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Abstract: Based on the analysis of nonlinear geometric
characteristics of the suspension systems and tires, a 3D
nonlinear dynamic model of a typical heavy truck is established.
The impact factors of dynamic tire loads, including the dynamic
load stress factors, and the maximal and the minimal vertical
dynamic load factors, are used to evaluate the dynamic
interaction between heavy vehicles and roads under the condition
of random road surface roughness. Matlab/Simulink is used to
simulate the nonlinear dynamic system and calculate the impact
factors. The effects of different road surface conditions on the
safety of vehicle movement and the durability of parts of a
vehicle are analyzed, as well as the effects of different structural
parameters and different vehicle speeds on road surfaces. The
study results provide both the warning limits of road surface
roughness and the limits of corresponding dynamic parameters for
the 5-axle heavy truck.
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owadays, it is acknowledged that bridges and roads
N play an important role in transport systems.
Therefore, investigating dynamic loads of heavy vehicles
and roads is necessary for maintaining roads and bridges as
well as solving problems in design of the parameters of
vehicles. Much literature have investigated the dynamic
loads of wheels which impact on highway bridges with road
surface roughness' *'. Similarly, considering the nonlinear
properties of shock absorbers and leaf springs, a 3D
nonlinear virtual prototype model based on multi-body
dynamic theory for heavy-duty vehicles is established in
order to evaluate the effects of vehicle speeds, loads, road
surface roughness, and tire stiffness on the tire dynamic
loads and the dynamic load coefficients (DLC) B
The major goal of this study is to improve a 3D nonlinear
dynamic model for 5-axle heavy trucks considering the
nonlinear characteristics of tires and the suspension systems.
In this paper, Matlab/Simulink is applied to simulate the
nonlinear dynamics of vehicles with road surface roughness
of national highways according to the international standard
ISO 8068'”. Dynamic models for different road surface
roughnesses, different structural parameters, and different
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speeds of vehicles are analyzed, respectively.

1 Vehicle Dynamic Model

1.1 Dynamic model

A 5-axle heavy vehicle with a dependent suspension
system for the front axle and a walking beam suspension
system for the rear axles is selected for vehicle dynamic
analysis. A 5-axle heavy vehicle dynamic model with 14
degrees of freedom is established to evaluate the dynamic
interaction between vehicles and roads, as shown in Fig. 1.
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Fig.1 3D dynamic models of the 5-axle heavy truck. (a) Side
view; (b) Front view

In Fig. 1, K, are the suspension stiffness coefficients; C i
are the suspension damping coefficients; w, are the friction
coefficients of suspension systems; K are the stiffness
coefficients of tires; C,,; are the damping coefficients of
tires; M, and M, are the sprung mass of the tractor and
trailer; m,,, m,, and m,, are the unsprung mass of the front
axle, the first tandem axle and the second tandem axle; [,
l,, I and [, are the distances between the tractor C. G. and
the front axle, the tractor C. G. and the front tandem axle,
the trailer C. G. and the front tandem axle, the trailer C. G.
and the rear tandem axle, respectively; [, and [, are the
distances from the pivot point to the trailer C. G. and the
tractor C. G.; [, [, and [,, [, are the distances from the
tandem axle C. G. to each wheel, b, and b, are the
distances between the tractor C. G. and the right/left wheel
at the front axle; z, are the vertical displacements at the



406

Le Van Quynh, Zhang Jianrun, Liu Xiaobo, and Wang Yuan

centre of gravity of the axles, the tractor and the trailer; ¢,
and @, are the angular displacements at the centre of gravity
of the axles, and the tractor and the trailer; v is the vehicle
speed (i=1,2,3; k=1,2,...,5; n=2,3,4,5; and j =left,
right) .

1.2 Vehicle dynamic model

In order to facilitate the description of vehicle dynamic
systems using computer simulation, a combined method of
the multi-body system theory and D’Alembert’s principle is
chosen in this study. The multi-body system theory is used
to separate the system into subsystems which are linked by
the force and moment equations. D’Alembert’s principle is
used to set up force and moment equations to describe
vehicle dynamic subsystems.

The general dynamic differential equation for the 5-axle
heavy truck is given by the following matrix form:

MZ +CZ+KZ=C,0 +K.Q (1)

where M is the mass matrix; C is the damping matrix of the
suspension system; K is the stiffness matrix of the
suspension system; C, is the damping matrix of the wheel
system; K. is the stiffness matrix of the wheel system; Z is
the vector of displacement; @ is the vector of excitation of
the road surface.

1.3 Nonlinear characteristics of suspension systems and
tires

The difficulty in finding the solution for the dynamic
function of a vehicle system is identifying the nonlinear
characteristics of suspension systems and tires. There are
two types of nonlinear characteristics of suspension systems
and tires when a vehicle moves on the road surface:
nonlinear physics parameters and nonlinear geometric
parameters. In this study, only the impacts of nonlinear
geometric parameters are considered, in which the
suspension system is limited by motion and the wheel off-
road phase. These nonlinear factors can be described by the
nonlinear mathematical function.
1.3.1 Suspension system model

For a heavy truck suspension system, there is a limiting
stopper, which is used to limit the up and down motions of
the chassis for safety. In a normal motion, the leaf springs
stiffness of the suspension system is linear. When the
motion of the chassis is over the limit, the limiting stopper
will be touched. In this case, the leaf springs stiffness
becomes infinitely large. The leaf springs force of the
suspension system can be determined if the leaf spring
stiffness and the relative motion between the unsprung mass
and the sprung mass are known.

The front suspension system and its dynamic model are
shown in Figs.2 (a) and (b). The elastic forces of the leaf
springs can be determined by the following formula:
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where f,; is the maximum front suspension dynamic
deflection at compression.
The damping force and the friction force of the front
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Fig.2 Front suspension system. (a) Diagram; (b) Elastic properties

suspension system in vertical direction are defined as
FC‘ :Cl(gl _Z.l)
F,L, :M]Sign(gll - Zl)

(3)
(4)

Meanwhile, the dynamic force of the front suspension
system in vertical direction is defined as

FZI:FK‘+FC‘+F#‘ (5)

where F X, is the elastic force; F . is the damping force; FH‘
is the friction force.
1.3.2 Tire model

A quarter of the vehicle model is selected for analyzing
the nonlinear characteristics of the tire, as shown in Fig. 3
(a). We already know that when a vehicle moves on the
road surface, the wheel’s motion in vertical direction can be
described as two stages: compression processes ( static
compression and dynamic compression) and rebounded
processes (tire recovery phase and wheel off-road phase) as
shown in Figs.3(b) and (c¢).
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Fig.3 Road-wheel-vehicle coupled system. (a) Quarter of vehicle
vibration model; (b) Wheel moving on road; (c) Elastic properties of radial
tire
The radial spring force of the front wheel can be
determined by the following formula:
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The radial damping force of the front wheel is determined
by the following formula:

FKT,:CTl(q.l_‘fl) (7

Meanwhile, the dynamic reaction force of the front wheel in
vertical direction is defined as

Fo=(x)F, +F. (8)

where the factor ( +£1) is the dynamic reaction force of the
front wheel acting on the vehicle and the road surface; F Knis
the radial spring force; F is the radial damping force.

Eq. (5) and Eq. (8) are important in creating subsystems
for simulation which will be presented in the following
section.

2 Assessment Factors of Dynamic Vehicle Load

As presented in section 1. 3, in vertical direction, a
wheel’s motion can be described as two processes: the
compression process and the rebound process. The maximal
value of the dynamic wheel force appears in the compression
process and the minimal value appears in the rebound
process (see Figs.3 (b) and (c)). In order to evaluate the
dynamic interaction between heavy trucks and the road
surface, assessment factors k, , and k, . are proposed.

The minimal vertical dynamic load factor k,  is applied
to evaluate the minimal dynamic reaction forces transmitted
from the road surface to the wheels. It is defined as'"

dmax

minfF';
kyin =1 +—— O<k,.<1 9
F N

where F. is the dynamic vertical wheel force; Fj is the static
vertical wheel force.

According to Mitschke’s finding, the minimal vertical
dynamic load factor k' can be determined as follows:

k., =0.5 is limiting for road maintenance;
kynin =0 is limiting for road repairs.

The maximal vertical dynamic load factor k,,, is applied
to evaluate the maximal dynamic reaction forces transmitted
from road surfaces to wheels. It is defined as'”

dmin

maxF
Ky =1 +7Fs (10)
Taking the random road surface roughness into account,
Eq. (10) becomes

k =1+M

11
dmax FS ( )

where F .. is the root mean square of the vertical dynamic
load.

According to Mitschke’s finding!”, if the maximal
vertical dynamic load factor k, ., <1.5, the safety limits for
the durability of parts of a vehicle will be established.

The road damage criteria are as follows: Most of the civil
engineering literature uses the static vehicle load for the
design of road surfaces. They have achieved mixed success
due to the complex nature of the road damage problems.
But the role of vehicle dynamic loads in the road surface
design is still not completely known. Some of the major
performance criteria considering road damage are based on

the fourth power law of the American Association of State
Highway Officials ( AASHO) from 1960. Subsequently,
other criteria were established in terms of AASHO, such as
EC criteria in 1992 and Australia criteria in 1999"". In this
paper, a dynamic load-stress factor () based on road
damage criteria is used to quantify road loads caused by
dynamic road-tire forces.

v=1+68 +38 (12)
where § is the dynamic load coefficient,
FT RMS
= 1
) F, (13)

The dynamic load-stress factor () is strongly dependent
on vehicle speed, suspension design, wheel design and road
roughness. According to some research results'™'”, if the
dynamic load-stress factor y<<1. 56, the road-friendly limit

for the dynamic parameters of a vehicle will be established.
3 Road Surface Roughness

Surface roughness plays an important role in evaluating
the dynamic interaction between vehicles and roads. The
random excitation of road surface roughness can be
represented with a periodic modulated random process. The
general form of the displacement PSD of the road surface
roughness is determined by the experimental formula''":

S,(m =8,(n) )

0

-

(14)

where space frequency n is the reciprocal of the wavelength
A. It means the wave number in one meter. n, is reference
space frequency, defined as 0.1 m™". § ,(n) is the PSD of
the road surface under the reference space frequency n,,
known as the road surface roughness coefficient; and w is
the frequency index which determines the frequency
configuration of the PSD of the road surface (w =2).

The road surface roughness is assumed to be a zero-mean
stationary Gaussian random process. It can be generated
through an inverse Fourier transformation:

a(n) = Y /25,(n)Ancos(2mn,t + ) (15)

where ¢, is a random phase uniformly distributed from 0 to
2.

In this study, typical road surface roughness is adopted
according to the standard ISO 8068'", and the simulation
results of the typical road surface roughness are shown in
Fig. 4.
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Fig.4 Typical road surface roughness according to ISO 8068'" .
(a) Level A; (b) Level B; (c) Level C; (d) Level D
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4 Simulation and Analysis Results

In order to solve the nonlinear differential equations
presented in section 1 for evaluating dynamic interaction
between heavy vehicles and road surfaces, Matlab/Simulink
software is used with a specific set of parameters of the 5-
axle heavy vehicle as shown in Tab. 1.

Tab.1 Parameters of the 5-axle heavy vehicle

Parameters Values Parameters Values
K /(N-m™) 1.131 0 x 10° M, /kg 4871
Cp/(N-s-m™) 1.2770x10* M,/kg 27 542
Ky /(N - m™h) 8.966 5 x 10° my, /kg 584
Crp/(Neos-m™) 1,105 x 10> mp,/Kg 1554
K, /(N-m™)  8.9315x10° m s /kg 1314
Cp/(N-s-m™) 25539 x10* I,/m 0.847
Ky /(N-m™) 11,7933 x10° 1,/m 3.356
Crp/(Nes-m™) 2,414 x10° Iy, 1,/m 0.661
Kpe/(N-m™)  1.7933 x10° Is/m 4.822
Crp/(N-s-m™) 2414 x10° ly/m 4.862
Ky /(N-m™) 7.8807 x10° I, ly/m 0. 661
Cy/(N-s-m™") 33098 x10* ly/m 5.057
Kpy/(N-m™) 1,793 3 x10° ljp/m 3.121
Cry/(Nes-m™") 2,414 x10° b,,b,/m 1.1
Kpse/(N-m™") 11,7933 x10° Mint 0.05
Crs /(N+=s-m™) 2414 x10° Mar 1> Mar, | 0.06

In order to evaluate the impact factors, simulations are
carried out under the conditions of different road surfaces,
vehicle speeds and structural parameters of the vehicle. For
example, a simulation result of the dynamic tire loads acting
on the road surface when a vehicle moves on the level C
road surface at v =72 km/h is shown in Fig.5.
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Fig.5 Dynamic wheel force on axles acting on road surface.
(a) 1st axle; (b) 2nd axle; (c¢) 3rd axle; (d) 4th axle

4.1 Effects of road surface roughness on vehicle

4.1.1 Effects of road surface roughness on the safety
of vehicle movement

Five road conditions from level A (very good) to level E
(very poor)in ISO/TC 8068'" are chosen to determine the
impact factor k, in order to analyze the effects of different
road surface conditions on the safety of vehicle movement.

Fig.6 shows the effects of different road surface
conditions and vehicle speeds on impact factor k, . The
values of k, , decrease with the road surface quality. When
a vehicle moves on the level C road surface at v =72 km/h,
dynamic reaction forces transmitted from road surfaces to

wheels at the 2nd and 3rd axle are reduced by nearly one
half. Therefore, road surface conditions, ISO level C (k
=0.55) and ISO level D (k
warning limits for road surfaces'”’. When the road surface
has been deteriorated, traffic managers must make a
maintenance plan for the road surface, and a safe speed
limit should be set for vehicles when they move on these
roads.

dmin

=0.22), are chosen as

dmin
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Fig.6 Minimal vertical dynamic load factor

When a vehicle moves on the level D road surface at v =
72 km/h, dynamic reaction forces transmitted from road
surfaces to wheels at the 2nd and 3rd axle are approximately
equal to zero if the wheels separate from the road surface.
This situation affects the safety of vehicle movement
negatively. Therefore, the road surface condition of level D
is chosen as the intervention limit for road surfaces!”. In
this circumstance, traffic managements need to intervene
quickly to give a safe speed limit for vehicles when they
move on these roads, as shown in Fig. 6.

4.1.2 Effects of road surface roughness on the durability
of parts of vehicle

Fig. 7 shows that the k variations can be used to
calculate the durability of the parts of a vehicle'' at different
qualities of road surface, where k, . increases quickly when
a vehicle moves on the bad road surface conditions.
Therefore, the road surface conditions, level C (k,,, =
1.39) and level D (k,,, =1.68), are chosen as warning

limits and intervention limits for road surfaces, as shown in

dmax

Fig.7.
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Fig.7 Maximal vertical dynamic load factor

For the safety of vehicle movement under different road
surface conditions, this study proposes that the safe speed
limit to the 5-axle heavy vehicle is v <70 km/h for the

ISO level C road, v_ <55 km/h for the ISO level D road,

max

<30 km/h for the ISO level E road.

max

and v
4.2 Effects of vehicle on road surface

The dynamic load stress factor (») is investigated to
design “road-friendly” vehicles. The corresponding dynamic

parameters, including vertical stiffness coefficients and
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damping coefficients of suspension systems and tires,
vehicle speeds, vehicle sprung mass and vehicle unsprung
mass, are analyzed.

The vertical tire stiffness is another important factor that
influences the magnitude of road surface dynamic loads. To
analyze its effect on p, five vertical tire stiffnesses including
0.5K,;, 1.0Ky,;, 1.5K;,, 2.0K,,and 2.5K,,; are applied
when a vehicle moves on the road surface condition of level
B at v =72 km/h, where K, is the vertical tire stiffness
shown in Tab. 1. Fig. 8 shows the change of v with K.
When K, >1.93K,,; and v >1.56, the dynamic wheel loads
at the 2nd and 3rd axle acting on road surface are
unfriendly"™ ' .

S5r v
o 1st axle nfriendly/
4+ 4 2nd axle road
e 3rd axle
A3t x 4th axle
o 5th axle
2 -
.5 1.0 1.5 2.0 2.5

Vertical tire stiffnes K/ (N« r.n'l)
Fig.8 Changes of load-stress factor with vertical tire stiffness

The effect of the vertical stiffness of suspension systems
on p is also analyzed under similar conditions. Five vertical
stiffnesses of the suspension system including 0.5K,
1.0K;, 1.5K;, 2.0K; and 2. 5K, are applied, where K, is
the vertical stiffness of the suspension systems shown in
Tab. 1. Study results show that when K, >2.2K, and v >
1.56, the dynamic wheel loads at the 2nd and 3rd axle
acting on the road surface are unfriendly™'".

The influence of the remaining dynamic parameters of
vehicles on the road surface is also analyzed by similar
methods.

5 Conclusion

In this study, a new 3D nonlinear dynamic model for 5-
axle heavy trucks is developed for simulating and calculating
the dynamic interaction between vehicles and roads.

Using the reliable model and impact factors to analyze the
dynamic interaction between different road surface
conditions and the vehicle parameters, the warning limits for
the road surface, the safe speed limits for the movement of
vehicles and road-friendly limits are considered. The results
in this paper can be used for both the management of roads
and the vehicle design.
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