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A Study on Traffic-Induced Vibration of Steel Girder-Bridge
by Three-Dimensional Vehicle Model on Random Road Profile
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1. Introduction

problems related to dynamic problem of short

or medium span bridges, it becomes more im-

To investigate a traffic-induced vibration of
bridges, especially those composed of short or
medium span, it is very important to consider
effects of vehicle motion coupled to bridge with

random road roughness. Moreover in technical
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portant to understand the effect of vehicle, and
the troubles such as fatigue that occurs in brid-
ge deck or floor systems have been awakening
interest in recent. Therefore in this study to

solve those dynamic behavior of highway brid-
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ges more accurately, three dimensional analyti-
cal method for trafficiinduced vibrations of
bridge is proposed. In addition there is another
very important factor that should be accounted
into traffic-induced vibration. It is the road
surface roughness that has irregularities. Of
course this research has considered its random-
ness by use of spectral analysis based on the
researches which had been done by many resear-
chers.!™

In the numerical analysis, the strain of ex-
ternal girder is studied under several vehicle
speed conditions and irregular road profiles
that are randomly generated by Monte Carlo
method with the variation of road profile spec-
trum model S;(Q)=a/(Q"+ f"). The effect of road
surface roughness to dynamic response of brid-
ge is studied. It can be seen that the variation
of response between generated road profiles bec-
omes gradually large according to spectral roug-
hness coefficient « from the results of para-
metric study on spectrum of road profile.

To verify proposed analytical method, the
analytical results are compared with those of
experiment, and in this case measured road sur-

face roughness is used.

2. Modeling of 3-dimensional F. E. M.
bridge model

Generally speaking bridge is a structure com-
posed of deck plate and girder system, there-
fore to express the bridge by analytical method
of F. E. M it is common to make it up with
plate and beam elements. In this paper by us-
ing these concepts, a numerical bridge model is

constructed.
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2.1 Stiffness matrix of plate element

The plate element used in this study is simi-
lar to that of general F. E. M. or plate theory,
so that it can be considered as in-plane action
in addition to out-of-plane action like as shown
in Fig. L.
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(a) in-plane action (b) out-of-plane action

FIG. 1 Plate Element

The matrix formation of in-plane action in

Fig. 1(a) can be expressed as follows:

{Finp} = [ Kinpli {@inp (D
where, {aipp}i = (:L: ). {Finphi = ( 3:)

and the term about 6, may be neglectable be-
cause its effect to in-plane action will be very
small. Of course by assuming 8, to be zero, it is
apparent for the matrix to become singular.
However within the whole matrix of bridge
model, the stiffness matrix of beam element
compensates this singularity. In the case of
out-of-plane action, the matrix formation may
form a well known formation as shown in Eq.
(2). Additionally the behavior between in-plane
and out-of-plane action is independent of each
other, so that it may be treated as used in this

paper .



{Foutp}; = [Kw,p]l {aoutp}i (2)
w; Wi

where, {aup)i = | 0xi Yy » {Fophi = ( Mu
oyi My,'

Equation (3) is the united formation of Eq.
(1) and Eq.(2), and finally it becomes the stiff-

ness matrix of plate used in this paper;

treated as lumped mass. The mass of an el-
ement is divided into four and lumped it at
each node. The mass matrix of plate element is

shown in Eq.(5) and m expresses a mass of plat-

e element;

[M]plate = LZ'

(5)

{F} = [K]i{ak 3
w; Ui
v Vi
u; W,
where, {a} = {F}; ,
i M,
By M,
6. M
[Kip):  [0]
(K], = (o] [ Koup )

2.4 Mass matrix of beam element

A mass matrix of beam is modeled by means
of consistent-mass method and the matrix for-

mation is as follows:

2.2 Stiffness matrix of beam element

A stiffness matrix of beam element that has
six degrees of freedom at each node is generally
used in structural engineering and so that deri-
vation is omitted in this paper but the final
formation becomes as Eq.(4):

{Flieam = [K]beam{a}bmm (4)

where,
{Flyam = {Fui, Fy, Fy, My, My,
M, Fy, Fy, F3, My, My, My}
{ahean = {ui, vy, wi, v, w’, 0, w, v, wy, v, 4y, 60}

2.3 Mass matrix of plate element

A mass matrix of plate used in this paper is
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where, 7y : Density(¢/m®)
J : torsional rigidity
r02 . J/A

2.5 Damping matrix characteristics®
A method adopted in this research to esti-
mate a structural damping of bridge is by tak-

ing the damping matrix proportional to both

the mass and stiffness matrices like as follows ;
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o'C,® = p®'™M,;d+q'K,® 9

where p and ¢ are constants obtained by solv-
ing the two simultaneous equations resulting
by specifying the damping ratios f; and f; in
two modes of vibration with natural circular
frequencies w; and a». ® is mode matrix, C; is
damping matrix, M, is mass matrix and Kj is
stiffness matrix of a bridge. Using the first

two modes the constants are given by,

_ 2w pran— fron)

= (10)
p woF —ap
_ 2(Boan— pren)
9= 7_ 2
W —w

The values of the damping ratio at the higher
modes can then be determined by

_ptqo!

Bi (11)

2w;

In this case first two fundamental frequencies
of the structure need to be known, therefore,
these frequencies are obtained from the solu-

tions of eigen value problem.

3. Modeling of 3-dimensional vehicle
model”

To construct dynamic equations of bridge
and vehicle models which are coupled recipro-
cally, first of all it is necessary to formulate
equations of 3-dimensional vehicle model. Proc-
edures of formation of an 8-degree-of-freedom
vehicle model are to be composed of three par-
ts: 1) to build dynamic equations about upper
part of suspension, 2) to build dynamic equa-
tions about lower part of suspension or tires

and finally 3) to construct entire equations of
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vehicle in relation to road surface roughness.
After obtaining vehicle equation of motion it is
possible to link them with those of bridge mod-
el.

Figure 2 shows a 8-degree-offreedom vehicle
model. In Fig. 2 m expresses mass, k stiffness, c

damping coefficient.

FIG. 2 Idealized vehicle model

By using the Lagrange equation of motion as
shown in Eq. (12), it is possible to derive the
equations of motion about an idealized vehicle

model.

o, 0T oT oU. Uy

=-=—(=) - —+—+—=0 12

0t 3y gy oqx oqx (12)

where, T Kinematic energy

U, : Position energy by elastic mo-
tion

U, . Dissipation energy by damping

Equations of vehicle motion become Eq.(13)
~(20) by using the concept of Eq.(12).

2 2
muznt Y, X vt =0 (13)

=1 wu=1

2 2
mvllizllﬂyyll - Z 2( —l)siuvslu(t) =0 (14)

s=1 u=l

2 2
midg B + Y T(—1) A = 0 (15)

s=1 wu=l



2 2
meziz — 2ot + Xvwlt) =0 (16)
u=1 u=1
2
mydy Bz — 2 (—1) A u(t)
u=1
2
+ Z(_l)uAyIUIZU(t) =0 (17)
u=1

2 3 2
Mz — 2va(t) + 3 Dvamu() =0 (18)
u=1

m=2 u=1

3 2
mvﬂly.?? Byﬂ + Z Z( '_1)81;30”.2,‘([) =0 (19)

m=2 u=1

2
vaZAyZ2 0;22 - Z( -1 )ulyZU Zlu([)
u=1

3 2
+ 3 T(—1)Awnn(t) =0 (20)

u=2 u=l

where,

vatu(t) = ktadzn —(—1) 40,11
+ (—1D)*Aabm — 22 — (—1)*Anbs}
+ Coralziz— (—1)* 4011 (21)
+ (D" A el — 22 — (—1)* A}
nu(t) = kadae + (=14l — 204 (22)
+ cualzz + (= 1) Aoz ~ zow}
Um2u(t) = kumadze + (—1)" Aym2Oy}
+ (=) Al — zome} (23)
+ otz — (—1)"Aymaly2
+ (DAl — Zuma}
where, u=1 means left part of vehicle,
u=2 right part of vehicle,
m=2 Front tire on rear axle,
m=23 Rear tire on rear axle,
s=1 front axle and s=2 means rear

axle.
The displacement of vehicle w,, that is in

contact with road surface is affected by dis-

placement of bridge w(t, x,,) and road surface
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roughness z(xn,), 8o that z,, can be expressed
as Eq.(24);

Zme = W(tXm) — 20(txm) (m=1,2,3) (24)

where, m=1 ; Front tire
=2 ; Front tire of rear axle

=3 . Rear tire of rear axle

The external force induced by the vehicle on

bridge is expressed as Eq.(25);

3
[F] = 3 om Pu(t) (25)
m=1
where,
Om(t) =107 2 00 Qo * Prtlmu > Pr42omu > P
B3, mu 105 503

:load distribution vector to each node.
P,.(t) : the contact force on front and rear

axle of vehicle

A displacement w(t,xn,) on the point contac-

ted with road surface is,

w(t,xnw,) = Qmu Tw = Pmu Td)a (26)

where, ® expresses modal matrix and a mean-
s a normal coordinate of displacement.

Contact force of vehicle is,

A
Pu(®) = 2(1=2meg + valt) 27)

where, g . gravity

By substituting Egs.(22) to Eq.(24) into Eq.
(27), it is possible to set up the  final
formations of external force;

Ayll

Pu(t) = +(1-")m.g (28)

Fhoziziz—(—1) Az — [on [()da—20(x1,) 1}
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Fendzie— (—1)*Aabue — [ "(Oda—2(xu) 1}
Pt = (1 —“""‘)mug

+ kmadzet(—1)"Aymebyort( —1)*Abe2
= [m ()0 — zn(xm) ]} (29)
+ comzalZH (= 1) " Aoy — (—1)* Ao
+ [ (O)p0— 20(xn) 1}

In general, the forced vibration of bridge is
expressed as Eq.(30). By substituting Eq.(25)
into matrix [F] in Eq.(30), an equation of brid-
ge-vehicle interaction is obtained as shown in
Eq.(31). If an equation becomes to be uncoup-
led, at last it becomes the state that can be sol-
ved with ease. In order to get an uncoupled
equation it is necessary to introduce concepts
of normal coordinates. In Eq.(30), w = ®; a
means a normal coordinate of displacement. It
is possible to formulate an uncoupled equation
as shown in Eq.(32) by substituting normal-
ized displacement vector into Eq.(31) and mul-
tiplying both sides with ®”.

Mg+ Cw+ Kw=F
w = Z(D,'a,‘ = (a (30)
Myis+Cyir+ Ky = z[(p lum—(l— ’“m

+kyodziz— (—1)* 42802 — [0 Pa— 2( x1,) 1}
+cv12u{'212 —(—=1)*Anofu2— [T (t)®a— 2 1) 1}

+z @ su(t) 2 (1— le m,g (31)

Fhaalzent (—1) Aabyzt (—1)“An2baz
— [@Tm(t)Pa—2(xn,) ]}
Feundznt(—1) b+ (—1)* A
— [ m(O)®a— 2(xn.) 1}

The norgnalized equation of motion for brid-
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ge will become as follows:

o™M®i + O'C0a + O'M,Da

- z 2 o (Pmu(t>[kvmu(l7 m(t)®Pa

m=1 u=1

+ o @7 ()]
- uzz_:lmfm(»[kvm{—zu—( —1)"As10u12}

+ ol — 22— (—1)*Aaofuro} (32)
+ él[d’T(pm(t) (ko2 (— 1) Aym2fy22

—(—1)*Asz20x2}
+ Comulznt(—1)"Aymaby2

- ( -1 )ulxﬂéxﬂ}]
2

- T mEa-2L)

u=1

+

iMe GiMe

Q%mmﬂ%ﬂ— ”Umg]
2

+ q)T(Pmu(t){kwn?.uzO(xmu) +Cvm?ai‘f’(xmu)}

1

iMe FMe

1

Equation (32) expresses the equation of for-
ced vibration of bridge and it contains vari-
ables which are related to vehicle motion. The
normalized equation of motion about vehicle
can be acquired by substituting Eq.(21)~(24)
into Eq.(13)~(20). The final normalized equa-
tions of motion about 8-degree-of-freedom ve-
hicle model become as shown in Egqs.(33) to
(40);

my11 :2.11
2 2
+ Z Z [kuslu{zll - ( —']-)u-yslgyll (33)
s=1 u=1
+ ( -1 )“Axsloxll 2T ( - 1) ulxsZOx:Z}
+ coazz— (= 1) Al +(—1)“Aeadn
252 ( -1 )ulzﬂgzsz}] =0



mot 7y1° Byut (34)

2 2
=Y Y (—1Vimlkmaden —(—1)"Aubyn

s=1 u=1
+ (=1)* At 011 — 202 — ( —1)* 2520202}
+ cvslu{.ZIZ - ( -1 )siyslgxll + ( -1 )ulxslyxll
~ 20— (—1)"4afut] = 0

mott ¥e1® Bent (35)

2 2
= ¥ 2 (1A kudzn — (—1)*An6,1

=1 u=1
F (1) 401 — 22— ( —1)“Ars2B,e2}
+ cutdziz — (— 1) Apaban + (—1)* Aot
- é32 - ( -1 )“/1:329::2}] =0

2
=X [k () Ba+caze () ®a]

u=1

2
+m2z — [ kawlzn+ Anbyu+(—1)*A00

u=1

—212— (= 1)*An2buzt+eomdzun+A4,n0n

F(—1)*2nbas — 212— (—1)*Aaaobar}] (36)

2
_Z_l[kvl?a{zlz_‘_( —1)* 4100512}

+eoziziet (— 1) Aazbin)]
2
=3[ —kiazo( 21) — corzu 20(x1,) ]

u=1

2
- z( -1 )MA:IZ{kvth’Tlu(t) ®a

u=1
+ 2T () Ba}+mazy e B
2
=3 (—1) "zl kundzun+ A,u6m

u=1

+(—1D)*Amfn — 212 — (—1)*Aazbu10}
Feandzn+An O+ (—1udaiban
— 21— (—1)*Az012)]

(37)

2
+3 (= 1)* Aol Ruadziot( —1)*Acs00:2}

u=1

+epizadzizt(—1)* A0
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2
= =Y (—1)*Auol kuzao( 21) + oo 2(x1) ]

u=1

3 2
=Y T kmz @ () ®a+ cmz i () D]

m=2u=1

. (38)

+m022 .Z.ﬂ
2
=¥ [kawlzn — A4abyu+(—1)*2060n
u=1

—z22—(—1)"Aazaf20} — ozl — iyméyu
(= 1)*Anbm — 22— ( —1)“Aebzn)]
3 2
+3 3 [ Rmadznt (= 1) AymaByzt ( —1)*AepoBro}

m=2u=1

+eomadznt(—1) " AymaByotH ( —1)*Aofiz}]
3 2

=E Z[ “kvauz()(xmu) —cvm?ué(xma)]

m=2u=1

3 2
- Z Z (-1 )mlyw[kmh(PTmu(Da +cvb¢T¢d]

m=2u=1

+mz 42 Uy (39)

3 2
=2 2(=D"holkmulzzt(—1)"Amoby2

m=2u=1

+( -1 )ulxmzoxifl}"' Cvau{'z&+( -1 )m'lymzoyZZ
+ ( -1 )ulxmzoﬂz

3 2 .
= E E( —l)m)hyrnZ[kwnZuz()(xmu) +C02u20(xmu)]

m=2 u=1

3 2
“E z ( -1 )ui:QZ[kvmh(PTmu(t)(ba

m=2 u=1

+ Cumu @ (DG F ey sl

2
=¥ (= 1)Lzl konfzn — Aabyn+( —1)* 4060

u=1

=2z —(—1)" o020}
2= (—1)*Aofa}]

(40)

3 2
+3X (=D Aol kumadzret(—1)"Amabyz

m=2u=1

+( -1 )uixﬂgxﬂ}
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+eomalznt(—1) AymaByrt( —1)*Aabu}]

3 2
= Z Z( _1)"1122[ - kvauzO(xmu) —'cvau.z(xmu)]

m=2u=1

where, Equation (33) expresses the bouncing of
vehicle, Eq.(34) pitching, Eq.(35) rolling, Eq.
(36) parallel hop of front axle, Eq.(37) tramp
of front axle, Eq.(38) parallel hop of rear axle,
Eq.(39) axle windup and Eq.(40) expresses
tramp of rear axle. Equations (32) to (40) are
the final simultaneous equations of motion due
to the traffic-induced loading, and of course
these equations include the terms of road sur-

face roughness.

4. Numerical analysis

4.1 Generated road surface model*®

In this paper, the power spectrum of road
surface profile is assumed as Eq.(41).Y By us-
ing this equation, a road profile model which is
assumed to be stationary random process is

generated by means of Monte Carlo method.

o
O+F (41)

SA(Q) =

where, « ; spectral roughness coefficient,
B : spectral shape coefficient,
Q : roughness frequency,

n ; spectral roughness exponent.

As sampling function of road profile, the fol-

lowing Eq.(42)? is to be manipulated.

M

z(x) = Y sin(wpx+ ) (42)
k=1

where,
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a; : Gaussian random variable having zero
mean value and variance as o;° = 4S,(Q)AQ

Q, : the space frequency of road surface roug-
hness when vehicle velocity is V, which may be

also stated as

Wy = 21!VQ),,

Q=0 + (k—5AQ,

AQ = (Q, — QM

Q; : the smallest limit of frequency,

Q, : the largest upper limit of frequency,

M : an integer number that is large enough,

¢ - a random variable having constant dis-

tribution within 0~2n and

S,(Qy) : Power spectral density of road sur-

face roughness.

To generate a random road surface profile,
first of all random numbers between 0 and 1

should be generated by using computer. Then

YES SUBROUTINE S9UNR(INU,RUN)
INU1=(843314861)*INU+
453816693
IF(INU1.LT.0)
NO INU1=(INU1+2**30)+2*30
RUN=REAL(INU1)2.0**31
SUBROUTINE mUnRUNA'LI‘o"a &
SOUNI2 END
v SUBROUTINE
SUBROUTINE S9NOR2(INN1,INN2,EX,SD,RNO,PA I)
SONi
OR2 INN1=(843314861)*INN1+453816693
@ IF(INN.LT.0) INN1=(INN1+2%*30)+
WRI 2°+30
TE similar to SOUNI2
random number RNO=SQRT(-2.0*"LOG(RUN1))*
COS(2.0*PAI*RUN2)
RNO=EX+RNO*SD
END
END He—Y

FIG. 3 Flow chart of generating random numbers



by using these random numbers, artificial road
surface profile that satisfies the assumptions
are obtained. The following flow chart (Fig.3)
shows the process of generating random values
by 32-bit computer. Of course, the values used
in this flow chart should be changed in case of
applying other types of computer. Figure 4
shows the profile and power spectral density(P.
S. D.) of measured road surface on test bridge
(Umeda enterance of Hanshin express way in
Osaka, Japan). The straight lines on P. S. D. of
Fig.4 indicates the boundaries of ISO standard”
which estimates roadway roughness based on
the riding comfort ofr vehicle. By using ISO, it
can be seen that the condition of measured
road surface may be categorized as ‘Extra
Good’.

B

0 10 203040 50 60700 10 2030 40 50 60 70
Distance(m)

Distance(m)

(a) Measured Road Surface Profile

Figure 5 shows the generated road surface
profile and its power spectral density that is
generated by using a=0.003(cm?* m/ cycle), B
=0.02(cycle/m) and n=2.5 based on the concept
of Eq.(41), and generated frequency range adop-
ted in Fig.5 is 0.01(cycle/m) to 3.0(cycle/m).
The random road roughness generated using
above three factors would go into boundary cal-
led as ‘Good state’ specified by 1SO.

10
E S L N
g 0 W W
L .5 -
= 10 L1 L1 1
0 25 50 75 1000 25 50 75 100
Distance(m) Distance(m)

(a) Generated road Profile generated (0.01~3(c/m))

001 01 1
Frequency(c/m)

10 001 01 1

Frequency(c/m)

10

(b) P.S.D. of generated surface roughness and ISO

reiedl i | ISOestimate  categories
10E42 E+2 § T Extra Poor («=0.003, =0.02 and n=2.5: Good condition)
o 10E+1 E+l -
£ 10640 r i‘:‘ r & Poor FIG. 5 Generated road profile and P.S.D.
10E1 Elr o—t—
E 1.0E-2 ‘E; r Average
& voes E £ f 1 4.2 Bridge and vehicle model
“ o8- F £S5 ol Good
o | .0E-6 y :‘:' !' | Extra Good
1.0E-7 'E 7 1 . . .
1.0E-8 F E;; ? The bridge adopted in experiment and analy-
1.0E-9 E- o . . -
o0t o1 1 Y TR T 10 sis is a steel girder bridge as shown in Fig.6
Frequency(c/m) Frequency(c/m) and the structural properties are shown in T-

(b) P.S.D. of surface roughness and ISO categories(Extra
Good condition)

FIG. 4 Measured road profile and P.S.D. on test bridge
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able 1. In analysis, to account the torsional
properties more accurately, the stiffness of
guardrail is considered. The locations to be
analyzed are the same as those of testing point.

The characteristics and dimensions of vehicle

31



used in experiment and analysis are shown in

Fig.7 and Table 2.

1 Tm 2.65m 2.65m

(a) Cross section of bridge model

weeL

© :Position of onolvss
=> - Path of test vehicle

(b) General view of model

-> - Poth of test vehicle
= ; Plate element
== Man gnder? eam elemenlz
~— : Cross Begm(Beam element)
== CuordrmlFBeom element)

(c) F. E. M. model

FIG. 6 Test and analytical bridge model
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AG. 7 Testing Vehicle
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Table 1 Properties of Test bridge

I-shaped composite
Type .
plate girder
Class First class
Span length(m) 404
Width(m) 75
Effective Width(m) 6.5
Deck plate Reinforced concrete
slab (t=17cm)
Girders J-girders
Weight per unit length(kg /m) 7.706 % 107
Ratio of young’s modulus 9.516
Ratio of shear modulus 8.565
Area of section of girder (m?) 0.1415
Moment of inertia of girder(m*) 0.2122
Torsional constant(m?*) 0.3843x 10!
Warping constant(m®) 0.79
Damping constant for I-st 002

and 2-nd modes

Table 2 Constants of Test Vehicle

Vehicle Type 3-axled dump truck
(rear tandem)
Total Weight(ton) 19.47
Weight of tire Front 0.25
(ton) Rear 0.1875
X Front 161
Spring constant suspension Rear 482
(t/m) Front tire 321
Rear tire 482
. T ront 1.14
Damping constant suspension Rear 341
(t-s/m) Front tire 1.36
Rear tire 1.02

4.3 The results of numerical analysis

The aims of this numerical analysis are to

verify the analytical model by comparing ex-

perimental results of actual vehicle and bridge.

In addition, the response and dynamic in-

cremental factor (D. I. F) of bridge under sev-

eral speed conditions and

examined.

road roughness are



4.3.1 Effect of vehicle and its speed to brid-
ges

Generally the natural frequencies of girder
system are similar to those of vehicle body.
The power spectrums of vehicle body and tire
by experiment are shown in Fig.8. Figure 9
shows the analyzed power spectrum of vehicle
Body and tire. Form Figures 8 and 9 it can be
seen that the vibration characteristics of ana-
lytical vehicle model are well fitted to those of
experiment. The tested and analyzed natural
frequencies of bridge and vehicle are shown in
Table 3. Table 3 shows that the natural fre-
quency of bridge girder system is similar to
that of vehicle body, therefore it can be seen

1E+7 | 2E+S
E 8E+6 E_ g 2E+S
£ 6E+6 = g
E “" 1E+S
g 4E+6
2 Jpeek 2 spes
& 2E+6 | %
0E+0;IJ\IIIIIIIJIIIIII 0E+0
0 5 10 15 20 0 10 20 30 40
Frequency(Hz) Frequency(Hz)
(a) Vehicle Body (b) Rear Tire
FIG. 8 Power spectrum of acceleration by experiment
6 F =
es F P F
g4 F -
2 F 2
»3 @ C
] e 5 E
i1 E g1
[ = "
1 E & P,A
0 Bds AT ERETINET! 0 L 1 1 Al
0 S5 10 15 20 0 10 20 30 40

Frequency(Hz) Frequency(Hz)

(a) Vehicle body (b) Rear Tire

FIG. 9 Power spectrum of acceleration by analysis
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Table 3 Natural frequencies of the test vehicle and

bridge.
Frequency (Hz)
Class - -
Analysis | Experiment
Body 4.0 5.0
Test Vehicl
o e I Tire 195 175
1st
2.35 2.33
(Bending)
Girder 2nd
.86 .86
Bridge (Torsion) 38 38
3rd
9.42 -
(Bending)
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FIG. 10 Contact forces of vehicle at different speed by
analysis
(Road surface condition =0.003, $=0.02 and n=2.5)

that dynamic response of girder bridge is affec-
ted by dynamic behavior of vehicle body. In ad-
dition, Figure 10 shows the contact force of ve-
hicle by analysis, and from this figure it can
also be seen that contact force of vehicle varies
with vehicle speed.

The parametric studies on dynamic response
of a bridge due to a moving vehicle is estim-
ated by using the concept of D. L. F.” The con-
cept of D. L. F. used in this study expresses the
ratio of dynamic amplitude to the maximum
static response, and Figure 11 shows a general

idea of D. I. F. In Fig.ll Y m: expresses the
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maximum static response and |Y;—Y,| denotes
the maximum absolute difference between dy-
namic and static responses during one major
period of the dynamic response including Yma:.

Figure 12 shows the variations of D. L. F. ac-
cording to vehicle speed, and Fig.13 shows the

time histories of bridge due to different vehicle

A lcycle
= j:
[Yd- Ys]max
_1_
Y s,max

D>

A}
D.ILF.=1+[Yd - Ys]max / Ysmax
dynamic

influence

AG. 11 Definition of D.LF.
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FIG. 12 D.\.F. according to vehicle speed
(Road surface condition «=0.003, §=0.02 and n=2.5)
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FIG. 13 Time histories of bridge with vehicle speed
(Road surface conditicn a=0.003, §=0.02 and n=2.5)
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speed running on the same artificial road sur-
face by analysis. From figures 12 and 13, it can
be seen that dynamic response does not always
increase with vehicle speed. This tendency with
vehicle speed is similar to the variation of con-

tact forces shown in Fig. 10.

4.3.2 Effect of road surface roughness

The effect of road roughness to bridge and
vehicle responses can be prospected easily with
common sense. However, the point of view tak-
en in this paper about the road roughness cer-
tifies how does a theoretical model matches

with that of the measured road surface.
Figure 14 shows the time histories of bridge

due to artificial road surface profile according
to different road condition defined by a at ve-
hicle speed 4.745m/s. In this figure, the used
road conditions are «=0.003, «a=0.01 and a=0.
03, and these factors means the condition of
road surface categorized as ‘Good’, ‘Average’

and ‘Poor’ respectively in ISO standard.

8E-S e 3E-5 8E-5
6E-S- 6E-5- 6E-5 [
Eas-s— ‘B 4E-51- F4E-S[—
2E-5 2E-5 2E-5
0E+0 L oB+o L 0E+0 4—
0 5 10 o 5 10 0 5 10
time(sec) time(sec) time(sec)
(a) «a=0.003 (b) a=0.01 (c) «a=0.03

FIG. 14 Time histories of bridge by different road sur-
face($=0.02 and n=2.5 in all cases)

In Fig.15, it shows D. L. F. of bridge due to
different road surface conditions like as used in
Fig.14. From this figure it can be seen that
dynamic response of bridge is affected by road
surface condition severely, therefore it is neces-
sary to consider the effect of road surface con-

dition in estimating impact factor.
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FIG. 15 D.L.F. vs. Vehicle speed due to different road sur-
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FIG. 16 Time history of dynamic response at center of ex-
ternal girder
(By using measured surface as shown in FIG. 4)

Figure 16 shows the time histories of girder
at center of external girder as shown in Fig. 6
(b), and Fig.17 shows those of deck slab at the

location marked by circle in Fig. 6 (c) due to
vehicle running on measured road surface as

shown in Fig.4(a). These time histories of ex-
periment and analysis in Fig.16 are well fitted
at each other. However in the case of concrete
deck slab, those are not well fitted each other.
This may be the reason that in the case of con-
crete estimation of material properties is more
difficult than that of steel. From those results,
the analytical model used in this study can be

used in practice.
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FIG. 17 Time histories of deck plate of birdge model
(By using measured surface as shown in FIG. 4)

5. Conclusions and future works

The objective of this research is to develope
a computer program to solve dynamic problem
of bridge that include 8-degree-of-vehicle model
and road surface roughness. From the analyti-
cal and experimental results we can summarize
remarks as follows ;

1) The analyzed dynamic characteristic of
vehicle has been well fitted to the experimental
results through spectral analysis, which means
the numericai‘ model may be used in practice.

2) The analytical time histories of girder are
similar to those of experiment, however in the
case of deck plate those are not well fitted each
other. These difference in deck slab may come
from the incorrectness of estimating properties

of concrete.
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3) From the natural frequencies of vehicle
and girder, it is easy to understand that the
dynamic response of girder is mainly affected
by motion of vehicle body.

4) We can see that artificial road data may
be used in practice, provided that we may be
able to assume appropriate values of «, § and n.
To assume these values correctly, much. experi-
ence which can be acquired by actual affairs on
analyzing real or measured road profile data is
required.

From the small numbers of parametric study
as done in this paper, it is not clear to find out
the influence of vehicle speed to dynamic beh-
avior of bridge. However, in Fig.15> we can see
the possibilities that the difference of D. I. F.
between different road condition become large
according to vehicle speed. This phenomenon is
similar to the effect of gap heights at expan-
sion joint on bridge which has been studied in
reference(9).

To take a further step from this research, we
will carry out the parametric analysis of brid-
ges due to various vehicle speed on the many
different span length with faultings at expan-
sion joints accompanied with the research
about behavior of vehicle by using the program

developed in this research.
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