicles， etc.， since the simplified structural system and the wide girder spacing make 

the bridge more sensitive to vibrations. 

Steel plate girder bridges with span length of 30m to 60m usually have 伽 ldamental

frequencies about 2Hz to 4Hz [1， 2]. Heavy vehicles on highway bridges， generally， have the 

dominant frequency of about 3Hz related to the bounce motion and the企equencyof about 

10Hz related to the axle-hop motion. The dynamic characteristic of dynamic wheel loads is 

mainly a宜ectedby the bounce-motion [3]. It means也瓜 thebounce motion of vehicles 

influences greatly to dynamics of the bridges. The axle-hop motion a宜ectsdynamic responses 

of local members of bridges with higher frequency characteristics也知 thatof girders. Thus， 

in here， the terminology "high-frequency" is adopted to indicate the frequency related to that 

of local members. 

The bump at the expansion joints is another important factor that causes excessive 

impulsive dynamic wheel loads with the high企equencycharacteristic. Because of the large 

damping property of vehicles th瓜 makesthe impulsive wheel load dissipated within a short 

period， the impulsive dynamic wheelload will give severe influences on the members located 

near the bump [4]. The impulsive wheelload at the expansion joint can also be a source to 

cause undesirable noises and vibrations， and， what is worse， the impulsive wheel load has 

tendency to travel farther企omthe expansionjoint according to the vehicle speed [4]. 

The undesirable vibration occurred at the members located near the expansion joints of 

steel bridges will influence to nearby grounds and buildings through supports and piers [5]， 

and also give rise to complaints related to the in丘a-sound[6]. The undesirable vibration， so 

called an environmental vibration， has been one of m司ortechnical problems because of its 

high possession rates of viaducts in land sc紅白majorcities. 

To reduce the traffic-induced vibration， Yamada and Kawatani [7] investigated the effect of 

girder-end reinforcement on reducing the traffic-induced vibration of a conve 
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existing steel bridge企omthe field-test. A few studies on reinforcing the end part of steel 

bridges have been performed to prevent the undesirable vibration and enhance the resistance 

ofthe expansionjoints and decks located near the expansionjoints. 

Nanjo et. al [9] have been reported th剖 theend-cross beam reinforcement can extend life 

cyc1e of the deck and of the expansion joints of steel girder bridges. Nanjo et al. [9] also 

suggested the possibility th剖 suppress the traffic-induced vibration. However， few 

investigations on the vibration reduction of the local member of the steel. two-girder bridge 

due to the end-cross beam reinforcement have been reported. Therefore， in this chapter， the 

traffic・inducedvibration of the steel two-girder bridges is investigated after reinforcing the 

end-cross beam. In addition， the method of removing bumps is considered as another method 

to reduce the traffic-induced vibration. 

6.2 Does the dynamic response affected by types of bridge and bearing? 

To investigate the effect of the bridge type and the bearing type to the traffic-induced 

vibration of bridges， the dynamic responses of a conventional steel girder bridge and a steel 

two-girder bridge is determined under the same conditions of vehic1e， roadway roughness， 

speed， running position and st訂 tposition of the vehic1e. 

Figure 6・1shows the acceleration responses of the conventional steel multi-girder bridge 

(see， Fig. 4-2) and the steel two-girder bridge with問 spectto bearing types (see Fig. 5・2).The 

weight and properties of vehic1e used in the analysis is the same as the three-axle vehic1e 

shown in Table 4-2， and the vehic1e is assumed to travel center ofthe two girders (G1 and G2 

girders) wi血thespeed of 100kmlhr. The responses of decks and main girders are determined. 

One of the analyzed points of decks is the node of deck on the expansion joint of出e

bridge-entrance， and another is the center of deck located away企om也eexpansion joint. The 

acceleration of the span center of the main girder G 1 is considered. 

It is observed that the deck of the steel two-girder bridge is more severely a妊ectedthan that 

of the conventional steel multi-girder bridge by the traffic-induced vibration. Moreover， the 

two-girder bridge with elastomeric bearings is relatively easily vibrated by moving vehic1es in 

comparing with the bridge with steel pin supports as shown in Figs. 6・l(b・1，2) and 6・1(c-1， 

2). However， the response of the main-girder of the three-girder bridge is more amplified by 

the moving vehic1e than that of the two-girder bridge. It supports the need of the end-cross 

beam reinforcement for the steel two-girder bridge with wide girder spacing. 
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6.3 End cross-beam reinforcement of steel two-girder bridge with PC deck 

6.3.1 Analytical models 

The two-span continuous steel two-girder bridge wi血 PCdeck shown in Fig. 5-2 of 

Chapter 5 is adopted as a bridge model for an analytical example. The reinforced section of 

the bridge is shown in Fig. 6-2 with the section before reinforcing. The symbols WO and WR 

in the Fig. 6-2 indicate sections in accordance with existence of reinforcement at the 

end-cross beams and the intermediate;.cross beam on the pier P1; WO indicates the section 

before reinforcing; WR， the section after reinforcing with thickness of 50cm. Reinforced 

concrete blocks at the cross beams located at abutments A1 and A2 and the pier P1訂e

assumed to completely link with deck slabs. 

A FE model for the bridge is again appeared in Fig. 6・3，which consists of231 nodes， 192 

f1at elements and 159 (163 for the bridge model with WR  section) beam elements. The 

number of each node is used for indicating the analyzed point， as it is. The VEH-1 vehicle 

shown in Table 5・3of Chapter 5 is adopted as the heavy vehicle on the bridge. As a roadway 

model， the PSD curve (S(Qr)=O.OO l/(~i+O.052)) defined in Fig. 4-8 of Chapter 4 is used to 

generate samples of roadway profiles. In dynamic response analysis， as shown in section 

5ユ2，measured bumps at expansion joint of A1 abutment under the vehicle path are 

considered. 

6.3.2 Vibration reduction effect due to end-cross beam reinforcement 

Acceleration reSDonses 

Typical vertical accelerations at decks of the bridge with respect to the bearing type， the 

existence of reinforcement at the abutment A1 and A2 as well as at the pier P1 and bumps at 

expansion joint on A1 are shown in Fig. 6-4 to Fig. 6・5.Acceleration responses of the deck 

located 2.65m away企om由eA1 joint are shown in Fig. 6-4， the response of the deck at the 

center of the first span is shown in Fig. 6・5.The peak amplitude generated at the moment of a 

vehicle entering is reduced by both the end-cross beam reinforcement and removing bumps， 

regardless of bearing types. 

Symbols following the WO and WR indicate the existence of the bump and the bearing type; 

B indicates the response considering the Bump瓜 theexpansionjoint瓜 A1;NB， the response 

considering No Bump at the expansion joint at A1; PIN， the response of the bridge with pin 

supports; ELASTO， the response ofthe bridge with elastomeric bearings. 
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It is noteworthy that even the deck at span center of the bridge supported by elastomeric 

bearings is experiencing the impulsive loading effect induced by the bump at the expansion 

joint， on the other hand those effects on the deck ofthe pin supported bridge are very small. 

Interesting results can be observed from the Fig. 6・6，which shows the acceleration 

問 sponseof the node at the guard-rail on the A1 joint. It is observed th剖， for the pin 

supported bridge， the peak responses are reduced most effectively by the end-cross beam 

reinforcement. However the removing bump is the most effective countermeasure against the 

impulsive vibration in the case of the bridge with elastomeric bearings. On the contrary， the 

end-cross beam reinforcement magnifies the peak vibration of the node at the guard-rail of 

the bridge with elastomeric bearings. One of the reasons may be the inertia effect of the 

additional mass due to the reinforcement on the elastomeric bearings. It is noteworthy th剖，

except the node at the guard-rail of the bridge， the dynamic response of nodes in considering 

can be reduced by the reinforcement. 

Thus it can be concluded that the end-cross beam reinforcement is effective to curtail the 

impulsive response in the case of the pin supported two-girder bridges. On the other hand， 

although the end-cross beam reinforcement is also effective to buffer the impulsive vibration 

for the two-girder bridge with elastomeric bearings， the end-cross beam reinforcement using 

in combination with removing bumps is recommended. 

Since the energy related with human perception in question is contained within the 1 to 

80Hz band [10， 11]， useful observations have been made mainly in the企equencyrange 

between 1 and 100Hz. Vertical accelerations are thus estimated by superposing up to the 

mode corresponding to 100Hz. 

Vibration level 

To assess the e除 ctof vibration on human perception， in general， the vibration level (VL) 

is considered as a measure. The VL can be determined by comparing root mean squ紅白

(RMS) of accelerations and the standard acceleration defined by the least value of 

acceleration that human can perceive as 

VLμIり=201og101
α。

(6.1) 

where， a and ao indicate RMS values of acceleration responses and the standard acceleration 

defined by the least acceleration that human can perceive， respectively. ao=O.OOlGal is used 

as the standard acceleration. 
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Typical results of VL taken企om1/3 octave band spectral analysis at the noted nodes 

according to the vibration reducing method are shown in Fig. 6・7，for the bridge supported by 

pin bearings under condition of single. vehic1e running. Those for the bridge supported by 

elastomeric bearingsunder condition of single vehic1e running are shown in Fig. 6・8.百le

vertical and horizontal scales in the figures indicate VL (dB) and 1/3 octave band central 

frequency (Hz)， respectively. 

Figure 6・7demonstrates that， for nodes located ne訂 theAl joint of the bridge with pin 

bearings， the vibration level decreases through the entire frequency range due to the end-cross 

beam reinforcement as well as by the removing bumps. For the deck at the span center ofthe 

first span of the pin-supported bridge， the vibration reduction becomes veηsmall. It is 

observed that the VL value at the 3Hz increases as the position located away企omthe Al 

Jomt. 

For nodes located near the Al joint of the bridge supported by elastomeric bearings (Fig. 

6-8 (a) and (b))， the VL of the bridge is dominated by the dynamic characteristic of 

high-frequency range (20Hz -30Hz). It is observed that VLs at the frequencies over 3Hz 

tend to be reduced by the reinforcement as well as removing bumps. 

Although the VL of the deck at the span center of the first span is dominated at the 

企equencyof near 3Hz， those VLs at the frequency of near 20Hz increases due to the adoption 

of elastomeric bearings instead of pin bearings as shown in Fig. 6・8(c). It supports the result 

conc1uded in section 6.2 that the bridge supported by elastomeric bearings is more easily 

vibrated by the impulsive wheelload generated by vehic1es at the moment of passing over a 

bump. 

From the 1/3 octave spectral analysis， it is observed that the reinforcing the end-cross beam 

can suppress high-frequency vibrations. 

The over all acceleration level (OAL) (Eq. 6・2)with respect to each node is summarized in 

Fig.6・9，to assess the vibration level along the bridge quantitatively. The additional bump 

effect due to the elastic deformation of elastomeric bearings can give rise to greater impulsive 

loads to the vehicle following the head vehic1e as explained in the Chapter 5. Therefore， the 

effect of a vehic1e series is considered. The critical headway of traveling vehic1es of 42.21m 

is used in the analysis based on Eq. (5・1)and the dominant仕equencyofnear 3Hz as shown 

in Fig. 5・10(a)(I) ofthe previous chapter， which is simi 

OAL件iB)= 10 loglo (1 OVAL1/IO +…+10悶L21/lO) (6・2)

where， VAL 1 ，....;問L2パndicatethe central frequencies of the 1/3 octave band frequency. 
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Fi思lre6・9shows th瓜 thebridge with elastomeric bearings (87dB-92dB without any 

reinforcement) is more easily vibrated than the bridge with steel bearings (84dB-88dB 

without any reinforcement). Under the condition of two vehicles running on the bridge with 

elastomeic bearings， the VL at the span center of the bridge increases about 3dB compared 

with由atof bridge under the condition of single vehicle running. Interesting results are th瓜，

for bridge with steel bearing， the dominated vibration level occurs at the members near span 

centre. 

On the other hand， for bridge with elastomeric bearing， the dominated vibration level occurs 

剖 themembers near the expansion joint. It means that由evibration ne紅 theexpansion joint 

can be one of sources for an environmental vibration in steel two-girder bridges with 

elastomeric bearings. It is also observed th剖 removingbumps， if possible， at the joint can 

guarantee effective vibration reduction regardless of bearing types of bridges， even though the 

reinforcement is an effective countermeasure against the vibration oftwo-girder bridges. 

Reaction responses 

Dynamic reaction forces of bridges can transfer around structures through piers and 

abutments， and become one of major sources th剖 canoccur undesirable vibrations of 

buildings nearby bridges [5， 6]. Thus， the reduction of dynamic reaction forces due to the 

end-cross beam reinforcement is examined. 

The dynamic reaction forces of a bridge can be defined as a sum of static reaction of 

moving wheel loads and dynamic one generated by the inertia force of bridges and dynamic 

components of vehicle's wheel loads or contact forces. In general， the static and dynamic 

reaction forces due to wheelloads of a vehic1e are difficult to be controlled by reinforcing the 

structural system of bridges. On the other hand， the dynamic reaction due to an inertia force 

of a bridge can be expected being suppressed by the reinforcement. 

Figures 6・10and 6・11show typical time histories of dynamic reactions due to an inertia 

force of a bridge. Reactions at the G 1 girder of A1 and P1 joints are considered because the 

maximum reaction occurs under the running condition shown in Fig. 6・3.It demonstrates the 

dynamic reaction due to也einertia e旺ectof the bridge can be reduced by the end-cross beam 

reinforcement. 

To investigate the reduction e宜ectmore clearly， the RMS value of dynamic reactions due to 

the inertia effect of the bridge is shown in Fig. 6・12.It is observed that the elastomeric 

bearings are one of the sources to magniかthedynamic reaction due to the inertia effect of 

bridge itself. The dynamic reaction due to the inertia effect of the bridge can be reduced by 

reinforcement as well as removing bumps， and the most effective result is obtained by 

combining the two methods. 
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6.4 End cross-beam reinforcement of steel two-girder bridge with RC deck 

6.4.1 Analytical models 

Brid!!e Model 

One of six-continuous spans idealized as a bridge with one end roller supported and other 

end fixed is considered部組 analyticalbridge model to investigate the e:ffectiveness of the 

reinforcement on traffic・inducedhigh-frequency vibration of the steel two-girder bridge with 

RC deck. The bridge has 50m span-length with 5.4m girder-spacing， and the width of也e

bridge is 12.5m wide. It adopts wide cantilevered decks (about 3.5m) supported by brackets. 

百四 bridgehas the s位ingerto restrain the large deflection of the RC deck. 

The general layout， typical cross section and devised end-cross beam reinforcing pattems 

are shown in Fig. 6・13，and the end-cross beam is assumed as reinforced by a RC block with 

thickness of 50cm. The symbols WO， WG and WB in Fig. 6・13c)indicate the reinforcing 

pa悦 ms;1) WO  indicates the section without any reinforcement; 2) WG  is the section with 

reinforcing between two girders; 3) WB is the section with reinforcing up to the bracket. The 

RC block at the end凶 crossbeam is assumed to completely link with decks. The damping 

constant of the bridge is assumedω2 % for the first mode and the second one. 

The FE model for the entire bridge is appeared in Fig. 6・14(a).The single span model 

adopted to increase calculation efficiency is shown in Fig. 6・14(b)，which consists of 225 

nodes， 196 plate elements and 158 beam elements. The symbols Nl， N2 and N3 are the nodes 

whose responses are compared with the response of the single span model to veri命 the

validity ofthe single span model. The symbols GD1， C2， C8， C14， GDI5， D48， D52， D54 and 

D58 in the Fig. 6・14(b) indicate the noted nodes for dynamic response analysis. The GD， C 

and D in Fig. 6・14(b) denote the guide-rail， the cross beam and the deck slab， respectively. 

The numbers following the symbols coincide with the node number ofthe FE model. Running 

case 1 and running case 2 indicate， respectively， the vehicle paths on the ce附 allane and the 

low speed lane considered in the analysis. 
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Fig.6・15PSD curves ofroadway roughness 

Vehic1e model and roadwav Drofile 

A three-axle dump truck shown in the Table 4-2 of chapter 4 is adopted as a heavy vehic1e 

running on the bridge. 

Roadway surface profiles used in the dynamic response analysis are generated by 

Monte-Carlo simulation (MCS) method based on power spectral density (PSD) functions (Fig. 

6・15)assumed as a stationary Gaussian random process with zero mean. In generating 

roadway profiles by using MCS method， the parameters in the PSD function are assumed as 

α'=0.001，β=0.05 and n=2.5 for the P1 profile based on the measured data at the Hanshin 

Expressway and α=0.003，β'=0.05 and n=2.5 for the P2 profile. The bump剖 theexpansion 

joint is idealized as rectangular shape with 20mm height and 300mm width. In analysis， one 

sample profile of MCS of a given roadway condition is used just to compare the relative 

vibration reduction effect according to the reinforcement， although a statistical analysis is 

necessary. 
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(1) Isttorsion: 1.744Hz (2) 1st bending: 2.045Hz (3) 2rd torsion: 5.636Hz 

(a) Typical natural modes and企'equenciesof six-continuous span model 
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(b) Typical natural modes and企equenciesof single span model 

Fig.6・16Natural modes and frequencies oftwo-girder bridge with RC deck w.r.t modeling 
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6.4.2 Analytical resu1ts 

The natural企equency，natura1 mode， acceleration responses and Fourier spectra of the 

simplified single span model are compared with those responses ofthe six-continuous model， 

to veri命thevalidity of the single span model. The vehic1e speed is assumed to be 80kmlhr， 

and the vehic1e path follows the running case 2 in Fig. 6・14(b).

In Fig. 6・16，the first and second torsional modes and the first bending mode are appeared， 

and show the va1idity of the single span model for dynamic response analysis. Moreover the 

acceleration responses and their Fourier spectra between the twO models show good 

agreement as shown in Fig. 6・17.Thus， the effect of the end-cross beam reinforcement is 

determined by using the single span model. 

In the traffic-induced dynamic response analysis of the single span bridge model， vertical 

accelerations are estimated by superposing up to 100th modes (165.03 Hz for the model WO， 

173 Hz for the model WG and 174 Hz for the model WB)， since the dynamic responses剖 the

deck slab and the end-cross beam are su百icientlyconverged within 100th mode企omthe 

preliminary analysis. During the analysis， vehic1e speeds are adopted as 40kmlhr and 60kmlhr 

and assumed to be constant. 

Vertical acceleration reSDonses 

Vertical accelerations at C14 and D58 nodes located on the bracket ofthe bridge according 

to the running case are shown in Figs. 6・18and 6・19.It is noteworthy that the vertical scale of 

the Fig. 6-19 is 10 times larger than that of Fig. 6・18.The symbol B2 means that the bump 

height of 2 cm at the expansion joint is considered in the analysis. The letter P 1 indicates the 

roadway surface profi1e P1 (see， Fig. 6・15)，and V 40 denotes the vehic1e speed 40kmlhr. 

Figure 6・18demonstrates that both reinforcing paほmsWG  and WB act on reducing the 

peak acceleration at the end-cross beam and decks near a bump due to the vehic1e running on 

the central lane (Running case 1， see Fig. 6・14(b)).When the vehic1e is running on the slow 

speed lane (Running case 2， see Fig. 6・14(b))，however， it is observed th剖 thepeak 

acceleration response ofthe nodes located on the bracket ofthe bridge is difficult to reduce by 

the reinforcing pa悦 mWG， as shown in Fig. 6・19.On the other hand， the reinforcing paほm

WB acts on reducing peak vertica1 acce1erations of the nodes on the bracket， although the 

reducing effect is weaker than the case of vehic1e running on the centrallane. 
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Dvnamic characteristics 

How bumps affect the dynamic characteristic of members located near the bump of an 

expansion joint is shown in Fig. 6・20.Natural modes of the bridge corresponding to the 

dominant企equenciesappe町edin Fig. 6-20 are shown in Fig. 6・21with natural frequencies. It 

is observed that the power spectrum above 9Hz tends to increase due to the impulsive 

dynamic wheelload of vehicles generated during running on bumps， from the Fig. 6・20.

The dominant frequencies near 3. 7Hz (Fig. 6・20(b))and 18Hz (Fig. 6-20(a))， which cannot 

be found in natural frequencies of the bridge， are considered to depend on the effect of 
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vehicle's bouncing (3.0Hz) and axle-hop motion (17.9Hz)， respectively. It demonstrates that 

出e8出(9.15Hz)，9出(10.45Hz)，18出(16.76Hz)，25th (25.27Hz) and 27白 (32.41Hz)modes 

shown in Fig. 6・21，which are in relation with modes of cross beams and decks near the 

end-cross beam， are the modes corresponding to the dominant frequencies appeared in Fig. 

6-20. 

Power spectra of vertical acceleration responses at the C8， C14， D54 and D58 nodes with 

respect to reinforcing pa悦 msunder the condition of running case 2 are shown in Fig. 6・22.

For the nodes C8 and D5410cated between main girders， it is observed th剖 powerof the PSD 

curve at the frequency region higher than 7Hz is reduced by the reinforcing pa悦 mWG出

well as the pa悦emWB.

4

・A

2

2

2

2

2

2

0

 

L

L

L

L

L

E

U

 

品

目

品

目

白

O

由

。

向

。

品

。

、

，

b

b

b

b

b

b

制

6

5

4

3

2

1

0

 

E
P
M
'回
以
同
向
岡
市
山
出
凶
注
。
内
向

- C14(WOB2・P1V40)
(5) 25.88Hz 

- C14(WOBO・P1V40)

10 
FREQUENCY(Hz) 

a) End-cross beam 

100 

4

・A

'

J

'

J

'

J

'

J

'

J

'

J

品
。

L

L

ι

L

L

E

M

 

白
O

白
O

白

日

白

日

白

リ

白

O

M

H

品

川

品

川

白

川

白

J

品
川

O

制

6

5

4

3

2

1

仏

E
P
M
'
S同
島
区
同
診
。
内
問

- D58(WOB2・P1V40)

- D58(WOBO・P1V40)1(2) 9.18Hz 

3.71Hz 
(3) 10.45Hz 

10 
FREQUENCY(Hz) 

b) Deck slab 

100 

Fig.6・20PSD Curves ofacceleration at C14 and D58 nodes: Running case 2; v=40km/hr; 

P1-profi1e 

118 



(1) 2nd Mode: 2.07Hz (2) 8th Mode: 9.l5Hz (3) 9血 Mode:1O.45Hz 

(4) 18th Mode: 16.76Hz (5) 2ヂMode:25.27Hz (6) 27th Mode: 32.4IHz 

Fig.6・21Mode shapes corresponding to dominant企equenciesin Fig. 6・20

For the nodes C14 and D58 located on the bracket， the reinforcing pa伽 mWB results more 

effective reduction than the reinforcing paほmWG  does. It is also observed that the power 

due to the axle-hop motion (around 18Hz) is reduced by the end-cross beam reinforcement. 

It is thus possible to conclude that dominant frequencies of the end-cross beam and decks 

near bumps have tendency to transfer to higher frequency regions due to the impulsive 

dynamic wheel load generated by a vehicle running over bumps， and the power spectrum at 

the higher frequency can be diminished by the reinforcement. 

Vibration acceleration level (V AL ) 

The VAL taken from the 113 octave band spectral analysis at the noted nodes with respect 

to the reinforcing pattems are shown in Fig. 6・23and Fig. 6・24.The vertical and horizontal 

scales in the figures indicate VAL (dB) and Frequency (Hz)， respectively. 

Figure 6・23represents that both reinforcing pa肘 msWG  and WB give similar reduction 

effect under the condition ofrunning casel (running on centrallane). The reducing effect can 

be expected covering most ofthe frequency range; 1Hz ~ 100Hz for the end-cross beam; 4Hz 

~ 100Hz for the deck slab. On the other hand， when vehicle is running on the low speed lane 

(running case2)， the vibration reduction cannot be observed by the reinforcing pa恥 mWGbut 

by the pattem WB as shown in Fig. 6-24. 
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From the 1/3 octave spectral analysis， it is also observed that the reinforcing the end-cross 

beam can suppress highイrequencyvibrations. 

Toinvestigate the effect of vehicle path to bridge members， the over all acceleration level 

(OAL) is estimated at each noted node. The OAL with respect to each node is summarized in 

Figs.6・25and 6・26.The OAL due to vehicle running on roadway without any bump at each 

node are also illustrated to affirm the effect of bump on vibration serviceability. It is observed 

the member under vehicle path shows the most severe vibration level: node C8 under running 

case 1 and node GD 15 under running case 2. 

Assessment of reduction effects 

To investigate the vibration reduction efIect with respect to the end-cross beam reinforcing 

pa取 msquantitatively， a vibration reduction level (Eq. (6.3)) of the acceleration responses is 

defined. 

問 L(必)=-201og104E
.4WO 

(6.3) 

where， AWR is the root mean square (RMS) values of dynamic responses due to reinforcing 

end-cross beam; Awo， the RMS values of dynamic responses due to without any 

reinforcement; VRL， the vibration reduction level in deci・Bel(dB). 
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Figure 6・27shows the summarized results ofthe VRL under the condition ofrunniug casel 

according to reinforcing pattems. For C8 node located under the vehicle path， the VRL 

reaches to about 12dB and 13dB according to reinforcing paほ mW G  and WB， respectively. 

The summarized result for running case 2 is shown in Fig. 6-28， and it shows the VRL of 

nodes under the vehicle path reach to 3dB according to the reinforcing pa悦 mWB， on the 

other hand， those vibration reduction effects are less than 1.5dB by the reinforcing pattem 

WG. 
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F or nodes under the vehicle path， the vibration reduction effect at each running case keeps 

constant level regardless of the vehicle speed and the roadway roughness condition. The 

results thus represent， when a vehicle is running on the central lane (running case 1)， both 

reinforcing pattems WG  and WB give similar reduction effect for the nodes under the vehicle 

path. On the other hand， more reliable reduction effect can be expected by reinforcing pa口em

WB than by reinforcing pa悦 mWG， when vehicle is running on the low speed lane. For the 

members experiencing peak vibration under vehicle paths， constant vibration reduction effects 

can be expected regardless of the p町ametersby the end-cross beam reinforcement. 
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6.5 Conclusions 

To improving the vibration serviceability of a two-girder bridge， some countermeasures for 

reducing vibration are applied， and the e宜ectivenessof the countermeasures are investigated 

by means of analytical approach in this chapter. The major conclusions are as follow: 

1. It is observed that the deck of the steel two-girder bridge with PC deck is more severely 

a町ectedthan that of the conventional steel multi-girder bridge by the tra伍c-induced

vibration. Moreover， the two-girder bridge with elastomeric bearings is relatively easily 

vibrated by moving vehicles in comparing with the bridge with steel pin bearings. 

However， the response of the main-girder of the three-girder bridge is more amplified by 

the moving vehicle than that of the two-girder bridge. It supports the need of the end-cross 

beam reinforcement for the steel two-girder bridge with wide girder spacing. 

2. The end-cross beam reinforcement is effective to curtail the impulsive response in the case 

of the pin supported two-girder bridges. On the other hand， although the end-cross beam 

reinforcement is also effective to buffer the impulsive vibration for the two-girder bridge 

with elastomeric bearings， the end-cross beam reinforcement using in combination with 

the removing bumps is recommended. 

3. For nodes located near the Al joint of the bridge supported by elastomeric bearings， the 

VL of the bridge is dominated by the dynamic characteristic of high-frequency range 

(20Hz ~ 30Hz). The VLs剖 the丘equenciesover 3Hz are reduced by the reinforcement as 

well as removing bumps. 

4. Al出oughthe VL of the deck at由espan center of the first span is dominated at the 

企equencyof near 3Hz， those VLs at出e企equencyof near 20Hz increases due to the 

elastomeric bearings. The VL瓜 thefrequency of near 20Hz is reduced only by the 

removing bump. It also supports the result that the bridge with elastomeric bearings is 

easily vibrated by the impulsive wheel load generated by a vehicle at the moment of 

passing the bump. 

5. The dynamic reaction due to the inertia effect of the two-girder bridge with elastomeric 

bearings can be reduced both reinforcing method and removing the bump， and the most 

effective result is obtained by combining the two methods. 

6. For steel two-girder bridges with wide decks and brackets， the reinforcing up to the 

bracket gives effective vibration reduction. 

7. The end-cross beam reinforcement can give vibration reduction effects on deck slab near 

expansion joints as well as the end-cross beam. Especially， for continuous bridge like the 

bridge adopted in this study， the reinforcement including intermediate-cross beam will 

guarantee expanding the life span of RC and/or PC decks suffering negative moment as 
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wel1 as vibration reduction. 

8. The end-cross beam reinforcement and removal of bumps in combination of the vibration 

control can give an effective reduction against environmental vibrations. 
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Chapter7 

Concluding remarks 

It is not possibleto generalize the vehic1e-bridge interaction problems because of its 

complicate dynamic interaction system. Nevertheless of its complicate dynamic relations 

between vehic1e motions and bridge responses with roadway roughness， if some effects of 

influence factors are defined， it can be seen that the variation is not pure1y random but must 

follow a certain physicallaw. Therefore， throughout this study，.to step up to a certain physical 

law of the vehicle-bridge interaction problem， computer simulations on dynamic responses of 

bridges and wheelloads ofheavy vehic1es is carried out. 

The major goa1 of this dissertation is devoted to investigate two main subjects， 

development of the general three-dimensional traffic-induced dynamic analysis and its 

applic剖ionto dynamics of steel girder bridges. To meet the needs， a numerical mode1 for the 

traffic-induced vibration ofbridges is presented. To express the actual behavior of elastomeric 

bearings， the double node connected by linear and rotational springs is adopted. Lagrange 

equation of motion is adopted to develop goveming dynamic di旺erentialequations for the 

bridge-vehic1e interaction system. Newmark's s method is applied to solve the derived system 
goveming equations of motion as a numerical integration method. 

Confirming the validity of the deve10ped simulation method and the algorithm is another 

important objective of this study. Simulated dynamic wheel loads andbridge responses町e

therefore compared with experimental results， to veriち， the validity of the analytical model. 

The concept of dynamic increment factor (DIF) is used to investigate the corre1ation between 

analytical and experimental results ofbridge responses. To verifシthevalidi句rofthe analytical 

dynamic wheel loads of the two-axle cargo truck model， the time history， the dynamic load 

coefficient (DLC) and the dominant frequency of wheelloads at each tire are compared with 

experimental ones. The anal戸icalresponses of a three-girder steel bridge and a two-girder 

steel bridge are compared with in-field test results to verify the validity of the analytical 

model and the procedure. 

The RC deck is the member more easily damaged than other structural members in steel 

highway bridges due to wheel loads of vehic1es. Thus， the rational criterion of performance 

level of RC decks provides useful assessment tool for decision making related to the 

inspection， re 
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since the investigati'On 'On dynamic resp'Onses 'Of the web plate can give useful information in 

s'Olving fatigue and infras'Ound pr'Oblems 'Ofbridges. 

The first chapter c'Ontains the intr'Oducti'On 'Of dynamic phen'Omena 'Of bridges due to moving 

vehic1es s'O cal1ed traffic-induced vibrati'On 'Of bridges and a brief hist'Orica1 review 'On the 

traffic-induced vibrati'On 'Ofbridges. 

Viaducts with flexible structural features can easi1y produce ann'Oying vibrati'On f'Or pe'Ople 

living and w'Orking in neighb'Oring buildings t'O a distance a little far企omthe bridge. 

Vibrati'On is theref'Ore 'One 'Of the m'Ore imp'Ortant consequences t'O be c'Onsidered， when 

planning new viaducts and upgrading 'Older 'Ones. Situati'Ons f'Or vibrati'On related problems are 

matters c'Onnected wi由 vari'Oustransmissi'On routes in a structural system. It must be 

c'Onsidered bef'Ore making s'Ome engineering decisi'Ons dealt with vibrati'On problems. Thus， 

the need 'Of ful1 3・D traffic-induced vibrati'On analysis and 'Of deve10pment 'Of the 

c'Ountermeasure against the undesirable vibrati'On is als'O stated in Chapter 1. 

The numerical m'Odeling 'Of a vehic1e-bridge interacti'On problem inc1uding surface 

roughness profi1es is presented based 'On the Lagrange equati'On 'Of moti'On fr'Om Hamilton's 

principle in Chapter 2. The deve1'Oped g'Oveming dynamic differentia1 equati'Ons for the 

bridge-vehic1e interacti'On system are treated in the time d'Omain. The numerical model f'Or the 

traffic-induced vibrati'On 'Of bridges is presented by using the direct sti伍lessmethod and 

m'Odal analysis. The'Ories behind Guyan reducti'On and QR meth'Od adopted t'O improve the 

ca1culati'On efficiency and eigen-value analysis in respect are menti'Oned. The out1ine 'Of the 

traffic・inducedvibrati'On analysis 'Ofbridges is summarized as a f'Orm 'Offl'Ow・chart.

The Chapter 3 c'Ontributes the verificati'On 'Of analytical resp'Onses 'Of a vehic1e model by 

using the equati'Ons 'Of m'Oti'On derived in Chapter 2. Maj'Or c'Onc1usi'Ons are drawn企omthe 

comparative investigati'On between analysis and experiment. 

The data企'Oma fie1d test indicate that the analytical meth'Od is accurate for predicting the 

dynamic wheel l'Oads 'Of heavy vehic1es. It is 'Observed that d'Ominant frequencies 'Of the 

dynamic wheel l'Oads vary with speed. One 'Of reas'Ons f'Or the variati'On 'Of the d'Ominant 

企equencyacc'Ording t'O speeds can be that the d'Ominant space frequency 'Of the roadway 

profile which can res'Onant with the vehic1e system changes with respect t'O the vehic1e speed. 

Dominant frequencies 'Of dynamic wheel l'Oads and b'Ounce m'Oti'Ons 'Of vehic1es are strongly 

related with each 'Other. The axle-h'Op m'Oti'On 'Of the relatively high dominant frequency 

c'Ompared t'O that 'Of the vehic1e wheell'Oad can als'O influence t'O the dynamic wheelload with 

increasing speed. 

128 



1n Chapter 4， the relationship between the dynamic response of vehicles and bridges are 

investigated by means of the experimentally verified analytical method. A pioneering 

investigation on the probabilistic assessment of deck's impact factors is also carried out based 

on the Monte-Carlo simulation technique. 

The dynamic feature of bridge responses is dominated by the natural企equencyof the 

bridge itself if vehicles are running on very smooth roadway. On the other hand， if vehicles 

are ruiming on rough roadway， the dynamic feature of bridge responses is dominated by 

dynamic properties of vehicles because of enough ability of the rough surface to stimulate the 

vehicles. Moreover， the frequency characteristics of the dynamic wheel load， the bounce 

motion ofvehicles and the bridge response are strongly related with each other. 

The deck is another important member experiencing the dynamic wheelload， since the RC 

decks， being directly subjected to wheel loads of vehicles， are more easily damaged than 

other structural members in steel highway bridges. Moreover， the wide spreading adoption of 

the steel two-girder bridge needs higher performance of deck slabs than those of conventional 

multi-girder bridges because of the adoption of wider girder spacing than conventional 

bridges. The rational criterion of the performance level of RC decks provides useful 

assessment tool for decision making related to the inspection， repair， upgrading and 

replacement of existing steel plate girder bridges based on life-cycle cost. 

The probabilistic assessment of code specified impact factors for decks of highway bridges 

are carried out based on MCS method. The straight lines on the lognormal and extreme Type 1 

distribution papers can approximately represent probabilistic properties of the impact factor 

for the RC deck slab. 1f the impact factor can be classified in the serviceability limit state then 

reliability index for the panel ne訂 bumpsis lower than th瓜 ofthe target reliabili句rindex for 

the SLS， although. what kind of .limit state the impact factor is classified in has not been 

defined yet. On the other hand the reliability considering the condition of no bump at the 

expansion joint satisfies the SLS. 1t indicates th剖 thebump is one of important factors for 

impact factor of decks， and the impact factor of the deck located near the expansion joint 

dominates the design impact factor under the conditions considered. Thu 

The strong demand for safe and economical bridges induces the advent flexible bridges and 

it means th~lt more attention must be given to the dynamic behavior. Moreover， the adoption 

of elastomeric bearings against the seismic load will produce the occurrence of additional 

vibration problems. 1t will be desirable to identi命 factorsthat affect the vibrations of the 

bridge before design is carried out. Thus， the Chapter 5 demonstrates the result of a 
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three-dimensional analysis of a two-span continuous steel two-girder bridge with PC decks 

and elastomeric bearings. 

The effectiveness of the three-dimensional analysis with flat shell elements for decks， main 

girders， cross beams and guardrails， beam elements for stiffeners and double nodes including 

spring elements for elastomeric bearings is verified by comparing with experimental results. 

The acceleration response of decks at the moment of the following vehicle entering tends to 

be amplified by vertical deformations caused by the elastic deformation of elastomeric 

bearings as well as the bending of the deck剖 theend-cross beam. The 3・Dplane model can 

be e除 ctivelyused in the traffi.c-induced vibration of steel two-girder bridges， if the vertical 

response of girders and decks is mainly focused on. 

At the moment of a vehicleentering the bridge the response of the main girder can be 

strongly a島 ctedby vertical deformations due to the bending of a deck and the elastic 

deformation of elastomeric bearings at the support. The amplitude of the acceleration 

response of the main girder as well as the Fourier amplitude is more easily affected by the 

vehicle running outside of the G l-girder because of the coupled effect between torsional 

modes and vehicle loadings. On the other hand，出eout-of-plane dynamic response of web 

plates is more easily affected by deformations of deck slabs between girders than by 

deformations produced by vehicles running on the cantilevered part of decks. 

The amplitude of the acceleration response of decks is more easily amplified by passage of 

vehicle series thanby single vehicle running， since the impulsive wheelload of the following 

vehicle is amplified by the additional bump height generated by the elastic deformation of 

elastomeric bearings and decks under the load of the head vehicle. The acceleration responses 

of the nodes on the web plate也atis connected wi也 across beam is observed to have 

relatively small amplitudes compared with those of the nodes on the web plate that is apart 

企omcross beams. The appe訂 anceof the dominant企equencynear 3Hz of the web plate 

connected with a cross beam demonstrates that the dynamic property of the web plate 

connected with cross beams can be easily affected by dynamic characteristic of the bounce 

motion of heavy vehicles. On the other hand， the response of web plates ap訂t企omthe cross 

beam can be dominated by dynamic sources with higher frequency features 1 

In Chapter 6， the end-cross beam reinforcement is applied to two-girder bridges， as a 

countermeasure against tra百ic-inducedvibration. In addition， the method removing the bump 

is applied as another method to reduce the traffi.c-induced vibration. 

It is observed that the deck of the steel two-girder bridge with PC deck is more severely 

affected than that ofthe conventional steel multi-girder bridge by the traffic-induced vibration. 
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Moreover， the two-girder bridge with elastomeric bearings is relatively easily vibrated by 

moving vehicles in comparing with the bridge with steel pin bearings. However， the response 

of the main-girder of the three-girder bridge is more amplified by the moving vehicle than that 

of the two-girder bridge. It supports the need of the end-cross beam reinforcement for the 

steel two-girder bridge with wide girder spacing. Elastomeric bearings are one of the sources 

to magniぢ thedynamic reaction due to the inertia effect of bridge itself. The dynamic 

reaction due to the inertia e旺ectof the bridge can be reduced by the reinforcing method as 

well as the method of removing the bump. The most e妊ectiveresult is obtained by combining 

the two methods. 

The end-cross beam reinforcement can give vibration reduction effects on the deck slab 

near the expansion joint as well as the end-cross beam. Especially， the reinforcement 

including intermediate-cross beam of continuous bridges will guarantee expanding the life 

span ofRC and/or PC decks suffering negative moment as well as vibration reduction. 

Although the VL of the deck at the span center of the first span is dominated at the 

企equencyof near 3Hz， those VLs at the frequency of near 20Hz increases due to the 

elastomeric bearings. The VL at the frequency of near 20Hz is reduced only by the removing 

bump. It shows that the bridge with elastomeric bearings is easily vibrated by the impulsive 

wheelload generated by a vehicle at the moment of passing the bump. 

The dynamic reaction due to the inertia e百ectof the two-girder bridge with elastomeric 

be訂 ingscan be reduced both reinforcing method and removing the bump， and the most 

effective resu1t is obtained by combining the two methods. 

For steel two-girder bridges with wide decks and brackets， the reinforcing up to the bracket 

gives effective vibration reduction. The end-cross beam reinforcement can give vibration 

reduction effects on deck slab ne訂 expansionjoints as well as the end-cross beam. Especially， 

for continuous bridge like the bridge adopted in this study， the reinforcement including 

intermediate-cross beam will guarantee expanding the life span of RC and/or PC decks 

suffering negative moment as well as vibration reduction. Moreover， the end-cross beam 

reinforcement and removal of bumps in combination of the vibration control can give an 

effective reduction against environmental vibrations. 
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