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Abstract

In this paper, a new three-dimensional vehicle with tandem axels at the rear is developed to determine
dynamic response of bridge deck under load applying truck. The vehicle is modeled by a three-axle dynamic
system with 9 degrees of freedom to accurately simulate the disposition and the intensity of loads on the
bridge deck. The bridge deck is modeled by a thin, orthotropic, multi-span plate. The road surface
irregularities are modeled by a random function characterized by a spectral roughness coefficient and power
spectral density. The modal method is used to solve the equation of motion of the bridge deck. Equations of
motion of the vehicle are obtained using the virtual work principle. The coupled equations of motion
vehicle/bridge deck are integrated numerically by Newmark’s method. A computational algorithm in
FORTRAN is then elaborated to solve the integrated equations of motion in a decoupled, iterative process. A
numerical example of an orthotropic, three-span bridge deck, excited by a 9 degree of freedom truck is
presented. The resulting distribution of the Dynamic Amplification Factor (DAF) on the bridge deck does not
reflect any particular trend, because high values can be obtained at points where the vertical displacement is
small. The DAF is significant only under the interaction force. Thus, the road surface roughness was shown
to have a significant influence on the dynamic vehicle/bridge deck interaction forces.
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1. INTRODUCTION

The difference in a structure’s response under
dynamic loading versus static loading is called its
Dynamic Amplification Factor (DAF) and is an
especially important phenomenon in the design and
analysis of bridges. The DAF caused by vehicles
depends on several factors: pavement roughness,
singular periodic surface irregularities, wheel
irregularities, and each vehicle’s mass and speed, as
well as the stiffness and damping of the suspension
system of the vehicle. The dynamic response of a
bridge depends on its span lengths, natural
frequencies of vibration, support types, soil
structure interaction, physical condition, and
viscous damping capabilities [1].

To investigate these issues, Zhu and Law [2]
modeled the deck of a multi-span highway bridge
by a rectangular orthotropic plate with rigid,
intermediate supports. Their vehicle was modeled
with a three dimensional (3D) dynamic system with
seven degrees of freedom. They studied the
influence of the position of the vehicle track on the
dynamic response of the bridge and the influence of
running speed and road surface irregularities on the
bridge’s DAF. In related work, Yang et al. [3]
studied the extraction of the fundamental

frequencies of a bridge from its dynamic response
due to the passage of the vehicle; the objective was
to comprehend the influence of the vehicle speed on
bridge frequencies. They showed in both analytical
and finite element studies that the bridge frequency
can be extracted from the vehicle acceleration
spectrum. Subsequently, Cai et al. [4] developed a
fully automatic coupled vehicle/bridge model. The
methodology was validated with practical
experiments on a typical bridge. The results of the
experiments showed that this coupled model
reliably predicted the bridge’s dynamic response by
taking into account the roadway’s irregularities.
The authors concluded that the initial conditions of
the incoming vehicles on the bridge had a
significant influence on the dynamic response.
Since then, Yin et al. [5] presented a method to
analyze the non-stationary, random response of
bridges using the equivalence of a covariance
technique. In that, they employed a model of the
vehicle with two axles and analyzed three typical
bridge models. Numerical results indicated that the
non-stationary, random response amplitude of the
wheels was proportional to the vehicle speed. They
also showed that employing a stationary process to
model the disturbance of the roadway profile at
different speeds can both underestimate and
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overestimate the dynamic effects. In related work,
Rezaiguia [6] studied the vibro-acoustic behavior of
a multi-span, highway bridge during the passage of
vehicle. As part of this, the inclusion of the
bridge/vehicle dynamic interaction and random
irregularities of the track pavement were
investigated.

2. MODELING

In this context, this paper investigates the
dynamic behavior of a multi-span bridge deck
during a passing truck while incorporating the
dynamic vehicle/bridge interaction and the random
irregularities of a highway profile. The bridge deck
is modeled as an orthotropic, three-span plate. The
truck is modeled by a dynamical system with 9
degrees of freedom (DOF) and tandem axles at the
rear. The road surface roughness is modeled by a
random function characterized by a power spectral
density and spectral roughness coefficient. The
modal approach is used to solve the equation of
motion of the bridge deck. Equations of motion of
the vehicle model are obtained by virtual work
principle. Numerical integration of coupled
equations of the bridge deck and vehicle is
performed by the Newmark method, because it is a
direct, unconditionally stable method providing
maximum precision. Solving these equations is
achieved in an uncoupled manner using iterative
calculations. Details of this are provided in the
following subsections.

2.1. Vehicle model

The vehicle is modeled with a dynamic,
lumped-mass-system [7]. The 3D, three axle
vehicle with a tandem axle has 9 DOF and consists
of a rigid block supported by 6 wheels (Fig. 1). The
rigid body representing the truck chassis has 3 DOF
(zv1, 2v2 , Zv4) to describe the chassis displacements
and rotations. The masses of the axles and wheels
are concentrated in lumped masses m; to mg within
the suspension system, leading to a further 6 DOF
(21,22, 23, 24, 25, 25) to describe the vertical wheel
displacements. The tire stiffness is modeled using
linear springs and viscous dampers.

In Fig. 1, m;, i = 1, ..., 6 are the masses of the
wheels with axles of the front and rear axles, my, Iy,
and 1, are the mass and moments of inertia of rigid
block of the truck, kycand cy, k=1, ..., 6 are the
tire rigidities and damping respectively, while kg
and ¢g, i =1, ..., 4 are the suspension rigidities and
damping, respectively.

In Fig. 2, the forces and moments acting on the
vehicle are presented. The equations of motion of
the vehicle model are established by applying the
virtual work principle, which states that for any
cinematically admissible displacement field, the
summation of virtual works done by the internal
and external forces is zero as per Eq. (1):

4 6 )
OW =Y f5A+ Y [FRoA,+m252,+m0ez ] (1)
i=1 k=1

+[M2,52,+mgo2,+mLSX, +1,0,00, +1,,6,00, |=0

where SW is the total virtual work of the vehicle,
f,, F;Et are the forces in the suspensions and in the
tires, Ay,
displacements of suspensions and tires, z,,6 z,

are the displacements and virtual displacements of
tires along the vertical axis, X,,0X,,Z,,02Z, are
the displacements and virtual displacements of the
body of the vehicle along the horizontal and vertical
axis, respectively, and 6,,56,,a,,5¢, are the

rotations and virtual rotations of the rigid block of
the vehicle, respectively.

Rotations g ,«,and displacement X,z are
expressed as per Egs. (2):

OA, are the virtual relative

Z —Z . Z,— 27 .
9\/: v2 vlya\/: v4 v2

S1 S3
h :
X, =X +— (2, —2,1)—ays;;
S1
Z, =2, + (al - b2 )ZVZ + b2Zv4 @)
Note that g, , ¢, are small rotations.
The relative displacements of suspensions A ; and
tires A, are given by Eqs. (3):
Ag=12,-2; 4,51, —(61422 + 8.323);
AS3 =2y~ Ly tZ,—1,;
Ay =12, _(a425 + aszs) ;
Ay =7 =W(X, Y 1)1 (%. ¥y ), k=1...6 (3
The relative virtual displacements 0 A; and A,
are as shown in Eqgs. (4):
0N, =017,-01;
5A,=612,-(8,62,+a,62;) ;
SA,, =62,,—(8,67; + 2,07 ;

ow r

5Apk:52k—5w—(ax+axj5xk ,k=1..6 (4)

The suspensions forces of the vehicle are as per
Egs. (5):

f1 = kSl(Zvl - Zl)+ C51(2v1 - 21)
fz = kSZ(ZVZ -z, - a323)+ CSZ(ZVZ —82, - aszs)
fa = ksa(zw “Lytly- 24)+ Csa(zv1 —ly+1,- Z.4)

f4 = ks4 (Zv4 -7 —8326)+C54 (Zv4 _a425 _aaze) ®)
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The bridge vehicle interaction forces the in tires The equation of the virtual work (1) makes it
are as per Eq. (6) possible to obtain the equations for each degree of
Fpﬂt _ kpk |:Zk _W(Xk, yk,t)—r(xk, Y, )]+ freedom of the model with 9 DOF:

For Z,:
(6) int o
r fOA,+F16A  +mZ Sz, +mgoz, =0(7.1
CPk Zk‘a\N(Xkka,t)_(a\N+aj Xk k=16 1 st Pl Pl S 1902, (7.1)
ot ok 0x - For z, :
where w(x, Y. t) is the vertical bridge f,6A, +FR8A,, +m,2,62, +m,g52, =0(7.2)
displacement under the kth wheel, r(xy, yi) is For Z,
the road surface roughness under the kth o )
wheel, and z is the vertical displacement of f,0 Ay +Fig 6 A g +MyZ,6 2, + M98z, =0 (7.3)
the kth wheel.
- S; R - S, R
RS 8 S, . DSy DS
m,, |
0, my, lg, a, v lay
o X Iy
N > 1] .
v2 Zvl Zvl ! Zv3
ksz Cs, kSl Csy kSl 3 k53 Css
h
m, m, m,
Z3 Z, Z
Kpa b Cps Ko B €y z Kon Cn
L5 &S, 0

< > (a)

Fig. 2. Dynamic equilibrium of forces and moments, (a): side view, (b): front view
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For z, :
f, 0 A, +F0A,, +mZ,62,+m,g5z, =0(7.4)
For Z,
f,0A,+FleSA s +MyZ,62+mgSz; =0 (7.5)
For Z,
f,0Ay, +F R0 A +MZ 525 + M9z =0
(7.6)
For Z,,
f6A, +F,6A,+M 2,62, +m,g6z, +m X5, +1,6,80, =0
(7.7)
For Z,,

1,00, + 1A, +m 1,52, +m,g7, +m&,0X, +1,6,00, +1 6,00, =0 (7.8)
For z,,
f,0A,+f,0A,+mZdz,+m9dz, +1,d,0a, =0(7.9)

By replacing the various terms of relationships egs.
(2 to 6) in egs. (7.1)- (7.9) and rejecting the trivial
solution for which all the displacements, velocities
and accelerations are zero, the system is obtained as

per eqg. (8):

M {Z}+[C )2 +[K]{z) ={F,}+{F™} @
where {F™} is the force vector applied to the
vehicle, {Fg} is the force vector caused by the effect
of gravity; [M ], [C,] and [K,] are, respectively,

the mass, damping, and stiffness matrices of the
vehicle, and {z } is the vertical displacement

vector of the vehicle’s degrees of freedom (see
Appendix A).

2.2. Bridge deck model

The bridge deck is modeled as a multi-span,
orthotropic, rectangular plate. The bridge is
continuous at the intermediate supports, simply
supported inx=0and x =1, and freeiny=0and y
= b (Fig. 3). The bridge has a linear elastic
behavior, and the secondary effects (shearing and
inertia of rotation) are neglected. The intermediate
supports are linearly rigid and orthogonal at the free
edges of the bridge. As the dimensions (length and
width) of the bridge deck are much larger than its
thickness, thin plate theory is used. The equation of
motion of the bridge deck can, therefore, be written
aseg. (9):

2 4 4 4
oW e Mip W oy W \p IW_

ot ot OX ox“oy oy 9)

nf
_kz Fplknté‘(x X » Y— yk)

where M = ph is the mass density of the plate; c is
the viscous damping coefficient of the bridge deck;

D, =Eh*/12l-v,v,) and D, =Eh*/12(-v,v,
are flexural rigidities accordlng to x and y

directions, respectively; H =v,,D,+2D,, is the

equivalent flexural rigidity; Vi and v, are the
Poisson’s ratios according to x and y directions
respectively;, D, =G, h® /12 is the torsional

rigidity of the bridge deck; G,, is the shear modulus
for the xy plane, Ex and E, are the Young's moduli

according x and y directions respectively; Fgﬂt is

the interaction force between the k™ wheel of the
vehicle and the bridge, and (xx, Yy) is the position of
the k™ interaction force on the bridge.

Applying the modal superposition method to the
bridge deck, the wvertical displacement of the
orthotropic plate can be written as eg. (10):

W(X1 y’t) = ZZ%‘ (X: Y)Qij (t) (10

i=1 j=1
where ¢, (x,y) are the mode shapes of a multi-
span, continuous, orthotropic plate detailed by
Rezaiguia et al. [8], and q;(t) are the modal
coordinates. Substituting eqg. (10) into eq. (9), then
multiplying by @, (x, y), integrating over the

bridge deck surface, and applying the orthogonality
conditions of mode shapes, the modal decoupled
equations of the system are obtained, as shown in
Eq. (11).

Mijqij +Cijqij + Kijqij =F

ij

(11)
where:

” 2 (X, y)ds (12)
f 2(x,y)ds = 2&, (13)

(1[0, ion T p T
K. _” D, i +2H 8x28y2+ ¥ ¢, (%, y)dxdy (14)

_ 2
=M;a;

Fi=—J) 2 Fa o (x=%(0,y =) ¢ (x. y)d
”;‘ X=X (), Y= Yi) ¢ (x,y)ds 5

= —Z Fm% (Xk )

where M.J, Ci;, Kjj and F;; are the modal mass, modal
damping, modal stiffness and modal forces of the
bridge deck, respectively, and &; is the viscous
modal damping factors (gij =c/2Maw, )

S

2.3. Road surface roughness

The road’s surface roughness is modeled by a
random function characterized by a spectral
roughness coefficient and a random variable. There
are two approaches to define the characteristics of
probabilistic random irregularities of road surface:
autocorrelation and spectral density [6]. The static
profile of the road surface can be modeled by a
stationary Gaussian random process of zero mean
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Fig. 3. Model of the continuous multi-span bridge deck

characterized by a Power Spectral Density (PSD),
for describing the quality of the running track. The
PSD in the frequency domain S, (depending on the
spatial frequency f; = w¢/2x) associated with this
process is given by Eq. (16) as per (Henchi [9],
Henchi and al. [10]):

-2
s, (o,)= A[ - j (16)
sO
where A, = Al(wyg) is the spectral roughness
coefficient (value of the spectral density), which
characterizes the quality of the running track, and
wgo 1S the discontinuity angular frequency (ws =
1/27).

An approximate representation of a random
Gaussian profile can be obtained from a PSD. This
representation considers that the profile is the sum
of a number of sine waves of random phases 6
independent and uniformly distributed between 0
and 2x as per Eq. (17):

r(xk):ZN:,MSr ()40, cos(o% +6) k=12,...6 (17)

where N is the number of discretization points in
the frequency domain, ws; is the wave number (ws;
= 2rmi/Le), Aws = 21/L., and L, is typically twice the
bridge deck length.

The expression of the discrete value of the PSD is
given Eq. (18):

N ] a9

Lc a’so

By substituting Eq. (18) into Eq. (17), one obtains
Eqg. (19):

r(%) Z 4#\[ 2 chos(a) X +0) k=12,..,6 (19)

csO

where x, is the longitudinal position of the kth
vehicle wheel on the bridge deck. This relies on
having the length of the roughness wave being
greater than the wheel diameter.
2.4. Solving equations of motion

To solve the coupled equations of motion for
the bridge deck/vehicle, Newmark’s method is
applied. eq. (8), which governs the vehicle motion,
is written at time t+At to generate eq. (20):

[M Y ]{ZV }t+AI + [CV ]{ZV }HAI + [KV ]{ZV }HAK
o),

Using Newmark’s method, the displacement and
velocity respectively are as shown in eq.s (21 and
22):

{Zv}t+m = {Zv}t +At{zv}t +At2(015_:3){zv }1 (21)
+13At2 {“v tAt
2w =120+ @-paZ, | vy atZ, ), (22)

where y and g are the stability parameters of
Newmark's method, and At is the integration time
step. By replacing Eq.s (21) and (22) into Eq. (20)
and applying factorization one obtain Eq. (23):

[5.JZu b +CIE e + K2 )

= {Fg }+ {F " }HAt
with:

[S,]=[M, ]+ mat[C, J+ pAt?[K,]  (24)

{' }H—At :{ } (1_7)At{z } (25)
)~ 2.} + a2} +05-pclz, ) o)
By multiplying Eqg. (23) by[ v] one obtains:

{Zv}t+At :{ }t+At [U ]{ }t+At [VV]{Z;}HM (27)
with:

P =[5, (R P, )
v l=[s]"[cM]=[81"[K]

Hence, the equation of motion (11) of the bridge
deck, at time t+At can be written as:

qutmt _’_25” Uqlt+m 2 (t+at) _ 1 Fij(t+At) (29)

I |J ij

(28)

i
Using Newmark's method, the generalized
displacements and velocities of the bridge deck at
time t+At are, respectively:

g = gl + Atgl) + A (05— A)Y + pat? G (30)
4 = g+ (L= )AtGY + Atq(“m) (31)
By substituting expressions (30) and (31) into Eq.
(29), one obtains:

«(t+AL) 2 «(t+At)

1 e
W t ) 2§” I]qu a)ijqij
! (t+at) _ ij (32)
” L+ 28t8, 0, + prtP0?)

with:
(t+at)

g =+l +(05-p)AtGY (33

.« (t+AL)

G =0l +(@—y)Atg) (34)
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2.5. Solution algorithm

The algorithm of resolution contains two loops
(Fig. 4). The first corresponds to the time and the
second to the iterations. Displacements, speeds, and
accelerations of the bridge deck and vehicle are

approximated from the previous iteration (E) and

then one calculates the interaction forces at each
contact point. From there, one solves the vehicle
equation of motion Eq. (20) by using Newmark's
method. Then one calculates the vector of
interaction forces acting on the bridge deck at each
contact point. One can solve the modal Eq. (29) for
the bridge deck by Newmark's method. One then
makes a convergence test between the displacement

w(D of the iteration (k +1) and the displacement
w® of the previous iteration as follows:

‘W(M (x, y,t)—w®(x, y,t)( <g (35)

If this condition is satisfied, the desired dynamic
parameters can then be calculated. One then
proceeds to the next time step. If, however, if the
condition (35) is not verified, one must apply a
correction during the next iteration so that the

displacement W™ becomes an approximation of
the subsequent iteration. One then recalculates,
until convergence is achieved.

= Read data for the bridge deck
= Read data for the vehicle model
= Read data for the pavement

G, m

Xy ! Xy ?

= Calculate: D,,D, ,H,D

= Select the number of modes and calculate frequencies and mode shapes: @, @;

= Select the traveling speed: v

= Select the time step At , parameters -, 4 and the tolerance &

= Calculate modal masses, stiffnesses and dampings of the bridge deck: M

i K Gy

= Calculate the matrices mass, stiffness and damping of the vehicle model:[M, ],[C, ] [K, ]
= Select the initial conditions: {q},, {d},. {ti}o. {Z. }o. {Z. Jo. 2. Jo

= Determine transverse wheel positions: Yy,

For eachtimestep t =t + At :

A =  Determine the longitudinal position of vehicle on the bridge deck: X, =V t,

previous iteration
For each iteration: k = k +1

. Calculate the vector {F ‘”t}

i=1 j=1
Ll Convergence test:

= Calculate in each contact point k: r(x, ),r'(x, )
= Approximate the displacements, speeds, and accelerations of the bridge deck and vehicle from the

A " Calculate at each contact point k w(x, ), W(x, ), F(x, )
" Calculate the interaction forces F™ = K o (w, +1,)+ C i (W, +1,)

" Calculate the forces vector related the gravity effects: {Fg }

] Solve with Newmark’s method: [M v ]{ZV }+ [Cv ]{Zv }+ [Kv ]{Zv }: {Fg }+ {F " }
" Ca!culate the interaction forces acting on the bridge deck at each contact point:
FpIEt =K (Wk +ho—Z )+ C ok (Wk + - zk)

. 1
- s e . 2 _
Solve with Newmark’s method: b + 2§ij ;G + 00 = —— E.

M, "

ij

" Calculate the vertical displacement of the bridge deck:

wh(x, y,t) = i i (e y R ()

_Ifno ‘a)(m)(x, Y, t) - w(E)(X, Y, tX <¢ ifyesso

" Calculate the dynamic parameters desired.

Fig. 4. The computational algorithm for the decoupled method
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3. NUMERICAL EXAMPLE of intermodal coupling neglected in previous

In this example, the dynamic behavior of a deck
slab bridge is modeled by a three-span orthotropic
rectangular plate was excited with a moving vehicle
modeled by a dynamic model with 9 DOF. The
equivalent properties of the deck slab are as per [6]:
I1=78m,l;=13=24mand l,=30m, b=13.715 m,
h =0.212 m, p = 3265 kg/m®, D,= 2.41 x 109Nm

—218X107Nm ny—l 14><108Nm Vi
E 7306X1012N/m E,~ 2.76 x 10° N/im?,

3/ ny

1.45 x 10" N/m?. The natural frequencies and mode
shapes of the three-span orthotropic bridge deck
were calculated with a recently developed approach
based on the modal method incorporating the effect

similar studies. The first 10 natural frequencies in
Hz, of the deck slab were as reported in [11]: 4.13,
5.45, 6.30, 7.59, 7.75, 9.77, 9.08, 11.26, 11.97, and
15.07. Figure 5 shows the geometry and mass
distribution of the vehicle considered for this study,
the details of the vehicle are from [7] and
summarized in Table 1.

Table 2 presents the experimental values of the
spectral roughness coefficient Ar according to the
state of the track [9]. Based on the expression (19)
of the road profile, Fig. 6 shows the random profile
of the track for different values of the spectral
coefficient roughness.

< 8.8 m ole 22m r—"
2330 kg/m
1950 kg/m
\AAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAA|
8800 kg 8800 kg 7200 kg
i o 3
1200 ka\.¥_/ \.¥_/ 1200 k ¥/ 800 k
T A A A afffffffffffffffffffff
10000 kg 10000 kg 8000 kg
|« 3.06m (Jl4ml, 4.85 ! 17m ! 18Mm
Fig. 5. Geometry and mass distribution of the truck
Table 1. Vehicle parameters [7]
Geometry Height of gravity center of the vehicle h=18m
Spacing between front axle and tandem s; =555m
Spacing between vehicle tires $3=18 m

Masses

Moments of inertia

Stiffnesses

Dampings

Eccentricities

Rigid block of the vehicle
front wheels

wheels of the first rear axle
wheels of the second rear axle

Rigid block of the vehicle
Rigid block of the vehicle
Front suspensions

Rear suspensions

Front tires

Tires of the first rear axle

(pitch)
(roll)

Tires on the second rear axle

Front suspensions

Rear suspensions

Front tires

tires of the first rear axle

Tires on the second rear axle

a;=0.71, a,=0.29,
az=a,=0.5, b1: b2 =05
m, = 24800 kg

m; = m, = 800 kg

m; =Mms = 1200 kg

mz; =Mg = 1200 kg

Iy, = 241359 kg m?

I, = 34878.468 kg m?
ks1 = ks3 = 520000 N/m
ks = ksg = 2348000 N/m
Koz = ko4 = 2000000 N/m
Koz = kos = 4000000 N/m
Koz = kpg = 4000000 N/m
Cs1 = Cs3 = 12194 N s/m
Cs = Css = 40715 N s/m
Cp1 = Cpg = 4000 N s/m
Cp2 = Cps = 6928 N s/m
Cp3 = Cps = 6928 N s/m

Table 2. Experimental values of A, according to the type of the track [9]

Track conditions

Very good

good

moderate Bad

A, (m¥/cycle) x107®

A <5

5< A,

<20 20< A <80 80< A, < 256
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Fig. 6. Random profile of the track for
different values of roughness coefficient A,

3.1 Influence of the loading mode
Several numerical simulations were performed
to identify the influence of the moving load on the
dynamic responses of the deck slab bridge. The
truck traversed the bridge at a speed of 100 km/h
along three different paths (Fig. 7). Before
calculating the dynamic response of the bridge
deck, we checked its convergence with multiple
numbers of modes. The results demonstrated that
10 modes are sufficient for the convergence of the
modal series (9). In the results section, we chose i =
1,..,9andj=1, .., 550 45 modes, which are more
than enough for the convergence. The vertical
displacement of the bridge deck must be corrected
at all six contact points to obtain the dynamic
equilibrium between the bridge deck and vehicle at
each time step. The iterative process is detailed in
section 2.5. The iterative process usually converges
in two to four iterations in each time step.
Table 3 and figures 8 shows the influence the
influence of the loading mode on the DAF
calculated in the middle of each span and in the
middle of each girder. The maximum static
response is obtained with the truck moving at the
very slow speed of 0.01m/s. Based on those
conditions, the following was observed
e The DAF is small near the vehicle and higher
further away.
e The DAF of the middle of girders 4 and 5
were the highest for the first and second

loading cases (DAF = 2.63 and 2.19). This
may be due either to torsional modes excited
by these loading cases or with the definition
itself of the dynamic amplification factor as a
response indicator.
Fig. 9 illustrates the influence of the loading
mode on the vertical displacement at the middle
point of a three-span bridge deck. This image
shows the following
e High vertical displacement near the applied
load, while the DAF is the opposite (see
Table 3 and Fig.9).

e Positive vertical displacement when the load
is eccentric (i.e. when the truck is located on
either the first or the third span).

5.057 m

IJ"S ml Load case 3
25m 1.8

Load case 2

Load case 1
s\

N — — ——

1 2 3 4 5
Fig. 7. Vehicle loading
3.0
—&@— Girder1 (@)
—@— Girder2
—Jl— Girder3

Dynamic Amplification Factor

L ko XL Y XL
0.0 n I N I n I n I n
000 137 274 411 548 6.86 823 960 1097 1234 1371
20 y(m)
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[
o

=
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0.00 1.37 2.74 411 5.48 6.86 8.23 9.60 10.97 1234 13.71
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Fig. 8. Distribution of the Dynamic
Amplification Factor in the cross section of
the bridge deck, (a): load case 1, (b): load
case 3
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Table 3. Distribution of the dynamic amplification factor on the bridge deck

Dynamic Amplification Factor

Load case Span - - - - -
Girder 1 Girder 2 Girder 3 Girder 4 Girder 5
1 1.337 1.371 1.501 1.889 2.630
1 2 1.072 1.089 1.153 1.288 1.723
3 1.133 1.157 1.194 1.291 1.778
1 1.333 1.360 1.435 1.695 2.191
2 2 1.072 1.087 1.101 1.199 1.364
3 1.137 1.135 1.171 1.224 1.402
1 1.465 1.383 1.377 1.456 1.636
3 2 1.108 1.082 1.081 1.104 1.171
3 1.154 1.138 1.128 1.168 1.184

—@— Load case 1

Load case 2

Load case 3

Vertical displacement (mm)

Ll Ll Ll
29.3 39.0 48.8
First axle position (m)

Fig. 9. Vertical displacement at middle of
span 2 of girder 3 under different loadings

n n Ll
58.5

e ey Lo
68.3 78.0

0.0 9.8 195

3.2. Influence of vehicle speed

Fig. 10 shows the influence of the vehicle speed
on the vertical displacement in the middle of the
bridge deck (span 2, girder 3). The truck through
the bridge deck according to loading case 1. For a
very low speed, the vertical displacement in the
middle of the bridge deck tends to the static vertical
displacement. The maximum of the vertical
displacement in the middle of the bridge deck
increases as the vehicle speeds up to 133.2 km/h
then decreases and it shifts upwards in the rolling
direction of the vehicle.

2

static

v=50 km/h
’ - v=100 km/h

,,,,, .,,,‘ v=133.2 km/h

—4— v=160 km/h

Vertical displacement (mm)

I I I ] L I I
0.0 9.8 19.5 29.3 39.0 48.8 58.5 68.3 78.0
First axle position (m)

Fig. 10. Influence of the vehicle speed on the
vertical displacement of the middle

o

Fig. 11 shows the variation of the dynamic
amplification factor of the bridge deck at the middle
point girder 1 and 3 and in the middle of the span 2,
under different loading cases as a function of the

vehicle speed selected between 10 and 160 km/h.
The DAF varies little up to vehicle speeds of
around 110 km/h. After which, a rapid increase
occurs at a critical speed of 133.2 km/h followed by
a rapid decline

1.6

"
—@— Girder1 (a)
—@— Girder3

14+

12+

Dynamic Amplification Factor

1.0

08 , ‘ L ‘
0 100 110 130
Speed (km/h)

133.2

16

—@— Girder1 (b)
—@— Girder3

14+

12+

Dynamic Amplification Factor

1.0

|
*%0 4r0 7‘0 11;0 1‘10
Speed (km/h)
Fig. 11. Dynamic amplification factor at

middle of span 2 of girders 1 and 3 as
function of vehicle speed, (a): load case 1,

(b): load case 3

L
1301332 160

3.3. Influence of vehicle mass

The mass difference between the loaded and
unloaded truck can cause changes in the dynamic
behavior of the bridge deck. To identify the
influence of the truck mass on the dynamic
response of the bridge deck, three load levels were
simulated for the truck: an unloaded truck (m, =
8200 kg), a normally loaded truck (m, = 24800 Kkg),
and an overloaded truck (m, = 31300 kg). Fig.12
shows the influence of the vehicle mass on the
vertical displacement in the middle of the bridge
deck. The truck through the bridge according to
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path of the load case 3 at a speed of 80 km/h. As

expected, there is an increase of the vertical

displacement in the middle of the bridge deck,
especially when the truck is overloaded and located
within the central span.

Fig.13 shows the influence of the truck mass on
the dynamic amplification factor in the middle of
girder 3 and the middle of span 2 with truck speeds
from 10 to 160 km/h. Those results demonstrated
the following:

e The critical speed corresponding to the
maximum  dynamic  amplification  factor
decreases with the truck mass: for the unloaded
truck the critical speed was 144 km/h, for the
normally loaded truck 133.2 km/h, and for the
overloaded truck 126 km/h demonstrating the
relationship between a decreasing critical speed
with an increasing vehicle weight.

e For the critical speed, the DAF was higher in
the case of the normally loaded truck

—@— Unloaded truck
—D<—  Loaded truck
\ —4— Overloaded truck,

o

Vertical displacement (mm)

T T S S S T S A A B S
0.0 9.8 195 29.3 39.0 48.8 58.5 68.3 78.0

First axle position (m)
Fig. 12. Vertical displacement at middle of
span 2 of girder 3 under different mass
vehicle, v, = 80 km/h, load case 3

1.4

—A—  Unloaded truck
sl —@— Loaded truck
—@— Overloaded truck

\V

12

1.1

104

Dynamic Amplification Factor

0.9 -

0.8 I I I
10 40 70

L
126 133.2 147.6
130 160

Speed (km/h)100
Fig. 13. Influence of vehicle mass on DAF in
the middle of the bridge deck

3.4. Influence of road surface roughness

Fig.14 shows the influence of the road surface
roughness on the DAF in the middle of span 2,
girder 3, for vehicle speeds varying from 10 to 160
km/h. The vehicle passes along the bridge deck
under loading case 3. Notably, increased road
surface roughness increases the DAF in the tread
slab. Additionally, at a speed of 133.2 km/h and a
bad road surface (A, = 150 x 10° m%(cycle), an
increase of about 25 % of the maximum value of
the DAF occurred.

Fig.15 shows the variation of the interaction
forces exerted by a right rear wheel of the vehicle
based on the track conditions. The vehicle was
moving at a speed of 100 km/h according to load
case 3. The results showed that changes in the
amplitudes of the interaction forces increased
significantly with greater track profile roughness.
This means that the state of the track can more
significantly influence the vehicle vibrations than
the rolling slab. Additionally, the interaction forces
fluctuated around an average value, which
corresponded to the static force.

2.0

Very good track

Moderate track
18

Bad track

1.6

1.4

1.2

Dynamic Amplification Factor

10 #

0.8 I I I I
10 40 70 100 130 160

Speed (km/h)
Fig. 14. Influence of the state of the track on
the dynamic amplification factor in the
middle of the deck slab for loading case 3
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o) TR S R | !
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203 390 488
First axle position [m]
Fig. 15. Interaction force exerted by a right
rear wheel of the vehicle, v,=100 km/h,

L

n L 1
58.5

68.3 78.0

N

. CONCLUSIONS

In this paper, the dynamic interaction between a
moving vehicle (modeled as a 9 DOF dynamic
system with tandem axles) and a bridge (modeled
as a three-span orthotropic plate) was studied taking
into account road surface irregularities. The modal
method and Newmark's numerical integration were
used to solve the coupled equations of
bridge/vehicle motion. For this, an iterative
algorithm was proposed for solving the coupled
equations of bridge/vehicle motion in a decoupled
manner. Numerical simulations were performed to
study the variation of dynamic amplification factor
on the bridge deck. Three major observations were
made:

e High dynamic amplification factors can

occur in places where the vertical
displacement is small.
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e In the case studied, the critical speed
corresponding to the maximum dynamic
amplification factor was about 133.2 km/h.
This value varies according to the vehicle
mass.

e The effect of track irregularities on the
dynamic response of the bridge deck and
interaction forces is the most important
parameter.

APPENDIX A

The equations of motion of the vehicle model
with 9 degrees of freedom are given by:

int

M2+ e 2.+ [k Jz, )=, b+

with:
T
{Zv} = {21’ 2,23, 24125126121, 231 Zy4 }

The matrices [Mv] [Cv] and [Kv] are
symmetrical. Element of matrix [Mv] are as flows:
My, =M,
M, =My; My = =Mps =My = =M e =My = 0;
M35 = Mgy Mgy = mv35 =My =M
Mygg =My Mg =Myyg =My =M g =M, 9 = 0;
My =My Mg =M, =M g =My =0;
Myge = Mg Mgy =My =Mygq = 0;

, h? Iy . h? Iy .
My =M & +— |+ Mg =M, alaz_azbz_T T2
S, S S S

M7 = mvazbz ;
> h?
Mg =M, (al_bZ) +S_2 +
Mygg =M, [albz _bzz]_sigv
3

|

2 .

Mg =M, by +-5-3
S3

Element of matrix [Cv] are as flows:

=Cyq + Cpl i Cu7 = —Cy;

2 =Cpz = Cy1q = Cy5 = Cy = Cyg = Cye =0

= Csza + Cp3’ vz = ~Cs2838,;
28 = G528y
24 = Cyo5 =Cp6 = Cyp7 =Cp9 = 0;

Cu
Cu
C,,
CV
C
Ciaz = Csza'f +Cp3: Cyzg = —Cr85;
Cysa = Cyas = Cyas = Cya7 = Cyzo = 0;
Cia
Cv48
C
C

A2
=Cg3 +Cp4’ vas = Cyas =07 Cpy = —Cgy

=Cs3: Cugg = —C3;

2 ) _ 2
55 = Ca@y +Cp55 Cgg =Ciy8, +Cps

56 =05 Cyso = —Cyy;

Coes = Cs4a’§ +Cps: Cue7 =Cigg = 0;

Cveg = —Csa8s

Cv77 = Cq +Cg33 Cu7g = —Cos3 Cu7o = Cos

Cigs = Cs2 T Cszi Cgg = —Cy3: Cygg =Ci3 +Cyy s
Elements of the [Kv] matrix are similar to elements
of [Cv] matrix, by replacing the damping c,, by
rigidities kg,

Element of vector { F im} are as flows:

m(x vt 2T}
ot T e axwyll

6w0r

kpl[w(xlY yl't)+r(xl'y1)]+c

kpz[W(szYth)+r(x2vyz)]+c
X=X, 9=Y
ol g+ o ]
'\N ol
{F‘"t}: kpA[W(Xavyut)'*'r(XuyA)]+ pa Xd'yfl' +[O rj

Kys WO, Y 8+ 1 (s, s )]+ C e

Kpo WO Yo )+ 7%,y ]+,

x=Xey=Ye |

Element of vector {Fg} are as flows:

h
1Ry} :{—mlg,—ng,—mag.—mz;g,—msg,—megy—azmvg oK

T

h .
‘(al‘bz)mvg—mvng‘bzmvg
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