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Abstract. The authors of this article focus on the simulation of the motor vehicle on a certain road and propose their
specific solution of this problem. A mathematical model of the system “motor vehicle - road” is presented. The motor
vehicle is simulated by concentrated masses interconnected by elastic and dissipative links. The presented model of the
motor vehicle evaluates the movement of the motor vehicle body in space; the movement and turning of front and rear
suspensions with respect to the body; the interaction of the wheel with the road pavement surface; the blocking of the
wheel; the changing cohesive forces which influence the motor vehicle. The investigated road pavement surface is simu-
lated by triangular finite elements, the certain height of road pavement surface roughness and the cohesion coefficients of
road pavement surface and the motor vehicle wheel in the longitudinal and transverse directions of the wheel are selected
in each finite element nodal point. The presented results illustrate: the motor vehicle movement trajectories braking at
various initial conditions and on a certain pavement surface of the road section under investigation and the motor vehicle

driving on the speed reduction bump (“sleeping policeman™).
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1. Introduction

A motor vehicle is the most comfortable and popu-
lar means of transport; however, it causes a lot of prob-
lemsfor all road users.

Accidents occur every 15 seconds, in which people
suffer. One person is injured every 1.5 minute, i.e. one
thousand people are injured in 24 hours. Thus, ca one
million inhabitants of the Earth are lost in the period of
three years [1].

The number of old cars exceeding its own resources
several times has increased in Lithuania. Following sta-
tistics, one person iskilled every 8 hours, and one person
isinjured each hour on Lithuanian roads [1].

Each year 4,000 - 6,000 registered road accidents
occur inour country (the most typical are asfollows: run-
ning over pedestrians, collision, overturning, hitting an
obstacle, running over cyclists, hitting a parked vehicle)
[2, 3].

The types of accidents vary. To study accidents of
varioustypesaccurately, first of all, the universal dynamic
model of the motor vehicle as well as the model of the
road shall be constructed.

Simulation and description of the motor vehicle
movement have been studied by scientists for several
years.
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A. A. Chachaturov et d. studied the methods of road
pavement description, suspension of automobiles, roll-
ing of wheels and simulated the movement of the
automobile [4].

A. Rutkaand J. Sapragonas investigated the tyre and
road interaction. Their scientific work analyzesthe influ-
ence of the tyre on the road. The data of profile used in
the investigation is measured on real roads. To investi-
gate the smoothing function of tyrestwo models are used:
flexible narrow ring — 2D estimatesthe tyre and road con-
tact in aline and flexible band — 3D estimates the dimen-
sional contact between road and tyre [5].

S. J. DiMaggio and M. P. Bieniek investigated ve-
hicle dynamics using limited surface treatment of thetyre
—road interface. A new method of dealing with the force-
producing mechanism at the tyre — road interface is pre-
sented in their scientific work [6].

J. Ambrdsio created the vehicle dynamic model for
frontal and oblique vehicleimpact analysis. The multibody
model of the vehicle is composed of 16 rigid bodies and
nonlinear partially flexible body. The system components
include a front double A-arm suspension system, a rear
McPherson suspension system, wheels and chassis. A
partially flexible body where the front part is considered
flexible while the remaining structure and a shell is con-
sidered rigid. This modeling assumption isvalid, if plas-
tic deformations occur in the parts of the vehicle modeled
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as flexible regions such as the front and no significant

deformation takes place in the passenger compartment.

This model is suitable to simulate frontal impacts of the

sports car. Theflexible part of the chassisis composed of

36 nodal points and 38 nonlinear beam elements made of

E24 steel and having hollow rectangular cross-section[7].
T. D. Williams, A. de Pennington and D. C. Barton

investigated the impact behavior of low volume, niche

market sports car with a spaceframe chassis using a non-
linear finite element. Considering the options to improve
crash it was essential to make sure that the overall struc-
tural responseis predicted. An experimental test program-
me supported the finite element predictions and included
theimpact testing of typical brazed tubular structuresand
an automotive wheel and tyre. Results from a 23,000 fi-
nite elements vehicle model correlate with the digitized

results of a crash test video [8].

J. Giergiel and M. Smieszek investigated automated
guided vehicle movement along a curvilinear trajectory.
Automated guided vehicles are widespread in modern
manufacturing. The lowest speed of automated guided
vehicles takes place during the movement along a curvi-
linear trajectory and results from necessities of assurance
stability during movement. The authors decided to use
the computer simulation process to explain this phenom-
ena. During simulation the mathematical model of an
automated guided vehicle was moving along curvilinear
trgjectory. Factors connected with the construction of an
automated guided vehicle and with the trajectory were
taken into account during ssimulation [9].

The dynamic models of motor vehicles presented by
other scientistsare very complicated and they can besim-
plified for simulating the movement of the motor vehicle
on the road.

The authors of thisarticle focus on the simulation of
the motor vehicle on acertain road and propose their spe-
cific solution of this problem.

The movement of the motor vehicle on theroad isa
very complicated process which depends not only on the
dynamic properties of the motor vehicle, but also on the
conditions of the road section under investigation.

The system “motor vehicle — road” was selected for
research. It consists of:

*  a certain motor vehicle with known geometric pa-
rameters and physical mechanical properties (masses
of individual elements, moments of inertia, size, stiff-
ness coefficients, mechanical energy damping coef-
ficients, etc.);

*  aroad section with known geometric parameters and
physical mechanical properties (length, width, pave-
ment surface, etc.).

To solve the constructed mathematical model of the
system “motor vehicle — road” application packages
Compaq Misual Fortran Professional v 6.1 [10] and We-
terloo Maple 7.0 [11,12] are used.

2. Mathematical Model of the Road Pavement Sur-
face

To describetheroad pavement surface roughnessand
cohesion coefficients of the road pavement and motor
vehicle wheels on each nodal point of the road pavement
surface the method of finite elementsisapplied [2, 3, 13,
14].

Thetotal pavement surface of the road section isdi-
vided into triangular finite elements (FE) (Fig 1). A cer-
tain height of the road pavement surface roughness and
cohesion coefficients of road pavement surface and mo-
tor vehicle wheels in the longitudinal and transverse di-
rections of the motor vehicle wheels are selected in each
nodal point of FE.

dry asphalt
B8 wet asphalt
soil

X3, V3

xl,yl x y
2,02

Fig 1. Expansion of the pavement surface of the road section
into finite elements: 1 — motor vehicle; 2 — road carriageway;
3 — shoulder; 4 — triangular finite element

3. Mathematical Model of the Motor Vehicle

The motor vehicle is simulated by concentrated
masses interconnected by elastic and dissipative links
(Kelvin-Foight elements) [2, 3].

The motor vehicle model consists of seven concen-
trated masses: body, front and rear suspension and four
wheels (Fig 2).

In the geometrical centre O of the motor vehicle the
system of coordinates {;y — Npy — &mvis introduced
and in the masses centre C of the motor vehicle the sys-
tem of coordinates Xy — Yqw — Zmy 1S introduced.

The masses centre C of the motor vehicle is far from
geometrical centre O at distances a,, &y, a,in the di-
rections of axes {py, Ny > &my - This discrepancy be-
tween motor vehicle masses and geometrical centre can
be explained by the asymmetric distribution of passenger
and load mass in the motor vehicle.

The body can move in space in the directions of glo-
bal axis X, Yand Z and turn around local axes X,
Ymv> Zmy of the motor vehicle. Front and rear suspen-
sions can move in the direction of axis Z,, and turn on
the vertical plane with respect to the body. Wheels can
move in the direction of axis Z,, with respect to the
body.
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To describe the movement of the motor vehicle the

following generalized coordinates are introduced (Fig 2):
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Fig 2. Motor vehicle model

The movement of the motor vehicle as the move-
ment of an intricate mechanical system is described by
second degree LaGrange equations:

e 1o i U vy S LD

where: | - motor vehicle (mechanical system) LaGrange
function,
L=T-M; (€)

where: T - kinetic energy of the motor vehicle; [T -
potential energy of motor vehicle elastic elements; H -
dissipative function of motor vehicle dissipative elements;
{qmy }- vector of generalized coordinates; {¢,, } —Vector
of generalized speeds; {F, }— vector of generalized
forces, influencing the motor vehicle.

Kinetic energy of the motor vehicle equals to:
_ 1( 22, 52 2 2
T_E mo(XC +Yyc +ZC)+IXC¢XC *"ycfl)yC +

2 2 2 2 2
Iz @y + Mz + 1191 +mpzy + 1503 +

Mg g + MapZip + MygZing + MyaZia % )

where: My, - mass of the motor vehicle without front and
rear suspensions (mass of the body); my, m,- masses of
front and rear suspensions; IXc , |yC , IZc - inertia
moments of the motor vehicle (body) without front and
rear suspensions around axis X, Ymvs Zmys 11, 12-
inertia moments of front and rear suspensions around
nodal points Ojand Oy ; My, My, Myz, My - masses
of wheels.

Potential energy of elastic elements of the motor
vehicle equals to:

8
M= 3 Mie; (5)
iee=1

where: [ - potential energy of elastic element jee.

2
Mige = kleeAllee, (6)

where: Kiqe - stiffness coefficient of elastic element jee;
Aljee - contraction of elastic element jee.

AIieezlpiee_lo iee; 7
where: | piee — present length of elastic element jee;

lo jee —initial length of elastic element jee.
Let us consider that:

Ipiee \/XJ yu) (-—zi)2=M;(8)

where: X, Y;, Z - global coordinates of the elastic
element nodal point i ; Xj, ¥Yj, Zj- global coordinates
of elastic element nodal point ] ; ®;ge- function of elastic
element jee.

Expressions (8) and (7) can be rewritten:

Diee =12 )

piee>

Alige = VPjee o jee. (10)

Then after evaluating expression (10), expression (6)
can be rewritten as follows:

1 1
Mige = EkieeAli%ae = Ekiee(\/q’iee =lo iee)2~ (1)

Derivative of potential energy according to the gen-
eralized coordinate {qy,, }equals to:
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Mg - Kool OAljee 00 oo .
jeeBli
o{amv} 00 oo {0}

Ek. g_l()_'ee i
> |eeE \/@@ o [ (12)

Derivative of potential energy according to the gen-
eralized speed {0, }equals to:
or iee _
o{dm}
Dissipative function of motor vehicle dissipative el-
ements is equal to:

(13)

8
H= 3 Hiee; (14)

iee=1
where: Hjq - dissipative function of elastic element

1 9
Hiee = EheeAliee; (15)

where: hjge- mechanical energy damping coefficient of

elastic element jee; Aljgo- contraction speed of elastic
element jee.

. 0 0

Alige = —Alige = —

lee at lee 6t

o o] o

Having evaluated expression (16), expression (15)
can be rewritten as follows:

(Diee _|0 iee )

1 9
Hiee = EheeAliee =

= ;)
;hieeéﬁgg—:}{?w}a. 17)

Derivative of dissipative function according to the
generalized speed {0, }equals to:

OHjee _ 1 00 G}

g 1 lee T S yUnwvS, 1

{Gmv} I 2P jee o{amv } (18)

To find the expression of potential energy and dissi-
pative function, global coordinates of every elastic ele-
ment jeenodal points j and | shall be known. As it was
mentioned the movement of the motor vehicle is investi-
gated on a certain road section in the system of global
coordinates X —Y —Z . The position of the motor vehicle
in this global system of coordinates can be determined by

generalized coordinates Xc, Yc» Zc, Oy Py, - Pz s
7, §1, 2o, b2, Zu1, 20> Zygs Zwa of the motor ve-

hicle. To find the position of any vehicle nodal point in
the global system of coordinates X —Y —Z local coordi-
nates of the motor vehicle nodal point (rays from the motor
vehicle masses centre to the investigated nodal point) and
the coordinate transformation matrix (matrix, which de-
termines turning of coordinates around axis Xy, Yy
Z ) shall be known:

- 2z i, v )

where: [A] — matrix of coordinate transformation;

%Zm\/ % %mv % %va %- matrices of coordinate

transformation around axes Z,,, Yy and X, -

The position of any motor vehicle nodal point in the
global system of coordinates X — Y — Z is determined
by its global coordinate vector which is equal to:

k= ek [A]{Xk Ioc}; (20)

where: {Xc}- global coordinate vector of the motor
vehicle masses centre; [A] - matrix of coordinate transfor-
mation; Yk |oc [- local coordinate vector of the motor ve-
hicle nodal point k; k- any nodal point of the motor
vehicle.

Functions @ e, iee= 1+8of top and bottom elas-
09 jee c
gt

. . . q
functions @ jeaccording to generalized coordinate

tic elements of suspension and derivatives

{dn }are determined.

Provided functions @ ;g of elastic elements of

suspension and their derivatives according to the gener-
alized coordinates = are known, potential energy
M and dissipative funct{gvn H of the motor vehicle can
be determined.

Having inserted the expressions of the motor vehicle
kinetic and potential energies, dissipative functions and
the vector of generalized forces influencing the motor
vehicle, into the second degree LaGrange equations (2),
the system of the motor vehicle movement equation is
obtained which can be written in the matrix form:

o i = o @1)

where: %' mv 5 matrix of motor vehicle masses; tjmv}'

vector of generalized accelerations; @mv }— loading vector

of the motor vehicle.
[Mm,]: diag%b my my I Ty Iz

m Iy my I my my myg mw4J; (22)
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by =B e 2 0 By Oy
4§ Z b2 Zu Zw Zwa Zwa] (23)

8 o, 8 oH;
ok k- 3 25 WP g CCL)
iee=1 mv) iees1l mv
where: iFmvj - vector of generalized forces, influencing
the motor vehicle,

{FW}T:EXC Fyve Fze My, My, Mg

Fb My B My Ry Fup Fug I:w4% (25)

where: FXC N ch, FZC N Fl’ Fz, FW_L’ FWZ’ FV\B’ FW4’
- generalized forces in the directions of respective gene-
ralized coordinates; MXc , M yer M 2> My Mj-
generalized moments in the directions of respective
generalized coordinates.

The system of equations (21) is solved by the method
of Runge-Kutta [2, 3, 15]. For this purpose it has to be
rearranged from 14 differential equations of the second
order to 28 differential equations of the first order:

(et
Hlgded

4. Conditions of the Contact of the Bottom Nodal Point
of the Motor Vehicle Wheel and Road Pavement Sur-
face

Solving the system of equations (26) the contact be-
tween the motor vehicle wheel and road pavement sur-
face has to be evaluated in every time step [2, 3].

The following conditions of contact between the
motor vehicle wheel and road pavement surface are se-
lected (Fig 3):

E@, when Zyj 221-;

when Zyj <Ej;

%,‘-, when Zyj 221- and va' >0;
when Z,j <Ej and 2y <0

o %q j+10 when Zyj EEJ- and Feq j+1020;
4= Lo when z,; <&; and Feq j+10 <0; (27)

H

where: § j - height of road pavement surface roughness
under the motor vehicle wheels, j=1+4; Feqj+10 -
motor vehicle movement equations right side obtained
with respect to Zyj .

|

bottom point of the motor vehicle wheel

Z.;
road pavement surface {;j "

Y

X

Fig 3. Identification circuit of the contact between motor
vehicle wheel and road pavement surface

To find the height of road pavement surface under
the motor vehicle wheel global coordinates of wheels in
the system of coordinates X -Y have to be known:

Xwi = Aunj t Alj;
Yuj = Potf1j + Agoloj ; (28)
where: A;q, Ao, Ap, Ay - terms of coordinate

transformation matrix %%ee expression (19)); fj,

I2j —local raysfrom the motor vehicle masses centre to
wheel |, j=1+4.

When global coordinates of the wheels are known
the dependence of a certain wheel on the exact finite ele-
ment of the road pavement surface and the height of rough-
ness of the road pavement surface under it can be deter-
mined.

5. Identification of road pavement surface roughness
and cohesion coefficients with the motor vehicle wheels

The roughness of the surface on every nodal point
X, y of road finite element (Fig 1) are approximated as

follows 2, 3]:
]
%@' y%} (29)

where: Eﬁ, VE» road pavement surface roughness on
finite element nodal point X, ¥ ; N7, Ny, N3 —shape

E@ y% 1 Ny N3

MOLIO
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functions of triangle finite element; &;, &,, 3 —surface

roughness on finite element nodal points.

Let us consider that the cohesion coefficients of the
motor vehicle wheel and road pavement surface are dis-
tributed according to the law of ellipsis (Fig 4) [2, 3]:

B B, B B,
R EEE .

where: Xyj, Ywj - cohesion coefficients on every nodal
point of ellipsis; a= ¢gapes - maximum cohesion coef-
ficient (in the longitudinal direction of the wheel);
b= ¢22jrr]‘$ —minimum cohesion coefficient (in thetrans-
verse direction of the wheel).

In Fig 4 the distribution of the cohesion coefficient
of wheel | is presented: maximum cohesion coefficient
— in the direction of axis ij , minimum — in the direc-
tion of axis Yoj- X-Y- global system of coordinates,
where movement of the motor vehicle is investigated;

Xmwv- Ymw - system of local coordinate of the motor
vehicle, the beginning of this system of coordinates in
the motor vehicle masses centre; Xuj - Yyj - system of
local coordinates of the wheel j, the beginning of the
system of coordinates is in the motor vehicle wheel masses
centre; ¢ 7. - angle between the systems of coordinates
X -Y and Xpy- Yy (turning angle of the motor ve-
hicle around the vertical axis, which crosses its masses

centre); Ywj - turning angle of wheel | with respect to
the motor vehicle body; @,, @sliding speed vector of
wheel | ; Xwj - angle between axis Xy of wheel j and
sliding speed vector @4 @ 5Wj - angle between the lo-
cal axis X, of the motor vehicle and sliding speed vec-

tor of thewhedl .

Fig 4. Distribution of the cohesion coefficient of wheel |

Equation (30) can be written parametrically:
Xwj = @COSXyj; Ywj = PSINXy; . (31)

Then dependence of cohesion coefficient on angle
Xwj equals to:

¢C0h$@m- % \/%cosij §+ Bsinwi- é (32)

| Ll

where: Pcohes @wj % cohesion coefficient of wheel

j and road pavement surface in the direction of the

Xwj = Owj ~Ywj; (33)
where: Yyj - turning angle of wheel | with respect to the
body of the motor vehicle anti-clockwise; 5wj —angle

between the local axis X, of the motor vehicle and

siding speed vector @4 @' thewhedl j,

JYmv

i = arctg
@vvjxm, El 34)

where: Vyjx > Vajy,,, - projections of the wheel sliding

speed vector @,‘ @) axes X and Yy, respectively;

Cohesion coefficients of the wheel and the road pave-

ment surface on any finite element nodal point x, y are
approximated as follows:

oesefd 3 A b E o[

min o in O
coh%Er y% %Q‘ Y%%hmggg' y%};(?ﬁ)

where: ¢coh$ Ev y@ ¢22)|rr1]es H

minimum cohesion coefficients of the wheel and the road

) YQ— maximum and

pavement surface on finite element nodal point x, y;

% @ y % shape functions of triangle finite element;

B b

coefficients on finite element nodal points.

— vectors of maximum and minimum cohesion
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Road pavement surface roughness and cohesion co-
efficients of the wheel and the road pavement surface are
divided linearly on the triangle finite element, therefore,
the net of finite element shall be denser in the places where
surface roughness or cohesion coefficients change rap-
idly (increase or decrease).

To perform fewer calculations it shall be estimated
to which of the finite element each wheel belongs and
height of road pavement surface roughness and cohesion
coefficients of the each wheel and the road pavement sur-
face are estimated only on four selected nodal points.

6. Identification of Cohesive Forces

Studying the movement of the motor vehicle motor
vehicle wheel and road pavement surface cohesive forces
cannot be neglected. Cohesive forces under different
wheels can have different values depending on different
cohesion coefficients of the vehicle wheels and road pave-
ment surface [2, 3].

If the direction of the motor vehicle speed and wheel
speed coincide and the wheel is not blocked (is not braked),
cohesive force between the wheel and road pavement sur-
face is equal to zero. Cohesive force will have certain value
provided the directions of speeds mentioned above do not
coincide or the wheel is not blocked (braking occurs).

When braking the motor vehicle or when it is slid-
ing redistribution of the motor vehicle mass on the front
and rear suspensions occurs which influences the move-
ment of the motor vehicle. The more intensively the mo-
tor vehicle is braked, the greater part of the mass influ-
ences the front suspension and the front wheels are pressed
harder (when the motor vehicle moves forward).

In general cohesive force which influences wheel

i, equals to:

Feohes = Rgj®cones; (36)

where: Ry - normal reaction which influences road pa-
vement surface; Peohes - cohesion coefficient of the
motor vehicle wheel and road pavement surface which
depends on the road pavement surface; j=1+4.

Normal reaction which influences the road pavement
surface is estimated as follows:

L] .
O o when al; >0, @7
1

where: Kj - stiffness coefficient of suspension elastic
element j; h j - mechanical energy damping coefficient
of suspension elastic element j; Alj - contraction of
suspension elastic element j ; A | j - contraction speed of
suspension elastic element | .

If Al S 0, the motor vehicle wheel j contacts with
the road pavement surface; provided Al j >0, the motor
vehicle wheel j does not contact with the road pavement

Ymv

{Feohest}
——
vwid

{Vw3}

va

{Feohes2}

y wal

{Feohes4}

{Feohes3}
Y

X

Fig 5. Cohesive forces which influence the motor vehicle
wheels

surface.

Cohesive forces which influence the motor vehicle
are shown in Fig 5.

Cohesive force which influences wheel | is inserted
in vector:

s

Xy QFooheq Cos@wj 0
Yo aFcohwi S‘“@wi tog

0

O

(3%)

=

B

1T
DO000QD0

mooEHooEen

where: Vwjx.,, Ywjy,,, - projections of motor vehicle wheel

j sliding speed vector o0 local axes X, and

Yy of the motor vehicle respectively (see Fig 4); 5wj -

angle between the local axis X, of the motor vehicle

and sliding speed vector @fthe wheel | (see Fig 4

and expression (34)).
Cohesion moment of cohesive forces from wheel
j which influences the motor vehicle is equal to:

e 2 s 1 e

where: @ @ local vector from the masses centre of the

motor vehicle to wheel | ; %j E— matrix of the motor

vehicle wheel | .
General cohesive force vector which influences the
motor vehicle and general cohesive moment are equal to:

%oh&s = Z @oheﬂ I

g B¢
513 Moo
I:Icohesl:I le conhesy (40)
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General cohesive force vector @zc%hes Bwhich in-

fluence the motor vehicle and general cohesive moment
goh&g E will be included to vector of generalized forces

iFm\,} (25), influencing the motor vehicle.

7. 1dentification of Dependence of the Bottom Nodal
Point of the Motor Vehicle Wheel Interacting with the
Road Pavement Surface for Each Road Finite Element

As we have mentioned in Chapter 2 the road section
under investigation is divided into triangular finite ele-
ments (FE). On each FE nodal point a certain height of
the road pavement surface roughness and cohesion coef-
ficients of road pavement surface and motor vehicle
wheels in the longitudinal and transverse directions of
the motor vehicle wheels are selected. Then the mentioned
parameters can be calculated in each nodal point x, Y of
FE applying the method of finite elements [2, 3].

To reduce the number of calculations it shall be esti-
mated to which FE each of the motor vehicle wheels be-
longs.

It is only on these estimated four nodal points that
the height of road pavement surface roughness as well as
cohesion coefficients of the motor vehicle each wheel and
road pavement surface are calculated (as we have men-
tioned in Chapter 5).

The position of a motor vehicle wheel on the road
shall be expressed by the nodal point with coordinates

Xwj, Ywj . Triangular FE containing this nodal point is
estimated.

Nodal point Xuj, Ywj belongs to triangle ife FE
with nodal points 1, 2, 3 provided condition:

is met; 41)

fe | _|cife ife
3| = [SL2wi | T[S23w
Whgre %12 5-area of ifetriangle FE; %fe 52 3w »
S3LWJ - areas of auxiliary triangles (Fig 6).
If coordinates of triangle vertices nodal points be-
long to the global system of coordinates X — Y, the area

3 (x3, y3) 3 (x3, y3)

Wi (X, ¥ )
ife ife
1(xs, y1) 1{x1, y1)

2 (x2, y2) 2(x2, y2)
Fig 6. The identification circuit of nodal point
g™ Mg
a - nodal point belongs to a finite element; b — nodal point
does not belong to a finite element

ependence on ife triangle finite element:
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of triangles can be estimated [2, 3, 15]:

1 X Vi 11 ST
ife
23 El X2 Y|, %.,ZWJ El X2 Y2,
1 X3 y3 1 Xoj  Ywj
1 X y2 1 x3 3
——1 X 1 X
S5 3 S3LWJ ! (42)
1 Xuj yW] 1 Xoj  Ywi
28,0
&
N
8
%26,5
2
N
T 250 j
i~
o
S g
§ 235
2
S
B~
22,0
10,0 15,0 20,0 25,0 30,0 35,0 40,0
Longitudinal coordinate of road, m
a)
28,0
£
=
8
%26,5
: Iy
S
g 250 HH R
@ Y
2
3 235
-
g
N
B~
22,0
10,0 15,0 20,0 25,0 30,0 35,0 40,0
Longitudinal coordinate of road, m
b)
28,0
Slippery section
aY

\ of road
| ' )

Transverse coordinate of road, m
[3%)
\'KI\

[ 9]
N
f=)

15,0 20,0 25,0 30,0 35,0 40,0

Longitudinal coordinate of road, m

c)

Fig 7. Motor vehicle movement trajectories (view from top),

the initial driving speed is 60 km/h: a — road pavement is dry

asphalt, braking all wheels; b — road pavement is dry asphalt,

braking two front or rear wheels; ¢ - when there is a slippery
section on the road, braking all wheels

_.
L
=3



252 O. Prentkovskis, M. Bogdevicius / TRANSPORT — 2002, Vol XVII, No 6, 244-253

If condition (41) is not met, nodal point Xy;,
Ywj does not belong to ife triangle FE.

8. Results of a Computer Experiment

To solve the dynamic model of the system “motor
vehicle - road” the following results are obtained during
the computer experiment using application packages
Compagq Visual Fortran Professional v 6.1 [10] and Wa-
terloo Maple 7.0 [11, 12]:

+  the motor vehicle movement trajectories when brak-
ing at various initial conditions and a various certain
pavement surface of the road section under investi-
gation (Fig 7);

»  the dependences of vertical displacement of motor
vehicle wheel bottom nodal point on the longitudi-
nal coordinate of the road when the motor vehicle
drives on the speed reduction bump (“sleeping po-
liceman”) (Fig 8);

»  the dependences of vertical acceleration of motor
vehicle wheel bottom nodal point on the longitudi-
nal coordinate of the road when the motor vehicle
drives on the speed reduction bump (“sleeping po-
liceman”) (Fig 9);

+  the dependences of normal reactions which influ-
ence road pavement surface on the longitudinal co-
ordinate of the road when a motor vehicle drives on
the speed reduction bump (“sleeping policeman”)
(Fig 10).
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Fig 8. Dependence of the motor vehicle wheel bottom nodal
point vertical displacement on the longitudinal coordinate of
the road when the motor vehicle drives on the speed reduction
bump (“sleeping policeman”)
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Fig 9. Dependence of the motor vehicle wheel bottom nodal
point vertical acceleration on the longitudinal coordinate of
the road, when the motor vehicle drives on the speed
reduction bump (“sleeping policeman”)
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Fig 10. Dependence of the motor vehicle wheel normal
reaction which influences road pavement surface on the
longitudinal coordinate of road when the motor vehicle drives
on the speed reduction bump (“sleeping policeman’)

9. Conclusions

1. A mathematical model of the system “motor ve-
hicle - road” is presented. It consists of the dynamic model
of the motor vehicle and the model of the road section
under investigation.

2. The motor vehicle is simulated by concentrated
masses interconnected by elastic and dissipative links
(Kelvin-Foight elements). The presented model evaluates
the movement of the motor vehicle body in space; the
movement and turning of front and rear suspensions with
respect to the body; the interaction of the wheel with the
road pavement surface; the blocking of the wheel; chang-
ing cohesive forces which influence the motor vehicle.

3. The investigated road pavement surface is simu-
lated by triangular finite elements, the certain height of
road pavement surface roughness and cohesion coeffi-
cients of road pavement surface and the motor vehicle
wheel in the longitudinal and transverse directions of the
wheel are selected in each finite element nodal point.

4. Graphs in Fig 7 a - b illustrating the braking of the
motor vehicle on the road, show that the less number of
wheels of the motor vehicle brake (e.g., two or four), the
longer the motor vehicle braking way is.

5. Graph in Fig 7 c illustrating braking of the motor
vehicle on the road shows that if there is a slippery sec-
tion of road and all wheels of the motor vehicle are braked,
the motor vehicle starts turning around its vertical axis
passing through its masses centre when two wheels of the
motor vehicle drive on the slippery section of road.

6. Graphs in Fig 8 - 10 illustrating the movement of
the motor vehicle on the speed reduction bump (“sleep-
ing policeman”) show that if initial driving speed of a
motor vehicle is less, the wheel will jump less on the speed
reduction bump (“sleeping policeman”), and the wheel
normal reaction as well as loading to the bearing part will
be weaker. In other words, the speed shall be reduced when
the motor vehicle is driving on the speed reduction bump
(“sleeping policeman”).

7. The presented mathematical model of the system
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“motor vehicle - road” as one part can be used simulating
certain traffic scenarios (for example, to study the exist-
ing or to design new dangerous road sections; to study
the interaction of the motor vehicle with various obstacles,
etc).
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