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This paper analyzes the effects of intercity bus suspension system oscillatory pa-
rameters on driver’s ride comfort and road damage. The analysis has been carried 
out through simulation by means of validated in-plane bus model with six degrees 
of freedom ex-cited by real road roughness signal. Low root-mean-square values 
of the weighted vertical acceleration (less than 0.315 m/s2) have been achieved 
by shock-absorbers with lower damping coefficient and softer suspension system 
springs. Low values of dynamic load coefficient provide low shock-absorber damp-
ing and softer springs. However, low crest factor values for both axles are accom-
plished for high shock-absorber damping and softer springs in bus suspension 
system. Results from this analysis could be used as reference for selecting proper 
oscillatory parameter values when designing road-friendly bus suspension system 
which in turn would increase vehicle energy efficiency. Presented methods, results 
and analyzes are the part of wider methodology for assessing the impact of bus 
suspension system on fuel consumption and CO2 emission.
Key words: bus, suspension system,energy efficiency, oscillatory comfort,  

road damage, CO2 emission, fuel consumption, simulation

Introduction 

Oscillatory movements have negative influence on bus users and road. Some of the 
negative influences are decrease in comfort and working ability of driver and passengers. Re-
ducing of driver’s comfort and his working ability negatively affect the fuel consumption, en-
ergy efficiency of the vehicle, transport and vehicle maintenance costs [1]. In addition, CO2 
emission increases proportionally with the increase in fuel consumption [2]. Bus oscillatory 
movements relate to appearance of dynamic tire forces which cause road load and road con-
struction damage, e.g. crack caused by fatigue, permanent deformation, etc. These road damag-
es cause a change in the pavement texture (macro/micro road roughness), and increase in both 
– rolling resistance and the international roughness index (IRI). Many studies have shown that 
pavement damages cause increase of fuel consumption, and thus increase of CO2 emission. For 
example, a linear dependency between the coefficient of rolling resistance and fuel consump-
tion was shown in [3]. Fuel consumption increases by around 15% if the coefficient of rolling 
resistance increases from 0.010-0.020 [3]. Van Dam at al. [4] shows the significant impact of 
different measured values of IRI on fuel economy. Zaabar and Chatti [5] presents percentage 
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increase in fuel consumption in func-
tion of IRI values for different vehi-
cle categories. If IRI increases from 1 
to 5 m/km, fuel consumption increas-
es by up to 5% [5]. Ivković et al. [6] 
presents the change in fuel consump-
tion of different vehicle categories 
according to different vehicle speeds 
relative to different IRI values.

In order to determine the im-
pact of the vehicle suspension system 
on fuel consumption and CO2 emis-
sion, a complex methodological ap-
proach is necessary. Figure 1 presents 
basic steps of purposed methodolog-
ical approach. According to fig. 1, it 
is clear that in assessing the impact of 

the vehicle suspension system on fuel consumption and CO2 emission, the indispensable step 
is to analyze the impact of the suspension system oscillatory parameters on road damage and 
driver’s comfort.

According to Potter et al. [7], dynamic wheel load (DWL) causes rapid and premature 
road damage. Dynamic load coefficient (DLC), and crest factor (CF), are frequently used measures 
when assessing potential road damage. The CF is used in the case of spatial repeatability loading  
[7-9]. The DWL in function of speed and road type for three different types of vehicle – car, 
bus, and truck have been analyzed in [10]. Agostinacchio et al. [10] concluded that heavy 
vehicles cause noticeable dynamic overload, especially in the cases when roughness irregu-
larities increase. The damage of a semi rigid pavement under heavy vehicle loads with varied 
suspension/tire oscillatory parameters is studied in [11]. Xia et al. [11] reported that pavement 
dynamic stresses increase with increases in suspension/tire stiffness and decrease with increases 
in suspension/tire damping. 

The aim of this research is to reveal the effects of the bus suspension system  
stiffness/damping coefficient values on the potential road damage and driver’s ride comfort. 
The second aim is to reveal whether the oscillatory parameters that enable the most favourable 
driver’s ride comfort also enable the most favourable DLC/CF values. The overall goal of 
this research is to propose recommendation for selecting bus suspension oscillatory parameters 
needed to reduce potential road damage and provide satisfactory ride comfort. The analysis has 
been carried out through simulation by means of in-plane intercity bus linear oscillatory model.

Bus oscillatory model

The effect of heavy vehicle roll-plane dynamics on ride comfort and DWL is insig-
nificant for usual exploitation condition [12]. In-plane bus model with six DoF has been used 
in analysis, fig. 2. The DoF are vertical movement of the driver, zd, seat, zs, center of gravity, 
z, front and rear axle, zfa and zra, as well as angle movement of sprung bus mass around y-axis, 
pitching, θ.

Intercity bus IK-301 has pneumatic suspension system with rigid axles [13]. The no-
tations in fig. 2 and values of every parameter could be found in [14, 15]. Parameters and their 
values important for simulations done in this paper have been interpreted in tab. 1.
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Figure 1. Methodological approach for assessing the 
impact of a vehicle suspension system on fuel consumption 
and CO2 emission
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Table 1. Geometric, mass and oscillatory parameters of intercity bus IK-301

Wheelbase, l [m] 5.65 Front axle single air bag stiffness, c1 [Nm–1] 175000 

Distance from front axle to  
center of gravity of loaded bus, a [m] 3.55 Front axle equivalent air bags 

stiffness, cfa [Nm–1] 350000

Distance from rear axle to center 
of gravity of loaded bus, b [m] 2.10 Front axle single  

shock-absorber damping, b1 [Nsm–1] 20000

Distance from the driver seat to 
bus center of gravity, d [m] 1.6 Front axle equivalent  

shock-absorber damping, bfa [Nsm–1] 80000

Sprung mass, m [kg] 15399 Rear axle single air bag stiffness, c2 [Nm–1] 200000

Front axle mass, mfa [kg] 745.6 Rear axle equivalent air bags 
stiffness, cra [Nm–1] 800000

Rear axle mass, mra [kg] 1355 Rear axle single shock-absorb-
er damping, b2 [Nsm–1] 22500

Mass of the driver, md [kg] 70 Rear axle equivalent  
shock-absorber damping, bra, [Nsm–1] 90000

Mass of the seat, ms [kg] 30 Single tyre stiffness on the front 
and the rear axle, ct1 [Nm–1] 1000000

Suspended mass moment of inertia  
relative to the y-axis, Jy [kgm2] 150000 Single tyre damping on the front 

and the rear axle, bt1 [Nsm–1] 150

Seat cushion stiffness, cc [Nm–1] 20000 Equivalent tyre stiffness for the 
front axle, cft [Nsm–1] 2000000

Seat cushion damping, bc [Nsm–1] 200 Equivalent tyre damping for 
the front axle, bft [Nsm–1] 300

Spring stiffness of the driver seat  
suspension system, cs [Nm–1] 5000 Equivalent tyre stiffness for 

the rear axle, crt [Nsm–1] 4000000

Shock-absorber damping of the  
driver seat suspension system, bs [Nsm–1] 900 Equivalent tyre damping for 

the rear axle, brt [Nsm–1] 600

Values of equivalent stiffness and equivalent damping for front and rear axle in the 
range of ±50% of their equivalent nominal values have been shown in tab. 2. Oscillatory param-
eter values from tab. 2 have been considered while performing the simulations.
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Figure 2. In-plane bus IK-301 oscillatory model
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Table 2. Range of considered values of suspension system 
oscillatory parameters used in simulation

–50% –25% Nominal value +25% +50%
Front axle stiffness [Nm–1] 175000 262500 350000 437500 525000
Front axle damping [Nsm–1] 40000 80000 80000 100,000 120,000
Rear axle stiffness [Nm–1] 400000 600000 800000 1000000 1200000
Rear axle damping [Nsm–1] 45000 90000 90000 112500 135000

Applying Lagrange’s equations of the second kind, the differential equations of mo-
tion are obtained:

d d c d c d c s c s 0m zz b z c z b z c z+ + − − =   (1)

s s c s s c s s c c d s s s s( ) ( ) 0m z b b z c c z b z c z b z c z b d c dθ θ+ + + + − − − − − − =

    (2)
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s fa ra s s s s fa fa fa fa ra ra r ra

( ) ( ) ( )
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mz b b b z c c c z db ab bb
dc ac bc b z c z b z c z b z c z

θ
θ

+ + + + + + + + − +

+ + − − − − − − − =



 

  
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2 2 2 2 2 2
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s fa ra s fa ra fa fa fa fa ra ra ra ra

( ) ( )

( ) ( ) 0
yJ d b a b b b d c a c b c db z dc z

db ab bb z dc ac bc z ab z ac z bb z bc z

θ θ θ+ + + + + + − − +

+ + − + + − − − + + =

 



  

(4)

fa fa fa ft fa fa ft fa fa fa fa fa ft 1 ft 1( ) ( )m z b b z c c z b z c z ab ac b cθ θ ζ ζ+ + + + − − − − = + 

   (5)

ra ra ra rt ra ra rt ra ra ra ra ra rt 2 rt 2( ) ( )m z b b z c c z b z c z bb bc b cθ θ ζ ζ+ + + + − − + + = + 

   (6)

Based on differential equations of motion, block diagram has been formed in MAT-
LAB/SIMULINK software. The MATLAB built-in function ode45 has been used for solving 
differential equations of motion. Defined starting conditions for each variable are set to zero. 
Time period chosen for simulation is 7 seconds.

Bus excitement

The power spectral densities (PSD) functions of road elevation have been broadly 
used for numerical simulation of road irregularities [10, 16-18]. However, in this research real 
road roughness was considered [19]. Law profiler recorded road roughnesses along two tracks 
at speed of 80 km/h, fig. 3(a). It could be noticed that the road profile has localized bump around 
4 cm high on 80 m of the longitudinal distance, fig. 3(a). According to [8], DWL due to local-
ized bumps have the most significant influence on road damage.

Maximal values of DWL caused by localized bumps have 1.5-12 times greater effect 
on road damage in comparison with damage caused by static wheel load [8]. In this paper the 
effects of localized bump on road damage is considered through CF value. Short wavelengths 
irregularities (up to 0.3 m) are filtered by heavy vehicles tires [12]. Irregularities with long 
wavelengths indicate the longitudinal road profile character and do not have significant influ-
ence on vehicle’s oscillatory movement. Frequencies excitation range 1-30 Hz affect vehicle 
oscillatory behaviour the most [20]. The connection between irregularities wavelength, vehicle 
speed and road excitation frequency can be represented:

V
f

λ = (7)
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where λ is irregularities wavelength, V – the vehicle speed, and f – the road excitation frequen-
cy. Excitation frequency range, for vehicle speed of 80 km/h, corresponds with wavelength 
irregularities range 44.44-0.74 m. Having this in mind, road roughness signals were filtered 
using moving average band-pass filter in engineering software application ProVal 3.6 [21]. For 
the speed of 80 km/h, frequency range 1.5-4 Hz corresponds with wavelength irregularities 
range 14.8-5.55 m. Frequency range 8-15 Hz corresponds with wavelength irregularities range 
2.77-1.48 m. Roughness irregularities important for excitation of the sprung and un-sprung bus 
masses vibration modes have been covered by bus excitation wavelength range.

Averaged roughness, after filtering roughness on left and right tracks, in function of 
time has been shown in the fig. 3(b). This excitation signal has been introduced in the in-plane 
oscillatory bus model.

Oscillatory model validation

Bus model was validated by thee different oscillatory quantities: vertical acceleration 
on the driver seat surface and vertical accelerations on the front/rear bus axles. The measure-
ments of these quantities were carried out on the empty intercity bus IK-301 on two different 
sections of the Airport-Ikarbus asphalt-concrete road in a good condition [14]. Bus was moving 
at speed of 80 km/h. Driver, one passenger and two persons for data collection participated in 
the measurements [14]. The first measurement (MEASUREMENT 4) registered vertical accel-
erations on the front bus axle left/right side with the accelerometer placed near to the airbag, 
fig. 4(b). The first measurement also registered the acceleration signal below the driver’s body 
on his seat, fig. 5(a). Acceleration signals on both axle sides were similar in terms of their 
tendency change and values. Vertical acceleration on the front axle left side is presented in  
fig. 5(b). The second measurement (MEASUREMENT 13) registered the acceleration signals 
on rear bus axle left/right side. Vertical acceleration on the rear axle left side is presented in  
fig. 5(c). WBV tri-axial seat pad accelerometer (B&K type 4321) was used for driver’s accel-
eration signal recording, fig. 4(a). An amplifier B&K type 2639 was used to amplify the output 
signal from the accelerometer. Axles’ vertical acceleration signals were registered by inductive 
accelerometer HBM type B12/200, fig. 4(b). Signals were recorded during 13.65 seconds.

Figure 5 show vertical acceleration signals on the driver’s seat surface and on bus 
front/rear axles determined by measurements and simulation. With the fig. 5(a), the acceleration 
of 10 m/s2 corresponds to the voltage of 1 V.

(a) (b)

Left track

Right track

R
o

a
d

 r
o

u
g

h
n

e
ss

 [
m

]

0.04

0.03

0.02

0.01

0

–0.01

–0.02
0 50 100 150 200

Distance [m]

0 2 4 6 8

Time [s]

0.04

0.03

0.02

0.01

0

–0.01

–0.02

A
ve

ra
g

e
 r

o
a

d
 r

o
u

g
h

n
e

ss
 [

m
]

(1)

(2)

(1)

(2)

Figure 3. Roughness of good asphalt-concrete road; (a) left/right track and (b) averaged track



Sekulić, D. S., et al.: Contribution the Development of Methodology for Assessing ... 
1748	 THERMAL SCIENCE: Year 2021, Vol. 25, No. 3A, pp. 1743-1757

Table 3 gives values of statistical parameters (maximum, minimum, mean value and 
dispersion) obtained by measurements and simulation. It could be noticed that statistical values 
slightly differ for simulation and experimental data. Measured and simulated acceleration sig-
nals are similar in their magnitudes, but with some differences in their frequencies, fig. 5. The 
results show correlation, although the acceleration signal is registered on the road section of the 

(a) (b)

Figure 4. Accelerometers for acceleration recording on (a) driver’s seat and (b) bus axle
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Figure 5. Signals of vertical 
acceleration on (a) driver’s seat,  
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Table 3. Values of statistical parameters for vertical accelerations 
established by measurements and simulation

Statistical 
parameters

Driver Front axle Rear axle
Measurement Simulation Measurement Simulation Measurement Simulation

Maximum value 5.10 4.0795 10.40 9.7587 11.76 13.5496
Minimum value –3.60 –3.8392 –12.32 –10.2661 –15.21 –15.4863
Mean value 0.00 –0.0031 –0.04 -0.0072 0.03 –0.0052
Dispersion 0.90 0.8602 2.61 1.8208 5.13 3.7109
Standard deviation 0.9487 0.92746 – – – –
Root mean square 
(RMS) value 0.9487 0.92747 – –  – – 
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same type and condition but not on the same location. Besides the road excitations differences, 
some simplifications referring to bus oscillatory model might affect simulation results (such as 
using in-plane and not space bus model, linear characteristics of elastic/damper elements, point 
wheel-road contact, etc.).

Simulation results and discussion

Driver’s ride comfort assessment is made through procedures prescribed by the ISO 
2631/1997 standard [22]. Assessing the effect of wheel tire forces on road damage is made by 
using two quantities – DLC and CF. The simulation has been done in such a way that the equiv-
alent coefficient values of oscillatory parameters have simultaneously been changing on both 
axles suspension system.

The effect of oscillatory parameters on driver’s oscillatory comfort

Driver’s vertical acceleration for different values of spring stiffness and nominal val-
ue of the shock-absorber damping coefficient is shown in fig. 6(a). With softer springs vertical 
accelerations values are lower intensities, especially peak acceleration values, around 4 seconds 
from the beginning of simulation. This moment corresponds the bus passing over the 4 cm high 
localized bump, as shown in fig. 3(a). Figures 6(b) provides the change of driver’s vertical 
acceleration in function of shock-absorber damping for nominal value of spring stiffness co-
efficient. It could be observed that the lower values of shock-absorber damping provide lower 
values of vertical accelerations.
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Figure 7 shows constrained forces between driver’s body and seat in function of time. 
The forces had positive values, meaning that contact had not been lost. Permanent contact 
between driver’s body and his seat was a prerequisite for using the differential equations of 
motion, eq. (1)-(6).

Figure 8 shows PSD of vertical accelerations acting on driver’s body. The PSD were 
obtained according to the Welch method implemented by the pwelch function in the MAT-
LAB signal processing toolbox. Vibration intensities were distributed in the frequency range  
0-4 Hz. The seat attenuated vertical vibrations at frequencies above 4 Hz. The maximum values 
of PSD were around 2 Hz which corresponds to resonant frequency of the bus driver’s seat [15]. 
With the increase of spring stiffness, amplitudes of vertical vibrations increase in frequency 
range 0-2 Hz, fig. 8(a). With the increase in damping, amplitudes of vertical vibrations slightly 
increase in frequency range 2-4 Hz, fig. 8(b).
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Weighted RMS values of driver’s vertical accelerations and comfort assessment in func-
tion of stiffness and damping are shown in tab. 4. It can be noticed that weighted RMS accelera-
tion increases as spring stiffness increases. With springs of the highest stiffness (+50% of nominal 
value) acceleration exceeds 0.5 m/s2, so the driver’s comfort assessment is fairly uncomfortable. 
With the increase of damping, weighted accelerations also increase, but the acceleration change is 
less prominent in comparison with change due to spring stiffness. When the stiffness increases for 
50%, acceleration increases for 18.40%. If there is 50% increase in damping, acceleration increas-
es for 12.26%. For the entire range of considered damping values, weighted RMS acceleration is 
less than 0.5 m/s2, so that driver’s comfort assessment is little uncomfortable.

Dependency of RMS of the weighted driver’s vertical acceleration as a function of 
spring stiffness and the shock-absorber damping coefficient is shown in the fig. 9. Low values 
(less than 0.315 m/s2) are accomplished by lower shock-absorber damping and low spring stiff-
ness values. With the rise of stiffness for all damping values, RMS of the weighted acceleration 
rises. For low shock-absorber damping coefficient (–50% of nominal value) and high spring 
stiffness coefficient (+50% of nominal value), RMS of the weighted acceleration reaches the 
highest value (approximately 0.6 m/s2). Vehicle providing good ride comfort positively affects 
driver’s working ability which results in lowering fuel consumption and apparently in increas-
ing energy efficiency [1].
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The perception of user’s comfort in public transport for different vibration intensity 
according to ISO 2631/1997 is shown in tab. 5.

 

Table 5. Comfort criteria in means of public transport for  
different acceleration values, (ISO 2631/1997)

Comfort assessment

Comfortable Little  
uncomfortable

Fairly  
uncomfortable Uncomfortable Very  

uncomfortable
Extremely  

uncomfortable

Vibration 
intensity 

[ms–2]
< 0.315 0.315-0.63 0.5-1 0.8-1.6 1.25-2.5 > 2

The effect of oscillatory parameters on road damage

Total bus axle load is comprised of static and dynamic part:

st dyn( ) ( )Z t Z Z t= + (8)

where Zst is static axle load and Zdyn(t) is dynamic axle load. Dynamic part could have positive 
and negative values. Total axle loads is equal to zero when Zdyn(t) = – Zst and there has been a 
loss of contact between the wheel and the road surface.

Table 4. Weighted RMS values of driver’s vertical accelerations and 
ride comfort assessment according to ISO 2631/1997 
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As an example, the total front and rear bus axle loads for different shock-absorber 
damping values and nominal value of the spring stiffness coefficient are shown in the fig. 10. 
The highest values of total loads for both bus axles have been accomplished approximately 
4 seconds after the beginning of simulation which corresponds to the moment when the bus 
crossed over the localized 4 cm high bump. 

Figure 11(a) displays PSD of dynamic axles load in the functions of spring stiffness 
for nominal value of shock-absorber damping coefficient. It is noticed that the change of spec-
tral densities is the most prominent for low excitation frequencies. With the increase of spring 
stiffness, amplitudes of dynamic load for both axles increase in the excitation frequency range 
close to the resonant frequency of the bus body, around 1.5 Hz. For excitation frequencies close 
to the resonant frequency of the bus axles (around 9 Hz), amplitudes of dynamic rear axle loads 
decreased by little with the increase in spring stiffness. The change in stiffness does not affect 
the change of dynamic front axle loads amplitudes for excitation frequencies around 9 Hz. Low 
stiffness springs provide lower dynamic axle loads, and apparently less road damage. Figure 
11(b) shows PSD of dynamic axles load in the functions of shock-absorber damping for nom-
inal value of spring stiffness coefficient. It should be noticed that the change of damping has 
most effect on the amplitude change for dynamic rear axle load. Shock-absorber with higher 
damping coefficient provides lower values of PSD dynamic load for rear axle for the excitation 
frequencies close to resonant frequencies of the bus body and bus axles. The opposite applies 
for the frequency range of approximately 2-7 Hz.

Figure 10. Front and rear bus 
axle tire forces for different 
shock-absorber damping 
values and nominal spring 
stiffness value, tab. 2 
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The PSD amplitudes of dynamic axles load are concentrated in two distinct frequency 
ranges corresponding to sprung and un-sprung bus masses vibration modes. These character-
istics for heavy vehicles have been confirmed by various theoretical/experimental studies pre-
sented in [8]. Intensities of DWL usually dominate in the lower frequency range when heavy 
vehicle is moving on good quality roads [8].

Dynamic load coefficient and crest factor 

The DLC represents ratio of standard deviation of total axle load (or RMS value of 
dynamic axle load) and static axle load:

din,eff

st st

Z Z
DLC

Z Z
σ

= = (9)

where σz is standard deviation of total axle load and Zdin,eff is RMS value of dynamic axle load. 
The value of DLC, under normal condition of heavy vehicles exploitation, is in the range from 
0.05 to 0.3 [23, 24]. Value of 0.4 points the loss of contact between the wheels and the road sur-
face during the vehicle exploitation, and as a result greater road damage. Lower values of this 
parameter point to the smaller changes in dynamic axle load and therefore, minor road damage. 
For very flat and smooth surfaces, value of this factor is close to zero. For surfaces in reason-
ably good condition the DLC value is approximately up to 8% [12]. The DLC is, according to 
in-plane oscillatory model, determined for front and rear bus axles. Table 6 shows calculated 
coefficient values for both axles in function of spring stiffness and shock-absorber damping. It 
could be observed that when spring stiffness increases the both axles’ coefficient values increase 
as well. The lowest coefficient value on rear axle of 0.069 is accomplished by shock-absorber 
damping of –25% of its nominal value. Calculated DLC values are in the range of approximately 
0.06-0.085 which is expected for the bus moving on good quality asphalt-concrete road.

Table 6. Calculated DLC values in function of spring stiffness and shock-absorber damping
Stiffness [Nm–1] Damping [Nsm–1]

–50% –25% Nominal 
value +25% +50% –50% –25% Nominal 

value +25% +50%

DLC 
[–]

Front axle 0.068 0.070 0.074 0.078 0.082 0.067 0.069 0.074 0.079 0.084
Rear axle 0.062 0.065 0.070 0.075 0.081 0.074 0.069 0.070 0.073 0.077

Figure 12 shows dependency of DLC in function of spring stiffness and shock-absorb-
er damping for front and rear bus axles. Low coefficient values are accomplished by low levels 
of shock-absorber damping and softer springs in bus suspension system. With axle springs of 
higher stiffness, when damping increase, DLC value declines at first and then increases. For 
low damping and high stiffness, the highest calculated value of this coefficient on both axles is 
approximately 0.09.

The CF is defined as ratio of total axle load maximal value and axle load static value 
is given:

max

st

Z
CF

Z
= (10)

where Zmax is maximal value of the total axle load. This factor is good indicator for assessing road 
damage potential of the bus if the maximal values of dynamic load are concentrated in proximity 
of localized road bumps (i.e. scenario of spatially repeatable loading). Table 7 shows calculated 
CF values. It can be noticed that CF values on both axles increase as spring stiffness increases. 
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For the entire range of the stiffness coefficient value, higher CF values are realized on the bus 
rear axle. When shock-absorber damping increases the CF values decrease for both axles. For 
the entire range of damping coefficient value, higher CF values are realized on the bus rear axle.

Table 7. Calculated CF values in function of spring stiffness and shock-absorber damping
Stiffness [Nm–1] Damping [Nsm–1]

–50% –25% Nominal 
value +25% +50% –50% –25% Nominal 

value +25% +50%

CF 
[–]

Front axle 1.293 1.299 1.310 1.327 1.344 1.354 1.326 1.310 1.306 1.298
Rear axle 1.364 1.374 1.381 1.383 1.382 1.410 1.395 1.381 1.369 1.359
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damping and softer springs in the bus suspension system. For damping of +50% and spring 
stiffness of –50% of their nominal values, the lowest CF values for the front and rear axle have 
been achieved (1.29 and 1.35, respectively).

It should be noticed that CF value on front axle for damping/stiffness of –50% of their 
nominal values is a little over from CF value corresponding to damping/stiffness nominal val-
ues. Opposite is true for CF value on bus rear axle.

Conclusions

In this research paper in-plane oscillatory model of intercity bus with six DoF has 
been defined. Oscillatory model is verified by three different vertical acceleration signals and 
important statistical parameters. Analysis on effect of suspension system oscillatory parame-
ters on potential road damage and driver’s oscillatory comfort has been carried out. Real as-
phalt-concrete road excitation in good condition registered at 80 km/h speed is introduced in the 
bus model. The main conclusions follow from this research.

yy With lower shock-absorber damping and lower spring stiffness in the bus suspension sys-
tem, more desirable weighted driver’s vertical accelerations values have been accomplished 
(RMS value lower than 0.315 m/s2). With increase of spring stiffness for all damping values, 
weighted RMS acceleration increases. The effect of stiffness on RMS weighted acceleration 
change is more prominent in comparison with the effect of shock-absorber damping.

yy The PSD amplitudes of dynamic axles load are concentrated in two distinct frequency rang-
es corresponding to sprung and un-sprung bus masses vibration modes. Higher intensities 
of dynamic axle load, when both spring stiffness and shock-absorber damping change, are 
in the lower excitation frequencies (around 1.5 Hz).

yy Calculated values of DLC are in the range from 0.06-0.085 and correspond to usual DLC 
values for good quality road surfaces. Low DLC values are accomplished by low levels of 
shock-absorber damping and softer spring in the bus suspension system. With axle springs 
of higher stiffness, when shock-absorber damping coefficient increases, DLC value declines 
at first and then increases.

yy Low CF values, unlike to DLC, are accomplished for high shock-absorber damping and softer 
springs in the bus suspension system. For shock-absorber damping of +50% and spring stiffness 
of –50% of their nominal values, the lowest CF values for both bus axles have been achieved.

yy The most favourable values for DLC and CF could not be achieved with the same values of 
the suspension stiffness and damping coefficients.

yy The most favourable values for both DLC and weighted RMS vertical acceleration could be 
achieved with the same stiffness/damping coefficients values. However, it is not the case for 
CF and weighted RMS driver’s vertical acceleration.

yy The CF are higher values on the rear bus axle. The CF value on rear axle for the low-
est damping/stiffness coefficients is lower than CF value corresponding to damping/stiff-
ness coefficient nominal values. Consequently, taking into consideration two different 
criteria (DLC and CF) and weighted RMS vertical acceleration value, lower suspension  
stiffness/damping coefficients enable reduction in potential road damage as well as better 
bus ride comfort. Ride comfort improvement would enable better driver’s working ability 
and energy efficiency of the bus. 

Results presented in this paper should be considered as the basic for assessing the im-
pact of the bus suspension system on fuel consumption and CO2 emission. With vehicle model 
calibration and appropriate input data, it is possible to implement purposed methodological 
approach on the other vehicle categories.
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Nomenclature

a, b	 –	 distance from front/rear axle to center of 
gravity of loaded bus, [m]

b1, b2	 – front and rear axle single shock-absorber 
damping, [Nsm–1]

bc	 – seat cushion damping, [Nsm–1] 
bfa, bra	–	 front and rear axle equivalent shock-

absorber damping, [Nsm–1] 
bft, brt	 –	 equivalent tyre damping for the front and 

the rear axle, [Nsm–1]
bs	 –	 shock-absorber damping of the driver seat 

suspension system, [Nsm–1]
bt1	 –	 single tyre damping on the front and the 

rear axle, [Nsm–1]
c1, c2	 – front and rear axle single air bag stiffness, 

[Nm–1] 
cc	 –	 seat cushion stiffness, [Nm–1]
CF	 –	 crest factor, [–]
cfa, cra	– front and rear axle equivalent air bags 

stiffness, [Nm–1] 
cft, crt	 – equivalent tyre stiffness for the front and 

the rear axle, [Nsm–1]
cs	 –	 spring stiffness of the driver seat 

suspension system, [Nm–1]
ct1	 –	 single tyre stiffness on the front and the 

rear axle, [Nm–1]
d	 – distance from the driver seat to center of 

gravity of loaded bus, [m]
DLC	 – dynamic load coefficient, [–]
f	 – road excitation frequency, [Hz]
IRI	 –	 international roughness index, [mkm–1]

Jy	 –	 suspended mass moment of inertia relative
              to the y-axis, [kgm2]            
l	 –	 wheelbase, [m]
m	 –	 sprung mass, [kg]
md	 –	 mass of the driver, [kg] 
mfa, mra	 – front and rear axle mass, [kg]
ms	 –	 mass of the driver’s seat, [kg]
RMS	 – root mean square, [–]
V	 –	 vehicle speed, [ms–1]
z	 –	 vertical movement of the center of  

gravity, [m]
zd	 –	 vertical movement of the driver, [m]
Zdin,eff	 –	 RMS value of dynamic axle load, [N]
Zdyn(t)	–	 dynamic axle load, [N]
zfa, zra	 –	 vertical movement of the front and the rear 

axle, [m]
Zmax	 – maximal value of the total axle load, [N]
zs 	 –	 vertical movement of the seat, [m]
Zst	 –	 static axle load, [N]

Greek symbols

θ	 –	 pitching, [rad]
λ	 –	 irregularities wavelength, [m]
ζ1, ζ2	 –	 road roughness on the bus front and rear 

wheels, [m]
σz	 –	 standard deviation of total axle load [N]

Acronyms

DWL	–	 dynamic wheel load 
PSD	 –	  power spectral densities
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