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Abstract. In a previous publication in this journal the framework for the development of a model for the road
bump problem was laid. The current paper focuses on the aspect of determining the effective distance between
two consecutive road bumps developing equations governing the velocity and the wavelength of the motion of
the vehicle. The wave equation is re-modelled connecting the isolation factor, linear velocity, wavelength and the
frequency of motion of the vehicle over a road bump. A new set of equations is developed to extend the frame-
work earlier presented in Salau et al. The feasibility of the model is demonstrated by its behaviour in graph and

simulated data generation.
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1. Introduction and literature review

Road bumps research has recently emerged as a
new star in transportation studies. A new perspective
taken by some researchers has been the design of road
bumps in such a way to control excessive speeding with
the use of some scientific indicators. Primarily the use
of isolation frequency factor and its relationship with
the frequency equation towards determining the ef-
fective distance between two road bumps is well es-
tablished in the literature.

There have been several attempts by scholars to
investigate into the different aspects of road research.
Extensive studies that have been carried out are not
limited to pedestrian safety, but include the effect of
some external faces on the vehicles that move on the
road. In this section we will review related studies on
road research to the current subject and then stream-
line the review effort to the research carried out till
the date of vehicle speed control with emphasis on
recent work by Salau et al. [8].

Rubinstein and Hition [9] carried out an inter-
esting research with a focus on developing a detailed
multi-body model for dynamic simulation of off-road
tracked vehicles. In particular a three dimensional
multi-body simulation model for simulating the dy-
namic behaviour of track off-road vehicles was devel-
oped using LMS — DADS simulation program. The
model was first applied to M113 armored carrier.
Simulation results under various road conditions were
compared with the results of a super-element-base-

model. It was concluded that the influence of the track
dynamics and the soil-link interaction on the vehicle
dynamics can be better predicted with the newly de-
veloped model. While the above work relates the vari-
ous components of the vehicle such as Chasis, the
wheel arms and the wheel, no efforts were made to
relate all these components to the road bump. The
effects of the road bump on the component were not
discussed.

In astudy by Berry et al [1] the influence of speed,
grade and mass during simulated off road bicycling
was investigated. The purpose of the investigation was
to examine the effects of bicycle mass, speed and grade
on oxygen consumption, heat rate (HR) and ratings
of perceived exertion (RPE) during a simulated off-
road riding paradigm. Nine adult subjects with mean
+SD age mass and max of 26, 1+ 5,6 years, 71,7+
7,5kg, 56,6+ 5,2 m (kg'. min’!, respectively were
trained to ride a fully suspended Trek Y-22 mountain
bike on a treadmill with a 3,8 cm bump affixed to the
belt. Riders completed a maximum of nine separate
trials encompassing three different bike masses (11,6,
12,6 and 13,6 kg).

Yet in another study Lee et al [6] assessed the
driving performance of older adult drivers by com-
paring on-road with simulated driving. To validate a
laboratory-based n simulator on measuring on-road
driving performance 129 older adult drivers were as-
sessed with both the simulator and an on road test.
The driving performance of the participants was



100 S. A. Oke et al | TRANSPORT - 2005, Vol XX, No 3, 99-105

gauged by appropriate and reliable age-specific as-
sessment criteria which were found to be negatively
correlated with age. Using principal component analy-
sis there were two performances in simulated driving
and the no-road assessment. The results supported
the validity of the driving simulator and it is a safer
and more economical method than the on-road test-
ing to assess the driving performance of older adult
drivers. This work investigates into speed control but
did not mention the relationship of road bumps to
the framework hence in justification of the present
work.

The optimization of road vehicle passive suspen-
sion systems was studied by Naude and Suyman, [7].
The model developed is linked with a mathematical
optimization algorithm in order to enable the optimi-
zation of vehicle-designed parameters with the mini-
mization of a well defined objective function. In part
1 of the paper the concept of multi-disciplinary de-
sign optimization is discussed. This is followed by the
presentation of up to six degrees of freedom vehicle
model developed for the study and a discussion of the
specific gradient-based optimization algorithm se-
lected for the optimization.

In particular the derivation of the set of the sec-
ond order differential equations describing the accel-
eration of the different solid bodies of the vehicle
model is presented. In order to perform the optimi-
zation of the non-linear suspension component char-
acteristics a six piece-wise continuous and linear ap-
proximation is used which is also described in this
paper. Part 2 of the study will outline the simulation
programme and the qualification of the programme.
It will also present a typical case study where the pro-
posed optimization methodology is applied to improve
the damper characteristics of a specific vehicle. The
study is limited to a suspension system and does not
relate to a road bump or what effect it would have on
the suspension system.

In a study on how to improve the vehicle perfor-
mance with active suspension using a road-sensing
algorithm Kim et al [4] presents the development of
the road sensing system and its application to active
suspension system using preview road information.
The road-sensing system which can robustly recon-
struct the road input profiles from the intermixed data
with the vehicle’s dynamic motion, is implemented
using the composite-sensor system with the optimally
shaped transfer function. The study does not relate
to the road bump which is the subject of the current
work.

Das [2] conducted a field study to observe the
standing orientation and behaviour among a group
of meat type goats during transit by road. The goats
were not observed to orient themselves opposite to

the truck direction of travel. Although the animals
changed their orientation frequently, apparently to
maintain balance, there was a clear bias against the
perpendicular and diagonal orientations. Mean fre-
quencies for the various behaviours were bleating
(1,3), jumping (0,7), pushing (0,9), fighting (0,7), fall-
ing (3,1), urination (0,5), defecation (0,3) and rumi-
nation (0,1). Jumping and bleating mostly occurred
at the start of the journey. Virtually, all fallings were
associated with the driver’s changing speed of a ve-
hicle by braking (43,4 %), concerning (32,4 %), speed
bump (12,3 %) and acceleration (11,9 %). The study
is also limited to accident prevention on roads, but
lacks any linkage to road bumps.

In the study on the driving anger expression in-
ventory a measure of how people express their anger
on the road. Dieffenbachia et al. [3] identified four
ways people express their anger when driving. Verbal
aggressive expression (=0,88) assesses verbally ag-
gressive expression of anger (e. g. yelling or cursing
at another driver), personal physical aggressive ex-
pression (0,81), the ways the person uses him/herself
to express anger (e. g. trying to get out and tell off or
have a physical fight with another driver); use of the
vehicle to express anger (=0,86), the ways the person
uses his/her vehicle to express anger (e. g., flashing
lights or cutting another driver off in anger); and adap-
tive/constructive expression (=0,90), the ways the
person copes positively with anger (e. g., focuses on
safe driving or tries to relax). Aggressive forms can
be summed into total aggressive expression index
(=0,90). Aggressive forms of expression correlated
positively with each other (rs=0,39-0,48), but were
uncorrelated or correlated negatively with adaptive/
constructive expression (rs=-0,02 to -0,22).

In a related study Salau et al. [8] presented a set
of equations that would be useful in determining the
effective distance between two road bumps in the con-
trol of vehicle speeds. While this study is original re-
search in this direction, the use of a simplified veloc-
ity formula relating frequency to wavelength is sig-
nificant limitation in the study. This limitation arises
as a result of the model inability to cope with com-
plex situations demanding the application of more
than one function in its computation. As such an im-
precise model that is limited in its application results,
in other to correct this shortcoming we focus on the
velocity equation and expand the framework to in-
corporate some functional dimensions.

The development of models and empirical solu-
tions of solving the road bump problem has recently
gained the attention of researchers on transportation
and highway engineering. One of the late develop-
ments is the modelling of the road bump problem in
a way that would reveal certain important road bump
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parameters. The isolation factor clearly stands as an
important parameter used for this purpose. Arising
from this there is the application of the wave equa-
tion in calculating the effective distance between two
road bumps. Unfortunately, in many research explo-
rations the focus has been the use of the simplified
wave equation. While this has served various purposes,
it has several limitations in terms of its inappropri-
ateness for solving complex problems. In this work
detailed investigation into the wave equation is pur-
sued in such a way that researchers would be able to
solve complex problems. However, some new devel-
opments leading to the velocity equation are also pre-
sented. In particular, the wave equation is connected
with the velocity, displacement frequency and wave-
length time.

2. The model framework

The diagram below shows the representation of
a road with a dented-rectangular road bump for en-
forcing vehicle speed limits.
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Fig 1. Hollow rectangular shaped bump

In the determination of effective distance cov-
ered by the vehicle that passes over the road bump
we know that the application of the wave equation in
engineering studies finds its way into the problem
since the vehicle is assumed to approach the road
bump at velocity (v), with frequency (f) generated
from the motion, and wavelength of (1) as a result of
the motion. Thus, the simple velocity-wavelength
equation labelled (1) below applies.

v="fa. (1)
This could be re-written with wavelength made
the subject of the expression. Thus, we have:

h=, 2)

where the precise definition of terms are: A — distance
between successive points/wavelength of the motion;

f — frequency at which vehicle is moving over road
bumps; v — velocity at which the vehicle travels over
the road bump.

Note that f can be determined from safe fre-
quency got from the graph of an isolation factor
against frequency. Now, referring to Fig 1, we could
determine the effective distance moved by the vehicle
over the road bump by subtracting the value of “s”
from that of “A”. This is expressed as:

v

Effective distance = A—-s= i S. 3)

The above equation for the effective distance
between two road bumps contains an element of ve-
locity that could be modelled mathematically into a
more reliable form than its current state is. Thus, the
work by Salau ez al. [8] ends here while the extension
made to the work starts here. In other words the value
of the velocity (v) obtained at this stage was used in
the work by Salau et al. [8] for further computation,
while we developed a new formula for the velocity for
use in the model by Salau et al. [8].

Before we could develop a new formula for the
velocity we need to assume that the vehicle passes
through a medium of a particular refractive index. In
this case, air. Thus, let us consider the possible move-
ment of a wave in the media. Let the refractive index
for each medium be defined by the distance

'0 X <0,
1 0<x<h,
o(x)= % b<x<a,
% a<x<c, @
10 X>C.

But the velocity-wavelength relationship is usu-
ally expressed as I = fA.

We can introduce parameters (])(X) T(t) into the
equation since we are considering the movement of
the wave in a medium. Thus, we can say

V = fododT(t), )

where f, and A are the frequency and wavelength of
the wave in vacuum. But note f; is constant for particu-
lar wavelength. Rearranging equation (5), we have:

\Y%

—= T(t

foleo P(x) ( ( )) (6)
For the simplicity of modelling and as a matter

of research strategy



102 S. A. Oke et al | TRANSPORT - 2005, Vol XX, No 3, 99-105

\%
let E =0, (7
therefore ¢ = ¢(x) T(). (8)

Now we can apply partial differential equation
to the expression (8) as follows:

P _ 1

ox? C2T ot? - ©)

From equation (9) we obtain

1d% _ 1 dT

9 dx? C2T dt? - (10)

. 1 d2(p 2 .

Now, if we let = —— + p° = 0 which can be
re-written as: dx

d2§0 2

—— + = 0. 11

a2 44 (11)

Then we will observe that the solution of equa-
tion (11) is of the form

o = A sin(px) + B cos(px) (4 and B are constants).(12)
d?g

C2T dt?
tain similar solution to (12) and get equation:

Similarly, if we let +0° = 0, we ob-
T = E sin(qCt) + D cos(qgCy), (13)

where E and D are constants.

Now we observe that equation (12) and (13) have
functions of x and t respectively. If we combine the
two functions, we can have a new expression:

o(x,2)= (Asin(px)+ B cos(px))x
(E sin(qCot)+ D cos(qCot)) (14)

By setting the boundary conditions at zero so that
we have x = 0, = 0, equation (14) is reduced to the
form:

0= B(Esin(qCyt)+ D cos(qCyt)). (15)

Now, if equation (14) is revisited and B = 0 is
substituted in the expression, then equation (14) be-
comes:

o(x,t)= Asin(px)(Esin(qCyt)+ D cos(qCot)).  (16)

When the term “A” is brought to inside the
bracket, equation (16) changes its form to become:

o(x,t)=sin(px)(AEsin(qC,t)+ AD cos(qCot)). (17)

Ifwe represent AE by O, and AD by P, then equa-
tion (17) becomes

¢(x,t)=sin(px)(Q, sin(aCot)+ P, cos(aCot)).  (18)

If we consider point x = d (where d > C) and ¢
=0, then we have

0=sin(pd)(Q, sin(qCt)+ P, cos(Ct)).

If sin(pd) is now equaled to zero, Pd = sin'' (0)
This gives Pd = np (wheren =1, 2...).

Thus, P = r:j—” . (19)

Now, if we let ¢ = P, and cq = «, while noting
that C, is a constant for any wave, then we have the
following equation:

6(x.t)=sn"x (Q, sin(pCot)+ B, (pCot)). (20)

Now,

o(x,1)= 30(c,1)=

r=1
i Sin% x(Q, sin(pCot)+ P, (pCqt))- (1)
r=1
Ifwesett =0,
SN
9(><)=21Pr sin-x. 22)
r=

However, we know that from Fourier series P, =

I
2 x (mean value) of g(x)sin—x.
If x ranges from 0 to e, then we have

C

2 . I
P, :C-([h(x)smdxdx' (23)

By partial differentiation
(a_go) h(x)= ZQr sin| 7 kpe (24)
ot ) o o

but PC,Q, = 2 x (mean value) of h(x)s n[rg}x (25)
If we let x range from 0 to C,

C
then we have PC\Q, = %fh(x) sin[r(;r)x dx. (26)
0

n
But P= FE’ therefore

. t (7
Q= o, s (d )xdx. @7
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We can then express j (x,¢) as follows in equa-
tion:

o(x,t)= i o(x, t)i sin % x x
e=1 r=1 d

H nnzci,’ 5 ih(x )Sin(% )xdx ]Sin %Tt Cot}-

(%Z g(x)sin(% }ndx COS%}

Finally, the expression relating velocity is then
expressed as follows:

(28)

2 nr
V() = fok, Eljxx

2d ¢ [
[ wmeC, (j)h(x)sm(g}(dx X 9

4
c
sin(r;—nco} + [%(j}g(x)sin(%}vdxcos%] ,

Table 1. Randomly generated values of parameters

heren = 1,2, ...;and r = (1, ...e)

3. Data analysis

In testing the practical application of the model
developed the equation developed was tested using
simulated data. It should be noted that the key pa-
rameters of interest are the distance between succes-
sive points or wavelengths of the motion which is rep-
resented by A, and the frequency at which the ve-
hicle is moving over the road bump represented by
“f”. The simulated data were aided by the develop-
ment of a computer program in Q-basic programming
language. The program consists of two main parts,
the first part generates random numbers which serve
as the basic inputs into the second part. The second
part calculates the velocity at which the wave moves
in motion.

Below there are the values of the randomly gen-
erated parameters indicating Q, Pr, , d, f,, L, x and e.
This is shown in Table 1. Also the output values for
each iteration of U, " and P are displayed in Table 2.
Resulting from these tables there are two graphs that
show the relationship among the input and output
parameters (Figs 2-4).

Iteration Q Pr t fo L X e
1 8.380854 3.545605 .6172907 2.299296 41.25132 3235891  .6966043  2.188447
2 6.435208 9.004733 3.79x10% 1.239815 60.81092 1.529529  .2115946  .6647442
3 7.128839 8217785 .1588004 297932 2519123 .6286248 3.94x10% 1237937
4 3506084 6.855216  .8544856  1.181925 37.56111 .2469058  .288271  .9056299
5 0.737608 9.104248  .952101 4517972 41.00356 .3267362  .7094617  2.22884
6 6.340028 4.307105 .8452433 7569605 63.35018 .6935805  .170283  .5349597
7 5250353 8.459236  .3425378  3.530533 96.98044 1.831649  .2818047  .8853157

12

Numerical values
(=2

+Q
——Pr

—%—d
—¥—L
—0—x
——e

Number of iterations

Fig 2. The data for O, P, t, d L, x and e
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Table 2. Output values for each iteration

120 4

100 -

80 -

60 +

Numerical values

40 1

20 4
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3500

3000 -

2500 +

2000 -

1500 -

1000 -

500 -

Numerical values

-500

-1000

-1500 -

—

4

Number of iterations

Fig 3. The data for f,

Number of iterations

Figd4. U, Vandp

Iteration U, \'% p
1 49.12919 655.7999 1.366328
2 34.26075 3186.665 2.53392
3 2.701572 42.78165 1.054466
4 -8.436416 -78.23979 2.65803
5 43.64706 584.7548 .6953547
6 -28.60369 -1256.802 4.150273
7 14.29041 2538.464 .8898352
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