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When establishing the equations of motion of the bridge-vehicle coupling system, most
researchers simplify the contact between the vehicle tire and road surface as a point contact. In
reality, a vehicle tire deforms and makes contact with the road surface over a footprint area
called patch contact. This paper presents a new method that allows for the effect of the patch
contact on the dynamic response of the bridge-vehicle coupling system. In this method, the
vehicle tire is modeled as a two-dimensional elementary spring model, and the patch contact is
assumed to be a rectangle. The bridge-vehicle coupling equations are established by combining
the equations of motion of both the bridge and vehicle using the displacement relationship and
interaction force relationship at the patch contact. A series of simulation studies have been
carried out in which the effects of various factors such as vehicle speed, tire stiffness and
damping, size of the patch contact, number of vehicles, and faulting condition have been
investigated. The numerical simulations and field test results show that the proposed method
can more rationally simulate the interaction between the bridge and vehicles.

Keywords: Bridge-vehicle coupling system; bridge; vehicle; vibration; tire; patch contact; point
contact.

1. Introduction

The interaction between a bridge and vehicles has attracted much attention over the
last two decades due to a significant increase of heavy and high-speed vehicles in
highway and railway traffic. By modeling a moving vehicle as a moving load, moving
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mass or moving sprung mass, the dynamic response of bridges induced by moving
vehicles has been studied by many researchers.! Some complicated vehicle models
that can consider the various dynamic properties of vehicles have been introduced for
the bridge-vehicle interactions.* ¢

According to Yang et al.,” there are two approaches for solving the bridge-vehicle
interaction problems. One approach is to divide the bridge-vehicle system into two
subsystems with an interface between the bridge and vehicle. Two sets of equations
of motion can be written, one for the supporting bridge and the other for each of the
moving vehicles. In order to solve the two sets of differential equations, procedures of
interactive nature are often adopted, though the equations can be solved simul-
taneously without iteration.®” In this case, one may first start by assuming the
displacement for the contact points, and then solve the vehicle equations to obtain
the contact forces. By substituting the contact forces into the bridge equations,
improved displacements at the contact points can be obtained. It is the interaction or
contact forces existing at the contact points of the two subsystems that make the
two sets of equations coupled. These single contact points are used to model the
relationship of a vehicle tire and road surface in most studies.!’”** The other
approach for solving the vehicle-bridge interaction problems includes those based on
the condensation method, which focuses on formulating a bridge-vehicle interaction
element. First, two sets of equations of motion need to be written, one for the bridge
element and the other for the sprung mass lumped from the vehicle directly acting on
the element. The sprung mass equations are discretized using finite difference for-
mulas, and condensed to those of the bridge element by the contact points, which will
result in the so-called bridge-vehicle interaction element. The condensation approach
also assumes the interface between a vehicle tire and the road surface as a single point
contact.!? 18

While it may be reasonable to simulate the interfaces between the wheels and road
surface as point contacts for trains with steel wheelsets, it is not the case for vehicles
moving on the highway bridges. This is because their tires deform and make contact
with the road surface over a footprint area called patch contact. While the effect of
different contact models between the tire and road surface, point contact or patch
contact, on the vibration of vehicles has been studied by many researchers,' 2
hitherto no studies have been made for the effect of the contact condition on bridge
vibrations.

This paper presents a new method that allows for the effect of the patch contact
on the dynamic response of the bridge-vehicle coupling system. This method mainly
focuses on establishing a new tire model, which is a two-dimensional elementary
spring model, to study the effect of the patch contact on the dynamic response of the
bridge-vehicle coupling system. The patch contact between the tires and road surface
is assumed to be a rectangle. The displacement relationship and the interaction force
relationship at the patch contact are used to establish the equations of motion of the
bridge-vehicle coupling system. A series of simulation studies have been carried out
with the view to examine the effects of various factors such as vehicle speed, tire
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stiffness and damping, size of the contact patch, number of vehicles, and faulting
condition. The numerical simulations and field measurements show that the pro-
posed method can more rationally simulate the interaction of the bridge-vehicle
coupling system.

2. Bridge-Vehicle Coupled System
2.1. Vehicle model

A review of vehicle models was made by Yu and Chan.?* As discussed earlier, in
reality the tire and road surface is not in contact at a point, but rather in the form of
a patch. In this study, a new full-scale vehicle model with seven degree-of-freedoms
(DOF's) is used as shown in Fig. 1. These DOF's are the vertical displacement of truck
body (y;), pitching rotation of truck body (6;), vertical displacement of truck front
axle (yi), vertical displacement of truck rear axle (y2), roll displacement of truck
body (¢,), roll displacement of truck front axle (¢}), and roll displacement of truck
rear axle (¢2). To simulate the interaction between the vehicle tire and road surface,
the tire is modeled as a two-dimensional elementary spring model shown in Fig. 2,
and the mass of the tire can be neglected since it is small when compared to the total
mass of the vehicle.
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Fig. 2. A tire model.
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The relative displacements of the suspension springs can be written as:

Usy = (41 = ya) + (51/2) (9 — ba) + a6, (1)
Ul = W = ya) = (51/2)(dr — a) + 0y, (2)
U3y = (= ya) + (52/2)(¢; — 62) — b, (3)
Usy = (e —y2) = (52/2) (e — 62) — ls0s, (4)

where s; is the distance between the right and left tires of the front axle; s, the
distance between the right and left tires of the rear axle; I, the distance between
the front axle and the gravity center of the vehicle body; and [3 the distance between
the rear axle and the gravity center of the vehicle body.
The elastic and damping forces of the suspension can be written as:
Foy=KyUsy, (5)
(2

Fésy = D;yUsyvl =1,2,3,4, (6)

where K iy is the suspension spring stiffness of the ith axle; and Diy the suspension
damper coefficient of the ith axle.

The displacement in the radial direction of the ith tire spring (see Fig. 3) at the
contact position x can be expressed as:

Utlyl = {yi + (81/2)¢i - [_r(x)l] + Al - R(l — COS 9) - yl%w_contact}/cos 97 (
Ut2y¢ = {ytlz - (51/2)¢(11 - [—’I"(l?)2] =+ AQ - R(l — COS 0) - ygﬂ:,contact}/cos 07 (8
Ut3yx = {yz + (82/2)¢Z - [_T(x)g] + A3 - R(l — €08 9) - yg’z_contact}/ COS 97 (

)
)
)
Uiye = {ya — (52/2)¢0% — [=1() "] + A" — R(1 — c08 8) — Yi_contac}/ cos 6, (10)

Fig. 3. Tire deformation model.
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where
R — Ai=1234

\/(x)2 (R Ai:1,2.3,4)2 '

From Egs. (7) to (10), one can observe that U/,,i = 1,2,3,4 is a function of the
truck axle displacement y.i = 1,2; roll displacement of truck axle ¢.i = 1,2; road
roughness r(z)% = 1,2,3,4; tire radius R; the tire deformation due to the load of
vehicle weight A% = 1,2,3,4; and the bridge dynamic deflection at the contact
position 2y}, ontaei = 1,2, 3, 4.

In the following equations, “F” stands for “force”, subscription “ty” for “tire”,
“dty” for “damping of tire”, “sy” for “suspension”, and “dsy” for “damping of
suspension”. Therefore, the interaction forces acting on the bridge through the patch
length [;, of the ith tire can be written as:

cos 0 =

) iy, /2 )
Fy, :/ tyUtye cos Odz, (11)
xi=ly, /2
) Tl /2 ;
F, :/ iUy, cos Odz, (12)
Ti=ly, /2

where kiy and ciy are the radial direction spring stiffness and damper coefficients of
the ith tire, respectively; and x* is the position of the ith tire patch center.

The equations of motion of the vehicle can be obtained from the Lagrangian
formulation, and can be written as:

My + (Foy+ Foy+ Fiy+ Fy) + (Figy + Flyy + Fiyy + Fig) =myg,  (13)
Ly $:+ (51/2)(FL, — F2) + (s2/2)(F2, — F)

+ (s1/2)(Fhy, — F3,) + (s2/2)(F}, — Fi,) =0, (14)

L0+ 1(Fy, + Fo) — (F3 + Fyy) + b(Fiy, + Fiy,)) — (P, + Fiy,) =0, (15)

Mo — (Fyy+ F2) + (Fiy + Fy) — (Figy + Fiy) + (Fayy + Fiy) = marg,  (16)
Lt &0 — (s1/2)(FL = F2) + (s1/2)(Fhy — F2)

- (sl/2>(Fdlsy - Ffsy) + (81/2)(F(}ty - Fl%ty) =0, (17)

Magija — (Fay + Fuy) + (Fiyy + Fiy) = (Fiy + Fagy) + (Fiyy + Fay) = mazg,  (18)
Loy & o — (2/2)(F3, — F4) + (55/2)(F}, — F)

— (52/2)(F,, — Fi,) + (s2/2)(F}y, — Fify)) =0, (19)

where m, is the mass of truck body; I, and I,; are the rolling and pitching moment of
inertia of truck body, respectively; m,; and m,y are the mass of the front and rear
axles, respectively; and I,,; and I,,, are rolling moment of inertia of the front and
rear axles, respectively.
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Equations (13)—(19) can be rewritten in a matrix form as:
(Mo} + [C gt + (Ko} = {Fe} +{Fo}, (20)

where [M,], [C,], and [K,| = the mass, damping, and stiffness matrices of the vehicle,
respectively; {y,} = the displacement vector of the vehicle; {F;} = gravity force
vector of the vehicle; and {F,_;} = vector of the wheel-road contact forces acting on
the vehicle.

2.2. Bridge model

The equation of motion of a bridge can be written as:

[My{ijp} + [Col{ge} + [KeH{wp} = {Fy-v}s (21)

where [M,], [C}], and [K] are the mass, damping, and stiffness matrices of the bridge,
respectively; {y,} is the displacement vector for all DOFs of the bridge; {¢;,} and {3, }
are the first and second derivative of {y,} with respect to time, respectively; and
{F,_,} is a vector containing all external forces acting on the bridge.

2.3. Assembling the vehicle-bridge coupled system

Vehicles traveling on a bridge are connected to the bridge via patch contacts. The
interaction forces acting on the bridge { F,_,} and the interaction forces acting on the
vehicles {F,_;,} are actually action and reaction forces existing at the patch contact.
In terms of finite element modeling, these interaction forces may not be applied right
at any node. Therefore, the interaction forces need to be transformed into equivalent
nodal forces { F;?} in the finite element analysis. This can be done using the virtual
work principle, which states that the work done by the equivalent nodal forces and
the actual force should be equal, which can be expressed as:

{yb,nodal}T{Feq} = Ybax_contact * F, (22)

where {y;_noda } 18 the displacement vector for all the nodes of the element in contact;
Yow_contact, the displacement of the element bearing the tire spring load at the contact
position z; { F°¢} the equivalent force vector applied at all the nodes of the element in
contact; and F the real force acting at the patch contact.

The Yy contact Can be expressed using the displacement at each node of the
element as:

Yba_contact = [Ne]{yb_nodal}a (23)

where [N,] is the relationship function of the element in contact. In view of Egs. (22)
and (23), we can easily obtain the following relationship between the equivalent
nodal forces and the interaction force acting on the element in contact:

{Fe} =[N F. (24)
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To be consistent with the size of the force vector {F;?} in the analysis of the full
bridge, Eq. (24) can be expanded to a full force vector form as:

{F% = N]T - F, (25)

where {F}?} is a vector with the number of elements equal to the total number of
DOFs of the bridge. It is constructed by inserting the elements in the original force
vector { F*¢} in Eq. (24) into their corresponding DOFs in the full force vector {F;?}
and adding zero terms to the remaining elements in { F;*}. For two interaction forces
acting upon different elements of the same bridge, the relationship function of the
bridge [IV;] for the two forces would be different though the element relationship
function [N,] may be the same, because the corresponding DOF's of the non-zero
terms in the two force vectors are different.

In a bridge-vehicle system, the relationship among the vertical displacement of
vehicle body y!, bridge deflection at the contact position i, .., the radial
deformation of ith tire spring U fw at the position z, and road surface profile r(z)?,
shown in Egs. (7)—(10), can be rewritten as:

Utlyﬁ = {yi - [_T(m)i] - yéz,conmct}/ cos 6 (26)
yh =yl £ (s;/2)¢) + A" R(1 —cos 0), j=1,2.

The first derivative of Eq. (26) can then be obtained as:

Uiyz = (yZL + (x)l - yzz_contact)/cos 97 (27)

where 5 is the velocity of the vehicle body in the vertical direction; 7(x)! = drg)l

dr — drfl?i v(t), where v(?) is the vehicle traveling velocity; and ¥}, ..., according
to the definition of the relationship function of the bridge in Eq. (23), can be

expressed as:

yéx_co7Ltact = [Ne] : {yé_7zodal} = [Nb] ' {yb} (28)
The interaction force acting on the ith tire can be obtained as:

v=b T _Fty _thy

T+l /2 ] ] ) )
=—/ ki (g + r(2) — [N} )de

12

R (N L dr(@)
_ i i it NI i) ) da.
lﬂhmcw@v o) - i) + 00 Yo

(29)

Comparing the length of I, with the total length of the bridge, I,, can be regarded as
small. Therefore, the value of y, and y, can be assumed to be a constant in the length
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range form z* — I, /2 to = 4 1,,,/2. Equation (29) can be further written as:

) i+l /2 ) ) _ _
L= [ R ) - Vi)

il /2
w2 dIN] : dr(z)i
i ) b 10,
_ — i — [N ‘(t) |d
[ ot @ i)+ T Jas
iy, /2 ) Tl /2 ‘ i, /2 )
— _/ iydmyf,—/ k:iyr(x)’dx—#/ ki [Nyldz{y,} (30)
xi=ly /2 Ti=ly,/2 xi—ly, /2
Titly, /2 _ ity /2 dINTT
[ i [ e S e ),
zi—ly, /2 zi—ly, /2 €L

Titly /2 ) . T2 ()i )
[ Nt - [ e M o
Ti=ly, /2 xi=ly, /2 £

where [N]] is the relationship function of the bridge for an interaction force between
the ith tire and the bridge.
The N interaction forces can be expressed in a vector form as:

{FL) ={Foy Fo,-FY)T
= = [K{)\iv]{yv} - {var} + [vab]{yb}’ - [Czj)\lv]{yv} (31)
+ [Kv—cb]{yb} + [Cu—b]{yb} - {Fv—cr}7

where [KY,] and [C},] are the stiffness, and damping matrices for N tires,
respectively; and [K, ], {F,_,}, [Ky_a), [Cos), and {F,_.} are defined, res-
pectively, as:

iy, /2 2241y, /2 N+, /2
KDY, = / ki,dx / k}dx - / kiyda |;

-1y, /2 2—1y, /2 N—ly,/2

x4y, /2 241, /2 N+, /2
N _ 1 2 N .
[CU—U] = / Ctydx/ Ctydx T / Ctydx )
=l /2 2=y, /2 xN—ly,/2

[Kv—b] = [Kfvv—v]

.’L‘1+lty/2 T w2+lw/2 T l'N+lty/2 T
A e [ s
z'1,/2 2’ —1,,/2 N l,,/2

{For} = [K[L]

@', /2 &+, /2 e, /2
. / r(x)ldx/ r(x)2d1:-~-/ ) r(z)Vdz|
xl—lw/Z :cz—lty/Z a:”—l,,y/Z
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e +y/2 g N T
Kool = 00| [ B s
zl—1,/2 xz
a*+y/2 giN 2T oy /2 g T
></ [ b] v2(t)dx/ [ b}
2oy, dx e —l,,/2

[Cos] = [CL4]
o', /2
. /xl—zwm

(Fo) = [011]\:”], [/zl+lry/2 dr(z)! Ul(t)dx

, a4y, /2
[Nbl] d:c/
P

1,1“//2 dw
&+, /2 d 2 2" t,/2
></ riz) U2(t)d:13---/
w2flty/2 dx folty/2

[NbQ]de"'

T
In vN(t)dm] ;

2™ 4l,,/2 ,
[, i
V1,2
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As discussed earlier, the interaction forces acting on the bridge, {F;_,}, are the
reaction forces of that acting on the vehicles, {F,_,}. Therefore, the following

relationship holds:

{bev} = _{vab}'

forces due to the N interaction forces are given by

N

{Fy"y =Y IN)T - (=Fiy)

i=1
Mpridly/2
/w"—lty/2
iy, /2
- /.’t’—lty/Q

iy, /2
i i
tydxyv + /
xi—ly, /2

-

[N

§ (Nidz{y} + /

(32)
By substituting Eqgs. (30) and (32) into Eq. (25), the transformed equivalent nodal

iyr(m)idx

x‘+lty/2 ) ]

) s

Ctydxy v
xzi—ly, /2

[
LN
|
a\s
£
&
~
)
(o)
o~
o IS9
5]
S~
e@
/.\v
~
IS
)
~
<
=2
&

iy, /2
L - Ai—l,y/Z
= [Kp-l{yo} + {For} = [Koul{tn} + [Cos[{50}

= [Ko—al{yp} — [Co {0} + {Fy—r }

chiNfldstin) + [

iy, /2 ) d’l"(l‘)z

1
Cry——
Y
el /2 dx
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where [Kb v Kb vb} {Fb r} [bevL [bech [beb]a and {becr} are defined as:

z Ly, /2

Kb u = { k%ydm[NlﬂT
7‘1 —lyy /2

T +lf1//2 J'3“V""lf/z//2
N1T N .
ty [Nb} / ktyd'T )
z

221, /2 Nl /2

n . z +lt1//2 . .
K] = SN / Vi
Ti=ly /2

~.
—_

n ] iy, /2 ) )
(F} =S IViT / k() de;

i=1 wi=ly /2
x4, /2 2+, /2 N4, /2
Cod =AW [ el [ e T [ ke
xl—1;,/2 2=l /2 N1y, /2

n ) ity /2 d Ni )
(Kooa = > )" | ety AN i) s
1 x

i= i1y, /2 dx
n ) Urlty/Q ) )
Gyl = SINIT / b [Ni)dz;
i=1 zi=ly, /2

n ] iy, /2 d’l"(l‘)z )
F — NZT 2 i .
L L R

i=1 zi=ly, /2

By substituting Eq. (31) into Eq. (20), we have:
[MYNG} + [CO NG} + K w)
=F§ — Ky} + (Ko l{m) — {F} = [CF {5}
+ [Ko-al{wp} + [Cosl{tp} — {Foer}- (34)

Since {F;?} in Eq. (33) is actually the equivalent force vector of the external force
vector {F,_,} in Eq. (21), after substituting Eq. (21) into Eq. (21), the following can
be obtained:

[My[{dn} + [Col{wn} + [Kpl{we}
- [Kb—'tuv} - [Kb—vb]{yb} + {Fb—r} + [Cb—v] {yv}

K} — [Coalin} + (Fior). (35)
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Equations (34) and (35) can be combined and rewritten in a matrix form as:

M, Uy N Cy+ Cyy —Cy_y Uy
MY ] Uiy ~C,yy  CYycy, ]9,

N Ky + Ky o+ Ky —Kp, { i }
_vab - vacb Klj)v + Klj)v;v Yo
Fb—r + Fb—cr
= ) 36
7}7‘11—7' - Fv—cr + Fé‘v ( )
where Ob—bv Cb—m Cv—b) Kb—vb’ Kb—cbv Kb—m Kv—bv Kv—cba Fb—ra Fb—r:r7 Fv—ra and Fv—cr

are resulted due to the coupling effect between the bridge and vehicles. When a
vehicle travels on the bridge, the position of the patch contact changes with time,
which means the road roughness r(z) at the patch contact and the relationship
function [N,] are both time-dependent terms, indicating that all the additional terms
in Eq. (36) are time-dependent terms. Eq. (36) can be solved by the Newmark(-
method in the time domain.

2.4. Road surface condition

The road surface condition is an important factor that affects the dynamic responses
of both the bridge and vehicles. A road surface profile is usually assumed to be a zero-
mean stationary Gaussian random process and can be generated through an inverse
Fourier transformation based on a power spectral density (PSD) function® as:

N
r(z) = Z vV 2p(ny)An cos(2mngx + 0y,), (37)
k=1

where 0, is the random phase angle uniformly distributed from 0 to 27; () is the
PSD function (m?/cycle) for the road surface elevation; and ny, is the wave number
(cycle/m). In the present study, the following PSD function® has been used:

n

-2
o) = ol (1) <n <o) (39)
where n is the spatial frequency (cycle/m); ng is the discontinuity frequency of 1/27
(cycle/m); ¢(ng) is the roughness coefficient (m?3/cycle) whose value is chosen
depending on the road condition; and n; and n, are the lower and upper cut-off
frequencies, respectively. The International Organization for Standardization
(ISO)?° has proposed a road roughness classification index from A (very good) to H
(very poor) according to different values of ¢(ng). In this paper, the classification of
road roughness based on the Ref. 26 is used.
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M,
3 c,

/é// - ;" N . /7g//
| A contact patch:

Fig. 4. A simply-supported beam subjected to a moving sprung mass system.

3. Numerical Simulations and Verification

In order to study the effect of the patch contact on the bridge vibration and to verify
the present method of the bridge-vehicle system, a typical bridge-vehicle model
shown in Fig. 4 was studied.

Figure 4 shows a simply-supported beam subjected to a moving sprung mass
system, which is similar to the model studied by Yang et al.” The only difference is
that in Yang’s study, the contact condition of the tire and road surface was con-
sidered as a point contact, rather than a patch contact. The vehicle sprung mass M,
is supported by a dashpot-spring unit with the spring constant k, and damping c,.
For illustration, the effect of the tire mass will be neglected. The beam parameters
are: Young’s modules E = 2.87 GPa, moment of inertia I = 2.90 m?, per-unit-length
mass m = 2303 kg/m, and beam length L = 25 m.

3.1. Effect of patch contact

According to Elseifi et al.?” study on the patch contact, the length of tire patch

contact mainly depends on the vehicular load and the tire type, and is geometrically
related with the deformation A. Therefore, effect of the tire patch contact on the
mid-span displacement of the bridge can reflect the effect of the deformation A.
Theoretically speaking, both values are time-dependent variables since the tire
reaction is variable due to the dynamic effects. However, both values are assumed as
constants here based on the static tire reactions. Tire stiffness and damping can be
assumed as k;, = 44456 N/m and c;, = 1100 N.s/m, respectively, and the dimension
of this patch contact can be simulated as a rectangle with a size of 116 mm x 235 mm,
where 116 mm is the length and 235 mm is the width of the patch. In order to study
the effect of the patch contact lengths on the mid-span displacement of the bridge,
three different lengths for the patch contact are studied, namely, I, = 0mm,
lyy = 116 mm, and [, = 2 x 116 mm.

The mid-span displacements of the beam were studied by Yang et al.” for the
sprung mass with a speed v = 100 km/h. Therefore, the same speed was also used for
comparison and the effect of the patch contact lengths on the mid-span displace-
ments of the beam were plotted in Fig. 5. As can be seen, if the length of the patch
contact I, = 0 mm (equivalent to point contact), the responses obtained by the
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=2

%-ﬂfﬁ“ﬁmm -1, =2x116mm
~pTiiomm 00 — b =116mm
— b, =0mm — [, =0mm
—— point contact [7] I 05 —-- point contact

Mid-span Displacement (mm)

Wid-span Displ

T T T T
0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 00 01 02 03 04 05 06 07 08 09
time(s) time(s)

(a) Zero-roughness (b) Roughness = good

0.5

0.5
7 _n 1
ol In:-xllémm 0.0
= ok —+ [, =116mm b
= s — [, =0mm =z 057 — I, =0mm
- —— point contact E Lo 1 \~"~ point contact
g Lo+ =
3 s 154
— -1.54 a 4
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(c) Roughness = average (d) Roughness = poor

Fig. 5. Mid-span displacement of simply-supported beam.

present model are identical to the solutions obtained by Yang et al.” labeled as point
contact in Fig. 5. By comparing Figs. 5(a) to 5(d), one observes that, if the road
surface classification is zero-roughness, the difference of the effects of the patch
contact and point contact on the mid-span deflections is very small, and thus the
patch contact can be simplified as the point contact. However, when the road surface
classification ranges from the Good to Poor, the patch contact can observably predict
less deflection of the bridge than that of the point contact, and their difference
increases as the road roughness classification increases. Therefore, by treating the
contact condition between the tire and road surface as a point contact, one may
overestimate the dynamic deflection of the bridge, especially when the road surface is
rough. This may be one of the reasons why theoretical simulations usually over-
estimate the dynamic effects of field tests. However, the assumption of the contact
condition between the tire and road surface as a point contact results in a con-
servative design.
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3.2. Effect of tire stiffness and damping

The effects of stiffness and damping of vehicle suspensions on the bridge response
have been studied by many researchers.”'*?% However, few studies on the effects of
the tire stiffness and damping on the bridge response were reported, especially for the
patch contact condition.

To study the effect of tire stiffness on the bridge response, three values of tire
stiffness 0.2 ky, k;,, and 2 k;, are considered. The contact between the tire and road
surface is assumed to be a patch contact. The mid-span displacements of the beam
are plotted in Fig. 6. As it can be seen from the figure, the displacements increase
with the increase of the tire stiffness; the degree of the stiffness effect increases with
the increase of the road roughness classification. As the tire stiffness increases from
0.2k, to 2k,,, and the road roughness classification increases from zero-roughness to
Poor, the mid-span displacements increase from 2.9% to 12.67%.

Three values of the tire damping are considered, that is, 0.2¢;,, ¢, and 2¢;,. The
mid-span displacements of the beam are plotted in Fig. 7 using a patch contact
condition. As it can be seen from the figure, the displacements decrease as the tire
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Fig. 6. Effect of tire stiffness.
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Fig. 7. Effect of tire damping.

damping increases; the degree of the damping effect increases with the increase of the
road roughness classification. As the tire damping increases from 0.2¢;, to 2¢,,, and
the road roughness classification increases from zero-roughness to Poor, the mid-span
displacements decrease from 3.11% to 11.16%.

4. Field Test Studies

To verify the accuracy and efficiency of the present method for studying dynamic
response of the bridge-vehicle system, field verifications are necessary. Field tests
were conducted on the Luping Bridge located at Luping Town in Hunan Province,
China. The bridge is a seven-span straight continuous beam bridge, each span
measuring 40 m in length with zero skew angles. The deck consists of 5 longitudinal
T-beams and 28 transverse beams. Dynamic field tests were performed on the bridge,
and the mid-span deflection of the fourth span from Luping town to Huaihua town
direction was recorded on the surface of the Girder 3 (shown Fig. 8). Modal analysis
was performed using the ambient vibration method. The details of measuring the
bridge displacements and modal test are not given here due to the page limitation.
The first three natural frequencies of the vertical bending modes of the deck were
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(b) Cross section of Luping bridge

Fig. 8. Luping bridge.

obtained. Figure 8 shows the side view of the bridge and the cross section of Luping
bridge, and Fig. 9 shows the solid elements of the ANSYS program.

4.1. Bridge model updating

Model updating technique is one of the very important steps in obtaining an accurate
FE model, which can predict more closely the performance of a real bridge. The
techniques have moved away from direct approaches that reproduce the measured
modal data, to methods based on optimization that allows a range of measurements
and physical parameters to be used.?3"

In the present finite element model, the bridge deck, girders, diaphragms,
shoulder, and the railing are all modeled using the solid elements, which have three
translational DOF's for each node. The rubber bearings are modeled using equivalent
beam elements with six DOFs for each node, and rigid connections are assumed
between girders and diaphragms, and between girders and bridge deck. Because of
their uncertainties, five parameters are selected as variables, then they are updated
using the genetic algorithm (GA) by minimizing an objective function built up using
the residuals between the measured bridge responses and predicted responses from
the expressed relationships.?! The five main parameters are the Young’s modulus of
the concrete of the girders and piers, the density of the concrete of the girders and
piers, and the Young’s modulus of the rubber bearings, represented by X1, X2, X3,
X4, and X5 in Table 1, respectively. Both the updated results for the five parameters
and their differences from the original values are shown in Table 1. As it can be seen
from Table 1, both the Young’s modules of the concrete of the girders and piers have
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Luping

Fig. 9. FE model of Luping bridge.

Table 1. Updated results for the five parameters.

Parameter X1(GPa) X2(GPa) X3(kg/m?) Xd4(kg/m?) X5(MPa)
Original 32.5 34.5 2500 2500 200
Updated 36.8 40.4 2298 2408 157
Difference (%) 13.23 17.10 —8.08 —3.68 —21.5

increased whereas the mass density of concrete of both the girders and piers have
decreased. Many factors such as the water cement ratio of concrete mix may cause
the variation of the mass density of concrete. The decrease of the Young’s modulus of
the rubber bearings could be due to the uncertain restraint condition of the bearing
at the supports. We cannot also exclude the possibility that the changes of par-
ameters are numerical rather than physical, a common issue in model updating. The
natural frequencies were determined by observing the peaks of the average nor-
malized power spectral densities as shown in Fig. 10. The reconstructed first three
natural frequencies of the vertical bending modes of the deck, predicted using the
updated finite element model, and their small differences between the measured ones
are shown in Table 2.

4.2. Road surface condition

The road surface condition is an important factor that affects the dynamic responses
of both the bridge and vehicles.??*2 In order to examine the effect of road roughness
on the accuracy of the present method, the road roughness of the bridge was
measured before the dynamic test. Also, the vertical road roughness of the left and
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Fig. 10. Average normalized power spectral density of the ambient measurements.

Table 2. The reconstructed first three natural frequencies
of vertical bending modes.

Natural frequencies (Hz) First Second  Third

Measured 3.663 4.689 6.010
Reconstructed 3.646 4.775 6.162
Difference (%) —0.464 1.834 2.527

right contact patches, corresponding to the vehicular left and right tires acting on the
road surface, were measured. The bump-caused dynamic problem, induced by the
faulting between the approach slab and the bridge deck, was studied. The bumps
were simulated using two wood planks (named Bump-I and Bump-IT) with a height
of 0.025m and 0.050 m, respectively. Figure 11 shows the road roughness of the
bridge used in this study.

4.3. The test vehicle parameters

The mechanical and geometric properties of the test truck are listed in Table 3. Only
the dimensions, axle loads, and total weight of the vehicle were actually measured
and can then be treated as reliable information. The other information including
stiffness, damping, etc. is not available and is assumed to be the same as that
obtained from Shi.

4.4. Comparison of numerical stmulations and measurements
4.4.1. Effect of different vehicle speeds

To account for the effects of vehicles traveling at different speeds, four levels of
vehicle speeds have been used: 20 km/h, 40 km/h, 60 km/h, and 80 km/h. In all four
cases, the vehicle is traveling along the central line of the bridge with a constant
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Fig. 11. Road roughness of the bridge.

speed. Figure 12 shows the comparison of the simulations and measurements of the
mid-span displacements. It can be seen that the general trend of the simulated and
measured mid-span displacements of the beam matches very well, though some
values at the same time (t) are different between the simulated and measured values;
the simulations using the patch contact matches much better than that using
the point contact. The difference between the simulations and measurements can be
explained by two reasons. Firstly, the bridge model and the vehicle model may be
understandably different from the real bridge and truck used in the test. Secondly,
the environment (such as temperature and wind) would affect the accuracy of the
measuring instruments, along with the human errors in controlling the truck
locations.

4.4.2. Effect of number of vehicles

Usually, more than one vehicle is traveling on a bridge at the same time. To verify
the proposed method for this situation, two case studies were carried out with the
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Table 3. Truck parameters.

Mass of truck body m; 28 054 kg
Pitching moment of inertia of truck body I.; 172,160 kg.m?
Rolling moment of inertia of truck body I, 61,496 kg.m?
Mass of truck front axle m; 1415kg
Rolling moment of inertia of front axle I, 2260 kg.m?
Mass of truck rear axle m, 2834 kg
Rolling moment of inertia of rear axle I, 2260 kg.m?
Suspension spring stiffness of the first axle K, K2, 242604 (N/m)
Suspension damper coefficient of the first axle D}, D2, 2190 (N.s/m)
Suspension spring stiffness of the second axle K3, K2, 1903172 (N/m)
Suspension damper coefficient of the second axle Dgw Dﬁy 7882 (N.s/m)
Radial direction spring stiffness of the tire &, 266670 (N/m)
Radial direction spring damper coefficient of the tire c;, 1900 (N.s/m)
Length of the patch contact 350 mm
Width of the patch contact 250 mm
Distance between the front and rear axles [ 4.85m
Distance between the front and the center of the truck I 3.73m
Distance between the rear axle and the center of the truck I3  1.12m
Distance between the right and left axles sy, so 2.40m

vehicle moving at 40 km/h. In the first case, the two vehicles travel along the same
route, with one traveling in front of the other at a distance of 10 m. In the second
case, the two vehicles travel along two different routes, with one traveling in front of
the other at a distance of 10m in the longitudinal direction. Figure 13 shows the
comparison of the simulated solutions and measurements. It can be seen that the
trend of the mid-span displacement of the simulated solutions and measurements
matches very well.

4.4.3. Effect of faulting condition

To study the bump-caused dynamic problem, induced by the faulting between the
approach slab and the bridge deck, a wood bump (Bump-I or Bump-II) was placed at
the end of the third span to simulate the faulting condition, with the vehicle moving
at 40 km/h. The time history of the mid-span deflection of the test span under the
wood bump is presented in Fig. 14. It is clear in the figure that the simulations using
the patch contact and the measurements match much better than that using the
point contact, especially for the maximum deflection.

5. Conclusion

Presented herein is a new method that considers the effect of the patch contact on the
dynamic response of the bridge-vehicle coupling system. The vehicle tire of the new
model was modeled as a two-dimensional elementary spring model, and the patch
contact of the tire and road surface was assumed as a rectangle. The bridge-vehicle
coupling equations were established by combining the equations of motion of both
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Fig. 12. (Continued)

the bridge and vehicle using the displacement relationship and the interaction force
relationship at the patch contact. A series of simulation studies were carried out in

which the effects of various factors such as vehicle speed, tire stiffness and damping,
size of the patch contact, number of vehicles, and faulting condition were investi-
gated to demonstrate the methodology. The results show that:

(1)
(2)

If the road surface classification is zero-roughness, the patch contact can be
simplified as the point contact;

If the road surface classification ranges from the Good to Poor, the difference of
the effect of the patch contact and point contact on the mid-span deflections
increases as the road roughness classification increases. By treating the contact
condition between the tire and road surface as a point contact, one may over-
estimate the dynamic deflection of the bridge. However, by assuming the contact
condition between the tire and road surface as a point contact, the design is
conservative.

Increasing the tire stiffness or decreasing the tire damping increases the response
of the bridge, and the degree of the influence increases as the road roughness
classification increases;

Comparison with the measurement shows that the simulated solution con-
sidering the patch contact matches much better than that by assuming the point
contact. This is especially true when studying the faulting condition effect where
the simulation using the point contact may result in significant errors. However,
it should be noted that some parameters of the test truck are not available and
are based on assumed values. Thus, the reader should be cautious about this
conclusion;
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(5) Comparison of theoretical simulations and field measurements shows that the

proposed method can be applied to study the interaction of bridge-vehicle
coupling system with good accuracy.
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