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The paper analyzes the effects of vibrations on the comfort of intercity bus IK-301 users.
Evaluation of vibration effects was carried out according to the criteria set out in the
1997 ISO 2631-1 standard for comfort in public means of transport. Comfort is determined
for the space of a driver, passenger in the middle part of the bus and passenger in the rear
overhang. Also, the allowable exposure time to vibrations in drivers for the reduced com-
fort criterion was determined according to the 1978 ISO 2631-1 standard. The bus spatial
oscillatory model with ten degrees of freedom was developed for the needs of the analysis.
Bus excitation was generated applying the Power Spectral Density of the asphalt-concrete
road roughness, as described by the H. Braun model. The allowable vibration exposure time
for the driver’s body decreases as the spring stiffness of the driver’s seat suspension system
increases. Simulation was performed using the MATLAB software.

� 2013 Elsevier Inc. All rights reserved.
1. Introduction

During the ride in a vehicle, drivers and passengers are exposed to vibrations from the road surface. Vibrations cause the
feeling of discomfort, reduce working ability, and their lengthy action can affect health [1,2]. Drivers of construction machin-
ery, farm machinery, heavy-duty vehicles and buses fall into a particularly risky group [3]. Investigations [3–5] have shown
that bus drivers are exposed to high-intensity vibrations. The most common health problems in drivers due to long-term
exposure to high-level vibrations are musculoskeletal disorders (low-back pain, neck, shoulders and kneel pains), mental
disorders (tiredness, tension, mental fatigue), sleep disorder etc. [6,7]. In order to reduce adverse effects of vibrations and
ensure health at workplaces, European Union adopted on 25 June 2002 the Directive 2002/44. It defines the allowable expo-
sure limit values (thresholds) for whole-body vibrations at work and in accordance with those levels it is clearly emphasized
that employers are obliged to ensure appropriate safety measures [8]. Timely action to prevent vibration injury in both driv-
ers and passengers requires continuous monitoring of the vibration level they are exposed to. This means frequent measure-
ments of the intensity of vibration exposure in users under real conditions of bus exploitation. Recently, the measurements
of vibration levels in a vehicle in real conditions of its exploitation have been performed not only to analyse its oscillatory
comfort, but also to assess the efficiency of the suspension system in the damping of vibrations transmitted from the vehicle
wheels to its body. In [9] the signals of vertical accelerations were registered in the suspension system of a delivery car dur-
ing its passing over a railway cross. The measurements of acceleration allowed for testing the suspension system quality in
the damping of shock vibrations transmitted from the railway cross to the vehicle suspended mass. In [10] the analysis of
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8630 D. Sekulić et al. / Applied Mathematical Modelling 37 (2013) 8629–8644
registered vertical acceleration signals in the vehicle suspension system, for three different types of excitations (asphalt, sett,
and railway cross) has shown that the suspension system is more efficient in damping vibrations at higher frequency levels.
Apart from measurements, analysis can be conducted by simulations using vehicle oscillatory model [11,12]. Simulations
gain in importance in cases when measurements are seldom done due to various constraints. Quality analysis of the vehicle
oscillatory behaviour requires integration of the previously recorded road roughness into the oscillatory model [12]. In this
paper, because it was impossible to perform screening in real time of the road roughness, bus excitation was modelled using
Power Spectral Density of the asphalt-concrete road roughness in a very good condition. The analysis of user’s oscillatory
comfort was carried out here by means of the spatial oscillatory model of the intercity bus IK-301 with ten degrees of free-
dom. The oscillatory comfort in the driver and passengers was assessed according to the procedure and criteria as prescribed
by the 1997 ISO 2631-1 standard [13]. Also, it has been determined here the allowable vibration exposure time in drivers for
the reduced comfort criterion, in accordance with the 1978 ISO 2631-1 standard [14].
2. Bus oscillatory model

The bus IK-301 (Fig. 1) has the suspension system with stiff axles [15]. Front axle (RABA/A 932.10) is attached to the body
by means of two air bags and four telescopic shock absorbers, while rear axle (RABA/A 109.29) by means of four air bags and
four telescopic shock absorbers. The bus has two wheels mounted on the front axle and four wheels on the rear axle. Fig. 2
shows the spatial oscillatory model of the bus IK-301 with ten degrees of freedom.

Independent motions of concentrated masses and stiff bodies of the considered mechanical oscillatory system are: ver-
tical motions of the driver, the passenger in the middle part of the bus (passenger 1), the passenger in the bus rear overhang
(passenger 2), the center of gravity of the bus mass-elastic system of suspension, and the centers of gravity of the front and
rear axles, the angular motion of the bus mass-elastic system of suspension around the longitudinal and transverse axes
(x-axis and y-axis) and angular motions of the bus front and rear axles around the axes x1 and x2. Fig. 3 gives a schematic
representation of the elements of suspension on the rear axle with characteristic geometry which has been used to deter-
mine the corresponding stiffness and damping for the oscillatory model depicted in Fig. 2.

Effects of vibrations transmitted from the road to the bodies of the driver and passengers also depend on the properties of
the seat suspension system. Driver’s seat is equipped with the pneumatic elastic suspension and a shock absorber. Passen-
gers’ seats are stiff-suspended, and seats’ air bags are of hard polyurethane foam [15]. Elastic-damping properties of these
seats are presented in Table 3. Positions of driver’s seat, of passengers’ in the middle part of the bus and of those in the rear
overhang are indicated by numbers 1, 2 and 3, respectively, in Fig. 4. Also, in Fig. 4 the position of the center of gravity of a
fully loaded bus is denoted.

The adopted assumptions for the bus oscillatory model are as follows:

� the bus is symmetrical relative to the longitudinal center of gravity axis (x-axis);
� all possible motions of concentrated masses around the position of stationary equilibrium are small;
� the bus body, front and rear axles are rigid bodies;
� the bus engine is included in the bus body, so that engine oscillatory excitation has not been taken into account;
� characteristics of all elastic and damping elements are linear;
� bus wheels are in permanent contact with the road surface;
� the bus is moving along a straight line with constant speed.

The properties of the spring and shock-absorber in the vehicle suspension system as well as those of the tyres and other vehi-
cle elastic elements are nonlinear. Therefore, vehicle nonlinear oscillatory models are used in oscillatory behaviour analyses
[16]. In [17] a plane nonlinear oscillatory model with 4DOF is presented, while in [18] a spatial nonlinear oscillatory model
with 7DOF to study the vehicle chaotic response.

The notations in Figs. 2–4 are interpreted in Tables 1–3. All values of parameters, originating from literature available
[15,19–21], used in the simulation are also given in Tables 1–3.
Fig. 1. Intercity bus IK-301.



Fig. 2. Oscillatory model of the bus IK-301.
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According to Fig. 3, the equivalent stiffness and damping values are calculated using the following expressions:
cz ¼ c02 þ c002 ¼
c2 b� rað Þ2

b2 þ c2 bþ rað Þ2

b2 ; ð1Þ

bz ¼ b02 þ b002 ¼
b2 b� rað Þ2

b2 þ b2 bþ rað Þ2

b2 : ð2Þ
The analysis of the oscillatory comfort for the bus driver and passengers requires the determination of differential equations
of motion corresponding to the oscillatory model shown in Fig. 2. Applying Lagrange’s equations of the second kind and tak-
ing into account the above assumptions, the differential equations of motion are obtained as follows:
mv€zv þ bsv _zv þ csvzv � bsv _z� csvz� s1bsv _u� s1csvuþ s2bsv _hþ s2csvh ¼ 0; ð3Þ

mp1€zp1 þ bsp1 _zp1 þ csp1zp1 � bsp1 _z� csp1zþ s3bsp1 _uþ s3csp1uþ s4bsp1
_hþ s4csp1h ¼ 0; ð4Þ

mp2€zp2 þ bsp2 _zp2 þ csp2zp2 � bsp2 _z� csp2z� s5bsp2 _u� s5csp2u� s6bsp2
_h� s6cp2h ¼ 0; ð5Þ



Fig. 3. Elements of suspension on the bus IK-301 rear axle.

Table 1
Geometric parameters of the bus IK-301.

Geometric
parameters

Description Values

l Wheelbase 5.65 m
a Distance from the front axle to the bus center of gravity 3.61 m
b Distance from the rear axle to the bus center of gravity 2.04 m
f1 Distance from the front right and left wheel to the front axle center of gravity 1.00 m
e1 Distance from suspension elements on the front axle to the front axle center of gravity and longitudinal x-axis,

respectively
0.70 m

f2 Distance from the rear right and left wheel to the rear axle center of gravity 1.00 m
e2 Distance from suspension elements on the rear axle to the rear axle center of gravity and longitudinal x-axis,

respectively
0.80 m

s1 Distance from the driver seat to longitudinal x-axis 0.65 m
s2 Distance from the driver seat to transverse y-axis 5.45 m
s3 Distance from the passenger 1 seat to longitudinal x-axis 0.80 m
s4 Distance from the passenger 1 seat to transverse y-axis 0.50 m
s5 Distance from the passenger 2 seat to longitudinal x-axis 0.40 m
s6 Distance from the passenger 2 seat to transverse y-axis 4.20 m
ra Distance from the rear axle suspension elements to the rear axle 0.30 m
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Table 2
Mass parameters of the bus IK-301.

Mass parameters Description Values

mv Mass of the driver and seat 100 kg
mp1 Mass of the passenger 1 and seat 90 kg
mp2 Mass of the passenger 2 and seat 90 kg
m elastic-suspended mass of the fully loaded bus 15,890 kg
mpm The front axle mass 746 kg
mzm The rear axle mass 1355 kg
Jx The suspended mass moment of inertia relative to the x-axis 13,000 kg m2

Jy The suspended mass moment of inertia relative to the -yaxis 150,000 kg m2

Jx1 The front axle moment of inertia relative to the x1 axis 350 kg m2

Jx2 The rear axle moment of inertia relative to the x2 axis 620 kg m2
m€zþ bsv þ bsp1 þ bsp2 þ 2bp þ 2bz
� �

_zþ csv þ csp1 þ csp2 þ 2cp þ 2cz
� �

zþ s1bsv � s3bsp1 þ s5bsp2
� �

_u

þ s1csv � s3csp1 þ s5csp2
� �

u� s2bsv þ s4bsp1 � s6bsp2 þ 2abp � 2bbz
� �

_h� s2csv þ s4csp1 � s6csp2 þ 2acp � 2bcz
� �

h

� bsv _zv � csvzv � bsp1 _zp1 � csp1zp1 � bsp2 _zp2 � csp2zp2 � 2bp _z1 � 2cpz1 � 2bz _z2 � 2czz2 ¼ 0; ð6Þ



Table 3
Oscillatory parameters of the bus IK-301.

Oscillatory parameters Description Values

csv Spring stiffness of the driver seat suspension system 10,000 N/m
bsv Shock-absorber damping of the driver seat suspension system 750 Ns/m
csp1; csp2 Seat stiffness of the passenger 1 and passenger 2 seats 40,000 N/m
bsp1; bsp2 Damping of the passenger 1 and passenger 2 seats 220 Ns/m
cp Single air bag stiffness on the front axle 175,000 N/m
b1 Single shock-absorber stiffness on the front axle 20,000 Ns/m
bp Equivalent shock-absorber damping on the left and the right side of the front axle 40,000 Ns/m
c2 Single air bag stiffness on the rear axle 200,000 N/m
cz Equivalent air bags stiffness on the left and the right side of the rear axle 408,650 N/m
b2 Single shock-absorber damping on the rear axle 22,500 Ns/m
bz Equivalent shock-absorber damping on the left and the right side of the rear axle 45,973 Ns/m
cpp Single tyre stiffness on the front and the rear axle 1,000,000 N/m
czp Equivalent tyre stiffness on the left and the right side of the rear axle 2,000,000 N/m
bpp Single tyre damping on the front and the rear axle 150 Ns/m
bzp Equivalent tyre damping on the left and the right side of the rear axle 300 Ns/m

Fig. 4. Bus driver and passengers’ seats and position of the bus center of gravity.
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Jx €uþ s2
1bsv þ s2

3bsp1 þ s2
5bsp2 þ 2e2

1bp þ 2e2
2bz

� � __uþ s2
1csv þ s2

3csp1 þ s2
5csp2 þ 2e2

1cp þ 2e2
2cz

� �
u� s1bsv _zv

� s1csvzv þ s3bsp1 _zp1 þ s3csp1zp1 � s5bsp2 _zp2 � s5csp2zp2 þ s1bsv � s3bsp1 þ s5bsp2
� �

_zþ s1csv � s3csp1 þ s5csp2
� �

z

� s1s2bsv � s3s4bsp1 � s5s6bsp2
� �

_h� s1s2csv � s3s4csp1 � s5s6csp2
� �

h� 2e2
1bp _u1 � 2e2

1cpu1 � 2e2
2bz _u2 � 2e2

2czu2 ¼ 0; ð7Þ

Jy
€hþ s2

2bsv þ s2
4bsp1 þ s2

6bsp2 þ 2a2bp þ 2b2bz

� �
_hþ s2

2csv þ s2
4csp1 þ s2

6csp2 þ 2a2cp þ 2b2cz

� �
h

þ s2bsv _zv þ s2csvzv þ s4bsp1 _zp1 þ s4csp1zp1 � s6bsp2 _zp2 � s6csp2zp2 � s2bsv þ s4bsp1 � s6bsp2 þ 2abp � 2bbz
� �

_z

� s2csv þ s4csp1 � s6csp2 þ 2acp � 2bcz
� �

z� s1s2bsv � s3s4bsp1 � s5s6bsp2
� � __u� s1s2csv � s3s4csp1 � s5s6csp2

� �
u

þ 2abp _z1 þ 2acpz1 � 2bbz _z2 � 2bczz2 ¼ 0; ð8Þ

mpm€z1 þ 2 bp þ bpp
� �

_z1 þ 2 cp þ cpp
� �

z1 � 2bp _z� 2cpzþ 2abp
_hþ 2acph ¼ bpp

_npd þ cppnpd þ bpp
_npl þ cppnpl; ð9Þ

Jx1 €u1 þ 2 e2
1bp þ f 2

1 bpp
� �

_u1 þ 2 e2
1cp þ f 2

1 cpp
� �

u1 � 2e2
1bp _u� 2e2

1cpu ¼ �f1bpp
_npd � f1cppnpd þ f1bpp

_npl þ f1cppnpl; ð10Þ

mzm€z2 þ 2 bz þ bzp
� �

_z2 þ 2 cz þ czp
� �

z2 � 2bz _z� 2czz� 2bbz
_h� 2bczh ¼ bzp

_nzd þ czpnzd þ bzp
_nzl þ czpnzl; ð11Þ

Jx2 €u2 þ 2 e2
2bz þ f 2

2 bzp
� �

_u2 þ 2 e2
2cz þ f 2

2 czp
� �

u2 � 2e2
2bz _u� 2e2

2czu ¼ �f2bzp
_nzd � f2czpnzd þ f2bzp

_nzl þ f2czpnzl: ð12Þ
Oscillatory vertical excitations (road roughness) of the mechanical oscillatory system are introduced in the contact of the
bus front and rear wheel tyres with the road surface. In differential equations (9) and (10) there figure road roughness on the
bus front right and the front left wheels, npd and npl, respectively. Road roughness on the rear right and the rear left wheels,
nzd and nzl, respectively, figure in differential Eqs. (11) and (12) and they are described as



Table 4
Frequen

Type

Asph
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nzdðtÞ ¼ npdðt � t1Þ ¼ npd t � l
V

� �
;

nzlðtÞ ¼ nplðt � t1Þ ¼ npl t � l
V

� �
; ð13Þ
where t1 is time delay of the bus rear wheels in s, l is bus wheelbase in m, and V is bus speed in m=s.
A software for numerical solving of the differential equations was written in the MATLAB program package, where the

MATLAB built-in Runge–Kutta routine ‘‘ode45ðÞ’’ with a variable step-size of numerical integration was used. The defined
initial conditions for all variables are equal to zero. The chosen simulation time is 7 s.

3. Bus excitation

The longitudinal road roughness is of a stochastic nature and can be represented as a stationary and ergodic random pro-
cess. Measurements indicated that the road roughness is subject to the normal (Gaussian) distribution. The longitudinal road
roughness can be described not only by stochastic quantities, but also in a frequency domain by means of the Power Spectral
Density (PSD) of the road roughness. The PSD has been defined by a number of authors. The H. Braun model has been
accepted as a basis for a number of standards in this field [2]. The Braun stochastic model is used to describe the excitation
at a single point on a single track as follows:
UnðmÞ ¼ Unðm0Þ
m
m0

� ��w

ð14Þ
where m is the spatial frequency in m�1, m0 is the reference spatial frequency in m�1, Un m0ð Þ is the road roughness coefficient
corresponding to the value m0 expressed in m3, and w is the exponent of the fitted PSD. In this paper the asphalt-concrete
road roughness in a very good condition has been modelled for the bus excitation. Table 4 gives characteristic values of coef-
ficients for this type and condition of the road for m0 ¼ 1 m�1.

For the road roughness modelling in a time domain, it is suitable to express the PSD of the road roughness as a function of
the temporal frequency of excitation. The relationship between the power spectral densities expressed as a function of the
temporal frequency of excitation and the spatial frequency is given by
UnðXÞ ¼
1
V

UnðmÞ ð15Þ
where X is the temporal frequency of excitation in Hz, and V is the constant speed of the vehicle in m=s. Based on the rela-
tionship between the temporal and spatial frequencies
X ¼ mV ð16Þ
the Braun stochastic model can be represented in the following form:
UnðXÞ ¼ Vw�1Unðm0Þ
m0

X

� �w

ð17Þ
Fig. 5 shows the dependence of the PSD of the road roughness on the temporal frequency of excitation for the vehicle
speed of 100 km/h and the coefficient values given in Table 4. As the road roughness in the frequency range
0:5 Hz—50 Hz is of particular importance for the oscillatory comfort analysis [22], the PSD of the road roughness is shown
in Fig. 5 for the mentioned range.

3.1. Generation of the road longitudinal roughness

The road roughness has been obtained here by the model for the random process simulation used by Shinozuka [23]. A
random process, according to [23], can be represented by an infinite sum of harmonic cosine functions of different ampli-
tudes, circular frequencies and phase angles. Using this model, the single-track road roughness can be described by the fol-
lowing analytical expression:
nðtÞ ¼
XN

i¼1

Ai cos 2pXit þ aið Þ ð18Þ
cy spectrum mean value of the asphalt-concrete road for m0 ¼ 1ðm�1Þ.

of road surface Condition (subjective) Mean value

w Coefficient of road roughness Un m0ð Þ

alt concrete Very good 2.2 1.3



10−1 100 101 102
10−9

10−8

10−7

10−6

10−5

10−4

10−3

Frequency [Hz]

PS
D

 o
f r

oa
d 

pr
of

ile
 [m

2 /H
z]

Fig. 5. PSD of the asphalt-concrete road roughness in a very good condition as a function of the temporal frequency for the vehicle speed of 100 km/h.

D. Sekulić et al. / Applied Mathematical Modelling 37 (2013) 8629–8644 8635
where N is the number of harmonics, ai is the independent random phase angles uniformly distributed in the interval 0;2p½ �,
Xi is the discrete frequencies of excitation in Hz, and Ai is the discrete amplitudes of excitation expressed in m. The frequen-
cies Xi are calculated according to
Xi ¼ Xl þ i� 1
2

� �
DX ð19Þ
where DX is a frequency step that can be represented by the expression
DX ¼ Xu �Xl

N
ð20Þ
and where Xl ¼ 0:5 Hz and Xu ¼ 50 Hz are the lower and upper bounds of the considered excitation frequency interval,
respectively. Also, the discrete amplitudes of excitation Ai can be calculated by the expression
Ai ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2Un Xið ÞDX

p
: ð21Þ
Note that when N !1, applying the central limit theorem, it can be shown, based on (19) and (21), that the road roughness
nðtÞ tends to the ergodic Gaussian stationary process, while the PSD of the road roughness nðtÞ tends to UnðXÞ.

Road longitudinal roughness, in good and bad condition according to ISO 8608, modelled by means of (18), was used in
[24] for excitation of quarter-car models with 2DOF: linear model, nonlinear model with bilinear suspension damper and
nonlinear model with the ‘‘sky-hook’’ characteristic. Besides the roughness signal obtained using (18), other signals of the
road modelled roughness are in use for oscillatory excitations. In [25] signals of white and coloured noise respectively are
used for excitations of nonlinear quarter-car models with 1DOF and 2DOF. In [26] for the excitation of nonlinear quarter-
car model with 1DOF, a combination of the harmonic function and noise has been taken as follows:
x0ðtÞ ¼ A sinð2pV0t=kÞ þ wðV0tÞ ð22Þ
where A is harmonic excitation amplitude in m, k is roughness wavelength in m, V0 is vehicle speed in m/s, and wðV0tÞ is
excitation stochastic component in m, modelled as white noise in [26]

Further, if it is assumed that the left-track road roughness has been described by the expression (18) and that there is a
correlation between the left and right-track roughnesses, then the vehicle right-track excitation can be obtained by the
cross-spectral density function. Another track excitation (e.g. right), based on [27], can be represented by
ndðtÞ ¼
XN

i¼1

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2Unlnd

Xið ÞDX
q

cos 2pXit þ aið Þ þ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2 Un Xið Þ �Unlnd

Xið Þ
� �

DX
q

cos 2pXit þ bið Þ
	 


ð23Þ
where bi is the independent random phase angles uniformly distributed in the interval 0;2p½ � and Unlnd
Xið Þ is the cross-spec-

tral density function in m2=Hz given by
Unlnd
Xið Þ ¼ ciUn Xið Þ: ð24Þ
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In (24), ci is the square of transfer function filter module for discrete frequencies of excitation defined by
ci ¼
m2

l

m2
l þ

Xi
V

� �2 ð25Þ
where ml is the cut-off frequency whose value was found by measurements and amounts to 0:2 m�1 (see [27]).
In accordance to the above relations, the procedure for generating the road roughness of a specified type and condition

can be described by the following steps:

1. to define power spectral density for a particular speed of the vehicle according to (17);
2. to generate piði¼1�NÞ realizations of the random variable p � Uð0;1Þ;
3. to generate niði¼1�NÞ realizations of the random variable n � Uð0;1Þ;
4. to calculate the values aiðai ¼ 2ppiÞ and biðbi ¼ 2pniÞ of random variables a and b, so that mentioned variables have the

uniform distribution in the interval ½0;2p�, i.e., a � Uð0;2pÞ and b � Uð0;2pÞ;
5. to define the lower and upper bounds of the excitation frequency interval (values Xl and Xu);
6. to define the number of harmonics N and the frequency step MX;
7. to determine the single track (e.g. left) road roughness according to the expression (18);
8. to calculate the cross-spectral density function according to the expression (24);
9. to determine the another track (e.g. right) road roughness according to the expression (23).

Based on the above given procedure, using the Matlab software, simulations were carried out for the type and condition of
the road surface from Table 4 and for the bus speed of 100 km=h. Realizations of random variables p � U 0;1ð Þ and n � Uð0;1Þ
were obtained by using the MATLAB built-in function ‘‘(rand)’’ (see [28]). The right and the left-track roughness was deter-
mined each for N ¼ 1000 harmonics.

Fig. 6 shows the generated asphalt-concrete road roughness in a very good condition as a function of time for the bus
speed of 100 km=h.

4. Analysis of simulation results

Assessment of vibration effects on the comfort of bus users was carried out by the procedure as regulated by the inter-
national 1997 ISO 2631-1 standard [13]. It prescribes the vibration total value of weighted root mean square accelerations as
a reference quantity for the assessment of vibration effects on the comfort. In this paper, the analysis of comfort was carried
out relative to the calculated root mean square of the weighted acceleration for the vertical direction on the places of the
driver and passengers, that is,
€zrms;w ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1
T

Z T

0

€z2
wðtÞdt

s
ð26Þ
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where €zrms;w is the root mean square of the weighted acceleration for the vertical direction expressed in m=s2, €zwðtÞ is the
weighted acceleration amplitude for the vertical direction expressed in m=s2, and T is the time exposure duration in s.
The weighted acceleration €zwðtÞ was obtained by filtering the signals of vertical acceleration on users’ places €zðtÞ through
the frequency-weighting curve Wk defined in the 1997 ISO 2631-1 standard for the comfort analysis of human whole-body
exposure to oscillations at a sitting position. The weighting filter, in essence, reflects the human body sensitivity to vibra-
tions, depending on frequencies. The human body is most sensitive to the vertical acceleration in the frequency range of
4 Hz� 8 Hz. Outside this range, susceptibility decreases with the frequency decrease below 4 Hz and with the frequency in-
crease above 8 Hz. Consequently, the transfer function filter module Wk for frequencies in the range 4 Hz—8 Hz is equal to
unity. In the MATLAB software the frequency-weighting curve Wk (Fig. 7) was defined in accordance with the 1997 ISO 2631-
1 standard, which was used to obtain the weighted acceleration for the bus users. For the analog–digital transformation of
the transfer functions of the band-pass and weighting filters, the MATLAB built-in routine ‘‘bilinear()’’ was employed.

The assessment of comfort was carried out by comparing the simulation-established root mean squares of the weighted
acceleration on the bus users (Table 5), as defined by the 1997 ISO 2631-1 standard (see Fig. 8).

For the excitation of asphalt-concrete in a very good condition, vibrations do not produce any effects on the comfort of
driver and passenger 1. The root mean square of the weighted acceleration for passenger 2 for the bus speed of 100 km=h
amounts to 0:62 m=s2. According to the weighting criteria, as prescribed by the 1997 ISO 2631-1 standard, vibrations have
effects on the comfort of passenger 2, denoted as ‘‘rather uncomfortable’’.
4.1. Analysis of seat oscillatory parameters effects on driver comfort

Vibrations are transmitted from the bus floor via the driver seat suspension system to the driver’s body. The basic ele-
ments of the driver seat suspension system are an air spring (pneumatic balloon) and a hydraulic shock-absorber. Effects
of vibrations on the bus driver oscillatory comfort depend on the spring stiffness and the shock-absorber damping. Figs.
9–11 show changes in the driver’s vertical acceleration for various values of the spring stiffness (csv ¼ 5000;10;000, and
15;000 N/m) and various values of the shock-absorber damping (bsv ¼ 400;750, and 1000 N/m) of the driver’s seat.

It is noticeable that as the spring stiffness increases by a single constant value of the shock-absorber damping, the values
of the driver’s vertical acceleration increase as well. Fig. 12 shows the vertical acceleration signal on the driver’s place of the
intercity bus IK-302 obtained by measurements in prior researches [20].

The signal was recorded at constant speed of bus motion at 100 km=h on the section of the ‘‘Aerodrom – Ikarbus’’ road
with the asphalt-concrete roadway in a very good condition. Three-axis accelerator B&K, type B&K 4321 was used for signal
recording, while an amplifier of the B&K type was employed for amplifying the output signal from the accelerator (Fig. 12).
The amplification on the amplifier was chosen so that the acceleration of 10 m=s2 corresponds to the voltage of 1 V. Fig. 13
shows a parallel representation of vertical acceleration signals on a bus driver’s seat established by experimental measure-
ments (black line) and simulation (red line). The measured peak values of the vertical acceleration are 1:5 m=s2 and
�1:2 m=s2, while almost all values for the vertical acceleration signal are in the range of �0:6 m=s2 � 0:6 m=s2 (see
Fig. 13). The peak values of the driver’s vertical acceleration established by simulation for driver seat real oscillatory param-
eters (csv ¼ 10;000 N=m; bsv ¼ 750 Ns=m) are 1:3 m=s2 and �1:4 m=s2 (see Fig. 13). For a larger part of simulation time the
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Fig. 7. Weighting filter Wk for vertical acceleration on users, after 1997 ISO 2631-1.



Table 5
Root mean squares of the weighted acceleration on the bus users.

Type and condition of the road Bus speed ðkm=hÞ Root mean square of the weighted acceleration (m=s2)

Driver Passenger1 Passenger2

Asphalt-concrete (very good) 100 0.23 0.30 0.62

Fig. 8. Criteria for comfort in public means of transport depending on root mean square of the weighted acceleration, after 1997 ISO 2631-1.
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Fig. 9. Driver’s vertical acceleration for the spring stiffness of 5000 N/m and various values of the shock-absorber damping.
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values of the driver’s vertical acceleration are in the range of �0:5 m=s2 � 0:5 m=s2 with a similar nature of change like a real
acceleration signal.

Table 6 shows statistical values for the drives vertical acceleration established by measurements and simulation. The
measured driver’s acceleration mean value equals zero, while acceleration mean value established by simulation approxi-
mates zero and amounts to �0:0006 m=s2. Also, acceleration dispersions differ slightly (0:40 for measurements and
0:2228 for simulation). Consequently, the bus oscillatory model allows for a good assessment of the driver’s vertical accel-
eration signal.
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Fig. 10. Driver’s vertical acceleration for the spring stiffness of 10,000 N/m and various values of the shock-absorber damping.
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Fig. 11. Driver’s vertical acceleration for the spring stiffness of 15,000 N/m and various values of shock-absorber damping.
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It should be pointed out that, based on the simulation results, values of the driver’s vertical acceleration signal can be
reduced with low stiffness springs. Indeed, for the spring stiffness of 5000 N=m and the shock-absorber damping of
750 Ns=m, the peak values for the driver’s vertical acceleration are in the range of�1 m=s2 � 1 m=s2 (see Fig. 9). Table 7 gives
root mean squares of the weighted driver’s acceleration for the spring stiffnesses of 5000, 10,000, and 15,000 N/m and the
values of the shock-absorber damping coefficients for the driver’s seat of 400;750, and 1000 Ns/m.

The lowest root mean square of the weighted acceleration of 0:17 m=s2 is provided by the spring of 5000 N/m stiffness
and shock-absorber of 750 Ns/m damping coefficient. The highest root mean square of the weighted driver’s acceleration
amounts to 0:31 m=s2 for spring stiffness of 15,000 N/m and shock-absorber damping coefficient of 400 Ns/m. Fig. 14 shows
dependency of root mean square of the weighted driver’s vertical acceleration as a function of the spring stiffness and the
shock-absorber damping coefficient.

It is noticeable that lower root mean squares of the weighted acceleration are provided by seats with lower spring stiff-
ness. Seats with higher spring stiffness and lower shock-absorber damping values increase root mean squares of the
weighted driver’s acceleration. In Fig. 14, the minimum and maximum root mean squares of the weighted driver’s acceler-
ation as well as the root mean square of the weighted acceleration for driver’s seat real oscillatory parameters (see Table 6)
are indicated.



Fig. 12. Vertical acceleration on the driver’s place.

Fig. 13. Parallel representation of vertical acceleration signals established by measurements (black line) and simulation (red line). (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article.)

Table 6
Statistical values for the driver’s vertical acceleration signal established by measure-
ments and simulation.

Statistical characteristics Driver vertical acceleration [m=s2]

Experimental measurements Simulation

Minimum value �1:20 �1:3992
Maximum value 1:50 1:2997
Mean value 0:00 �0:0006
Dispersion 0:40 0:2228

Table 7
Root mean squares of the weighted acceleration on the bus users.

Spring stiffness ðN=mÞ Shock-absorber damping ðNs=mÞ

400 750 1000

5000 0.2 0.17 0.18
10,000 0.28 0.23 0.22
15,000 0.31 0.26 0.24
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4.2. Vibration exposure time for driver relative to the reduced comfort criterion

To determine the allowable vibration exposure time for driver relative to the reduced comfort criterion, the diagram for
weighting oscillation effects in z-direction, after the 1978 ISO 2631-1 standard, was employed [14]. Root mean squares of the
frequency-weighted acceleration for center frequencies of one-third octave bands were determined according to the
expression
€zrms;w fið Þ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
U€zrms;w fið ÞMfi

q
ð27Þ
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where €zrms;w fið Þ is the root mean square of the frequency-weighted vertical acceleration for center frequencies of one-third
octave bands in m=s2;U€zrms;w fið Þ is the power spectral density of weighted vertical acceleration for center frequencies of one-
third octave bands in m2=s4

� �
=Hz, and Dfi is the one-third octave bandwidth for center frequencies fi in Hz. Fig. 15 shows the

power spectral densities of weighted vertical acceleration for the spring stiffness of 5000, 10,000, and 15,000 N=m and the
shock-absorber damping of 400, 750, and 1000 Ns/m as a function of frequency. Power spectral densities were obtained after
the Welch method which was implemented in the MATLAB Signal Processing Toolbox using the built-in function ‘‘pwelchðÞ’’.
Standard (default) values were chosen for the values of window and noverlap parameters in the above function. The length of
sequence of weighted vertical acceleration of 7001 was chosen for the number of nfft points at which the function is com-
puting fast Fourier transform. The frequency of signal selecting for weighted vertical acceleration of 1000 Hz was taken for
the fs parameter value in the function ‘‘pwelchðÞ’’.

It is noticeable that higher power spectral densities of the weighted driver’s vertical acceleration correspond to the higher
spring stiffness. Also, higher values of seat resonant frequencies correspond to higher spring stiffnesses. The resonant fre-
quencies are in the frequency range of 1:0� 2:0 Hz. The one-third octave bandwidths Mfi for the center frequencies fi are
computed according to the expression
Mfi ¼ fRi � fLi ð28Þ
where fLi is the lower bound frequency for center frequency fi in Hz and fRi is the upper bound frequency for the center fre-
quency fi in Hz. The lower and upper bounds can be determined applying the following expressions:



Table 8
Root mean squares of the frequency-weighted acceleration for center frequencies of one-third octave bands.

fLiðHzÞ fiðHzÞ fRiðHzÞ csv = 5000 N/m csv = 10,000 N/m csv = 15,000 N/m
bsv = 750 Ns/m bsv = 750 Ns/m bsv = 400 Ns/m

UZrms;wðfiÞ zrms;wðfiÞ UZrms;wðfiÞ zrms;wðfiÞ UZrms;wðfiÞ zrms;wðfiÞ

0.89 1 1.12 0.018 0.064 0.025 0.076 0.0275 0.08
1.1125 1.25 1.4 0.0185 0.073 0.0305 0.094 0.04 0.107
1.424 1.6 1.792 0.012 0.066 0.0245 0.095 0.049 0.134
1.78 2 2.24 0.0035 0.04 0.01 0.068 0.046 0.145
2.225 2.5 2.8 0.002 0.034 0.004 0.048 0.023 0.115
2.8035 3.15 3.528 0.0015 0.033 0.002 0.038 0.0035 0.05
3.56 4 4.48 0.0015 0.037 0.0025 0.048 0.002 0.043
4.45 5 5.6 0.001 0.034 0.001 0.034 0.0009 0.032
5.607 6.3 7.056 0.0005 0.027 0.0005 0.027 0.0005 0.027
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Fig. 16. Driver exposure time to oscillations in the z-axis direction for the reduced comfort criterion.
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fLi ¼ 0:89f i; f Ri ¼ 1:26f Li ¼ 1:12f i: ð29Þ
Table 8 shows the bound frequencies for the one-third octave bands, the center frequencies for the one-third octave
bands, the values of power spectral densities for the center frequencies and the computed root mean squares of the fre-
quency weighted driver’s acceleration for the center frequencies.

Fig. 16 presents the 1978 ISO 2631-1 comfort curves for the vertical direction and RMS curves for the seat oscillatory
parameters from Table 7. The RMS curves were obtained by integrating root mean squares of the frequency-weighted accel-
eration for center frequencies into the diagram. The peaks of RMS curves define the allowable driver whole-body exposure
time to oscillations.

It is noticeable that the allowable driver exposure time to oscillations decreases as the driver seat spring stiffness in-
creases. The longest allowable exposure time to oscillations, of approximately 24 h, allows for the driver’s seat with the
spring stiffness of 5000 N=m. The seat with the spring stiffness of 10;000 N=m allows for the exposure time longer than
16 h, while the seat with the spring stiffness of 15;000 N=m allows for the exposure time shorter than 8 h. Consequently,
better oscillatory comfort for the driver requires springs of lower stiffness within the seat suspension system.
5. Conclusions

The spatial oscillatory model of the intercity bus IK-301 has been defined in the paper. The model was used to analyze the
oscillatory comfort of driver and passengers on their places in the bus.

For the bus speed of 100 km=h and the asphalt-concrete excitation in a very good state, the root means square of the
weighted driver’s acceleration, passengers in the middle part of the bus and in the rear overhang amount to 0:23 m=s2,
0:30 m=s2, and 0:62 m=s2, respectively. According to the weighting criteria from the 1997 ISO 2631-1 standard, there are
vibration effects on passenger comfort in the bus rear overhang.
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The driver oscillatory comfort depends on the spring stiffness and the shock-absorber damping in the driver’s seat sus-
pension system. According to the results of simulation carried out, the lowest root mean square of the weighted acceleration
of 0:17 m=s2 is provided by the seat with the spring stiffness of 5000 N=m and the shock-absorber damping of 750 Ns=m. The
highest root mean square of the weighted acceleration of 0:31 m=s2 was established for the seat with the highest spring stiff-
ness of 15;000 N=m and the lowest shock-absorber damping of 400 Ns=m. This root mean square value is close to the border
value for comfort of 0:315 m=s2 in public means of transport, after the 1997 ISO 2631-1 standard.

The seats with the lower spring stiffness provide for the longer allowable exposure time to vibrations for the reduced
comfort criterion. For the seat with the real oscillatory parameters (csv ¼ 10;000 N=m, bsv ¼ 750 Ns=m) the allowable expo-
sure time amounts to approximately 16 h. If the spring stiffness is reduced by 50%, the allowable exposure time is increased
by approximately 50%, and vice verse. For the seats with spring stiffness of 5000 N=m and 15;000 N=m the allowable expo-
sure time of the driver to vibrations, according to the results of simulation carried out, amounts to, approximately, 24 h and
8 h (see Fig. 16).

The signal for the vertical driver’s acceleration established by simulation for the bus real oscillatory parameters is com-
parable with the signal of the vertical driver’s acceleration recorded in the real conditions of bus exploitation. This is indi-
cated by peak values, statistical values, and character of change in the acceleration signal in the time domain. Apart from the
vertical user’s acceleration, the model defined provides for the analysis of the other oscillatory quantities. For example, the
change of the vertical forces at the contacts of bus wheels and road surface, the deformations in the bus suspension system
and the like.
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