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ABSTRACT: A new point of view of how the surface roughness operates on
the cars is the subject of this paper. The paper has two parts. The first studies
the roughness on road while the second studies the roughness on the bridge
deck. The theoretical formulation is based on a continuous approach that has
been used in the literature to analyze such bridges, the procedure is carried out
by the modal superposition method, while the obtained equations are solved
using Duhamel’s integrals.
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1 INTRODUCTION

The influence of a rough deck-surface on the dynamic response of a bridge
depends on various factors. The irregularities, on a deck-surface, may be due to
the roughness of the deck-surface, but also due to random or on purpose
existing anomalies for traffic reasons. The parameter of the road surface (or
bridge deck) roughness, dealt with excessively in the recent literature.

In 1960, Carey and Irick [1] showed that surface roughness was the primary
variable needed to explain the driver’s opinion of the quality of the
serviceability provided by a pavement surface. Most of the followed
investigations focused on the study, characterization and classification of the
pavements [2 to 6].

Numerous studies adopt the Power Spectral Density (PSD) functions for
roughness, as modified by Wang and Huang [7], or the simpler harmonically
varying surface irregularity presented in Cheng et al [8].

Among these one most quote the significant contribution by Fafard et al [9],
Cheng and Lee [10], Huang and Wang [11], Kou and DeWolf [12] as well as by
Yang et al [13]. Their findings have shown that the foregoing parameter is one
of the most important factors affecting elastic dynamic response, especially
applicable to steel highway bridges.

The research of today is focused on two main subjects. A number of
researchers are studying the noise and inconvenience caused by the pavement
roughness [14, 15], or the percentage influence of roughness on the vehicle-
structure coupled interaction [16, 17]. Other researchers are trying to determine
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the bridges’ frequencies by studying the influence of the road surface roughness
on a moving vehicle or a pair of vehicles [18 to 20].

It is obvious that the wheel of a vehicle cannot follow the entire surface of
the roughness because of the wheels’ dimensions and the surface of the
roughness. So the inconvenience caused should be sought for other reasons.
Although some researchers have suspected and reported [21, 22] the effect of
tire bounce, the study in this area did not continue further.

In this paper the problem is studied by another point of view. A possible
reason could be the forces developing during the rolling of the wheels on the
abnormal surface of the deck-road. The roughness is considered as a series of
repeated small irregularities, which the wheel passes without changing its level
of motion but with the development of impact forces from each small
irregularity (fig. 2).

The paper has two parts. The first studies the roughness on road while the
second studies the roughness on the bridge deck. The theoretical formulation is
based on a continuous approach that has been used in the literature to analyze
such bridges, the procedure is carried out by the modal superposition method,
while the obtained equations are solved using Duhamel’s integrals.

A variety of numerical examples allows one to draw important conclusions
for structural design purpose.

2 INTRODUCTORY CONCEPTS
When the solid bodies shown in figure A1, with rotational velocities ¢, and 6,

and rotational inertias 1, and I, are collided, after their bouncing, the new
rotational velocity of the first body after impact is given by:
(Ul —e1)0y +(1+6) 1,0,

L +1,

01a (1a)

where ¢ is the percentage of the energy remaining after impact (which for
regular wheels is between 0.80 and 0.97, depending on the inner pressure of the
wheel) and f and a express the rotational velocities before and after impact.
Setting into (1a) 1, = and 6;; =0, we obtain:

Oy =—56,s =—¢0 (1b)
A Dbody under the action of a moment for a period of time At, acquires a
torsional momentum (or impulse) equal to:
G=M - At (2a)
It is proved that: G=l-w (2b)
where | the rotational inertia of the body and o its rotational velocity.
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Figure 1. Collision of two bodies

A wheel, has rotational inertia | = moi2 or finally
Il =m,R?/2 A3)

where m, is the mass of the wheel, i its inertia radius and R the radius of the
wheel.

According to appendix A, the impact of a wheel with radius R on a solid
plate is expressed by

2
G=M-At=N-At-R=1 -a):mogRZw:mog-R?-%
and finally N=G,,o=¢-myl2 (4)

where N is the force arising from the impact and acting on the common tangent
of two solids at the point of impact (see also Figure 2).

N rh g ;Pimp
g *
(a) (b)

Figure 2. Impact because of irregularities
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3 EQUATIONS OF THE PROBLEM
3.1 Roughness on road
The acting on the road force F is:

F:(M+m0)g—M'z'+Pimp (5a)
Cutting at a-a and taking the equilibrium of the cut off part we have:
F=kz+cz (5b)
From (5a) and (5b) we obtain the following equation of the problem:
MZ+cz+kz=(M+m,)g+PRy, (5¢)
. d

TIIITITIIIIITTT 177777 7 ?

Figure 3. Mass load on road

Equation (5c¢), because of (4) and (5d) becomes:

m,vd
MZ+cz+kz=(M +m0)g+g oV

“o(t—-t,)
(5¢)

where: t,=(n —1)ﬁ
1%

Where § is the Dirac Delta function and n the n™ irregularity of the roughness.
The above (5e) can be written as follows:

M +m em vd
(M+m,)g, emod o0 4
M 2RM " 6)
where: 28=-"" @ _K
M M
The first term of the right side member of equation (6) gives the time needed to
tranquillize the system in its equilibrium state after the application of mass M.
The second term expresses the roughness influence. Solving equation (6)
without the term due to roughness we obtain:

i+2Bi+w’z1=
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(M+m,)g | (M+m,)
zs(t)=—°gje’ﬁ(t”)sinwo(t—r)drz—Og v, —& P (Bsino,t + o, cos m,t)
w,M ; w,M

where: @, =0’ - p°
(72)

Putting for example M =300kg , m, =8kg, k=60000dN / m, c=1000dN sec/ m
and applying equation (7), we get the plot of figure 4.

z

Figure 4. Tranquillization of system

We observe that after a needed time (in this example it is ~2.5 sec), the system
tranquillizes after equilibrium at z=5cm. This verifies the equation
z=Mg/k=3000/60000=0.05m, which gives the position of the static
equilibrium.

We suppose that at t=0 the vehicle has already taken its static equilibrium
position and starts to move with speed v, on a road with roughness. The
equation of motion is:
emyud

i+2B7+w’ 7=
P 2RM

-o(t—-ty,)
(7b)
where: t, =(n—1)ﬁ
1%

When the load moves from irregularity (n-1) to irregularity (n), the solution of
equation (7b) is given by the Duhamel’s integral:
t

emod ¢ _piilsy
zn_l(t)zmle A Sinay (t—7)8(7 —t,_, )t
or finally:
emod g .
Zya(t)=——2— e M) sing, (t—t, 4 )[H(t -t ) - H(t-t,)]  (7c)

2w,RM
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where H is the Haeviside unit step function.
When the load moves from irregularity (n) to (n+1) one, the solution of
equation (7d) is:
z,(t) = e P Asinwy (t—t, )+ Beos e, (t—t, )] -[H(t—t, )= H(t=t,.; )]
emyd
2w,RM

e sinay(t—t,)-[H(t—t, )~ H(t~t,.,)] 7o

With time conditions z,,(t,)=z,(t,), Z,.(t,)=2,(t,) we determine the
constants A and B as follows:

emyud
A= e Pt cos @y (t, —to
ZQ)ORM 0( n n 1) (Sa)
emyod
B=——2 .t sing, (t, —t,
ZQ)ORM 0( n n l)

In the above equations, the term L=e#(n"1) has limit ->1. This is clear in the
plot of figure 5 (for M =300kg,m, =8kg,k =60000dN / m,c =1000dN sec/ m),

different vehicle’s speeds and roughness quality.

—F

0.99998 // e

0.99996 [ _—

0.99994 /

0.99992 F

Figure 5. d=0.01(black), d=0.02(red, d=0.04(blue), d=0.10 (café)

Therefore one can write:
_emyod
~ 2w,RM
_emyod
 2w,RM

+C0S o (ty —thy)

(8b)
’ Sina)o(tn —th )
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3.2 Roughness on bridge
Easily one can find that:
emov . emyu d
P =SOSR ©)

with d, determined according to 1SO 8608 and 4287.

Figure 2a assumes that the wheel will be undeformed. Otherwise, figure 2b
applies when b>3d . In the first case it will be tangp=d /R while in the
second one tangp=b/ 2R.

Assuming that two successive elevations of roughness are 2d apart, then when
the wheel impacts on the a" elevation, the mathematical formulation will be:

G:Pimp‘g(x_ai)'é‘(t_tai) (10)

where ¢; is the distance if the i elevation from the left end of the bridge.

(axis €)
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Figure 6. Mass load on bridge
Therefore the corresponding equations of bridge’s motion are:

¢
Elw +cw+mw=[(M+m )g-MZ-mw]-5(x-a)+P > d(x-a) 5(t-t,)
i=1
MZ+c z+k z=k w(x)+c W(x) ,with J=L/2d t =i-2d/v
(11a)

Solving the second of equations (11a) we conclude to the following
expressions:
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t

3(t) = <p(t)+ij:(r (r)dr
w

where: @(t)= a;pw(a,t )+2B8,W(at) (11b)
()= (B2 @2 )sina, (t—7)+28,@, cos@,(t—7)

By=CyI2M, @=k,IM, @,=wl-p’

In order to solve the first of equations (11a), we are searching for a solution of
the form:

W(x,t) =D X (X) Ty (t) (Llc)

where X, are the shape functions of the beam and T, are the time functions to
be determined. Following the well known procedure and using approaching
methods to solve the equations governing the motion of the bridge [23], we
finally find:

t
(M+m, MZ(z)-m, ) sinQ, rT sinQ.z-e P sing (t-1)dr
o £ [(M +m, )g - Z (0] sing, B (t-7)

emyud
+ sint,-e P sing, (t—t, JH(t -t
o wkZl L (-t H(t-t,)

(12a)
where {=L/2d, t,=i-2d/v.
After the impact of the wheel on the i" irregularity of the roughness, its
influence lasts until its impact on the (i+1)" one. Then at t,,, =t; +2d /v, the

beam vibrates under the action of P, on (i+1)™ irregularity and under the

appeared free motion due to the previous action of B, on the i™ irregularity.
This last term for the k mode has the following time function:

2P,
karee(t):_ml_';)i .e’ﬁ(Hi)[Ak sino, (t—t; )+ By coso, (t—t; )] (12b)

Using the time conditions
T ( ):karee(ti ), and T (Y ):karee(ti ) } (12c)
We finally find:
Ak :e_ﬂ(ti_ti_l) . SiantFl - COS a)k(ti _ti71

)
Bk = eiﬂ(tiiti?l) . SIantl—l . Slna)k (tl _ti—l )

} (12d)
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Let us now consider the vehicle of figure 7.

F, F,

Figure 7. Vehicle’s model

Assuming that the weight of the vehicle is equally distributed between the front
and back wheels, the forces applied on the bridge will be:
M N . emou &
F = [?(g -7)+m (g —W)]6(x—a)+T°sm(chS(x—a)&(t—ta)

i=1

M . . emov . <&
F,= [7(9 —-Z)+m (g-w)]o(x-a+D,)+—7° smgoz(S(x—aJr D, )o(t-t,)
i=1
(13a)
where Z from equation (11d), and D, the wheelbase of the vehicle.
Searching for a solution under the form:
WOGE) =D X (X)-To(t) (13b)
n

we determine the time function T, (t) as follows:
t

¢
- B sing (t - EMeY i Bta) gin g (t _
Ty “mia. B[Gl(r)e sinay (t r)dr+2ma_)k squi;sm!)ktale Vsingy (t -ty JH(t-ty)
2 t emuu <
+ e j G,(r)e " sing, (t-7)dr + 2m2_)k sin(p;sinﬁktaze‘ﬂ(t"az) sina, (t—t,, JH(t-t,,)
(13c)
where
G,(t)= [(%+ m )g——2(t)-m > sin2t T (t )},ingktl
M . . = . 13d
G,(t)= [(7+ m )g——Z(t)- monantzTn(t)}stktz (13d)
0, +¢, o, +¢&,— D, o, o, —D,
SE tazzf’ tl:?’ t, = o
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4 NUMERICAL EXAMPLES AND DISCUSSION
The purpose of this paper is to study the effect of the impact of the vehicle’s
tires on the roughness’ irregularities for a vehicle moving either on the road or
on a bridge.
The paper focuses on the following parameters:
- The quality of the road surface and its effect on the so called passengers’
trouble.
- The effect of the roughness on the bridge motion
For the study of the road surface we use the vehicle of figure 3, while for the
study of the bridges we use the vehicle of figure 7.
The used vehicle, has the following characteristics:
M =300kg , m, =8kg, R=0.30m, k, =60000dN/m, c,=1000dN -sec/ m.

The vehicles’ speedis v=10m/ sec.

As for the roughness study three kinds of pavement are considered. The soft
with d =0.01m, the middle with d =0.02m, and the bad with d =0.035m. Finally
the case of a cobbled road is studied with d =0.10m.

The bridges are made from homogeneous and isotropic material, having
modulus of elasticity E=2.1-10" dN /m?.

Let us consider two kinds of bridges.
- One, relatively short bridge of length L=20m, mass per unit length

m=250kg / m, and moment of inertia I, =0.01m*.

Note should be taken of the following:

- The vehicles are supposed to move along the center line of the bridge. Thus
no rotational motion is developed.

- They are studied the displacements of the bridge middle of the span.

- Only the first six flexural modes are taken into account.

4.1 Roughness on road
Applying the formulae of §3.1 and considering that the system of figure 3 is
tranquilized in its equilibrium position, we obtain the following plots.

In the plot of figure 8 we see the motion of the vehicle for a smooth road
surface (d=0.01m). The so produced trouble is the result of the vehicle motion
from 0.000016 m to 0.000024 m or for 0.000008 m which can be considered as
practically non-existent.
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- 0.5 1 1.5 2
Figure 8. Roughness on road with d=0.01m

In the plot of figure 9 we see the motion of the vehicle for a middle road surface
(d=0.02m). The so produced trouble is the result of the vehicle motion from
0.000063 m to 0.000097 m or for 0.000034 m, which causes a rather sufferable
trouble.

0.00009
0.00008

0.00007

0.00006

0.00005

b 0.5 1 1.5
Figure 9. Roughness on road with d=0.02m
V4

0.00035

0.0003

0.00025

0.00015
Figure 10. Roughness on road with d=0.04m
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In the plot of figure 10 we see the motion of the vehicle for a bad road surface
(d=0.04m). The so produced trouble is the result of the vehicle motion from
0.00043 m to 0.00024 m or for 0.00019 m, which causes a notable trouble.

0.0022
0.002 § ’
0.0018 ‘ }

0.0016

0.0014

0.0012

0.5 1 1.5
0.0008

Figure 11. Roughness on road with d=0.10m

Finally in the plot of figure 11 we see the motion of the vehicle for a very bad
road surface (d=0.10m — cobbled road). The so produced trouble is the result of
the vehicle motion from 0.00132 m to 0.00233 m or for 0.00101 m, which
causes an annoying trouble.

4.2 Roughness on bridge
Let us consider now two road surface qualities, the bad road surface
(d £0.04m), and a surface with cobbled road (d =0.10m).

Applying the formulae of paragraph 3.2, we obtain the following diagrams
related to the motion of the middle of the bridge for a vehicle moving with
speed v=10m/ sec, and different kind of roughness.

In the following figure 12 we see the plots showing the motion of the middle
of the bridge due to the passage of a light vehicle moving with speed 10 m/sec
on a road surface with bad roughness (d =0.04m).

wi(L/2)

W(L/Z) 0.002 f

0.002 F
0.0015 f

0.001 |

0.0005 | 0.0005 f

t t
0.5 1 1.5 2 0.5 1 1.5 2

(a) (b)
Figure 12. a) Bridge without roughness b) Bridge with roughness
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Figure 12. c) Deformation of the bridge due to roughness only

In the following figure 13 we see the plots showing the motion of the middle of
the bridge due to the passage of a light vehicle moving with speed 10 m/sec on
a surface with cobbled road (d =0.10m).
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Figure 13. a) Bridge without roughness b) Bridge with roughness
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Figure 13. c) Deformation of the bridge due to roughness only

In the two cases studied above, we observe that the trouble caused by the
roughness of the bridge is slightly less than that caused by the roughness of the
road.
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The above observations and their causes, must be studied in detail taking into
account the influence of the length of the bridge, the size of the vehicle, its
speed, etc. The above is the subject of a future paper by the authors.

5 CONCLUSIONS

Passengers’ trouble can be expressed by different ways.

The most usual and easy way is to use either the width of the motion due to the
roughness, or the acceleration of this motion due to roughness alone, which
happens in low periods. In this paper we follow the first way.

From the results of the models considered, one can draw the following
conclusions:

Regarding the roughness on road:

- For smooth road surface with d <0.01m, the induced trouble can be

considered as practically non-existent
- For middle road surface 0.01<d <0.02m, the induced trouble is rather

tolerable.
- For bad road surface d >0.03m, the induced trouble is remarkable.
- Finally for a very bad road surface d >0.05m, the trouble is extremely
annoying.
Regarding the roughness on bridge:
We observe that the trouble caused by the roughness of the bridge is slightly
less than that caused by the roughness of the road.
The above observations and their causes, must be studied in detail taking
into account the influence of the length of the bridge, the size of the vehicle, its
speed, etc. The above is the subject of a future paper by the authors.
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