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Abstract - In order to analyze the effect of the operating
conditions of a double-drum vibratory roller on vehicle ride
comfort, a half-vehicle ride dynamic model is established
based on the drum-ground interactions for simulation and
evaluation. The effects of the different vehicle operating
conditions on vehicle ride comfort including road surfaces,
the low and high excitation frequencies for the drums are
analyzed in this study. The weighted r.m.s acceleration
responses of the vertical driver’s seat (aws) and pitch angle of
the cab (awpni) according to the ISO 2631:1997(F) standard
are chosen as objective functions. The results show that the
effect of the road surface roughness on vehicle ride comfort is
very obvious. Especially, when the vehicle changing road
surface condition moves from the good road surface
condition (class B) to average road surface condition (class
C) and then to very to poor road surface condition (class D),
the aws and awpni values increase from 79.95 %, 97,43% and
79.94 %, 43,97%. The vehicle ride comfort is significantly
improved when vehicle compacts at the high excitation

frequency.
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1. INTRODUCTION

The vibratory roller operates and moves on various kinds
of soil ground. The vibration excitation sources causing
vehicle’s body vibration are not only the excitations of the
interaction between wheel and deformation ground soil
but also are the ones of vibration drum and the engine
which is one of the main reasons for the driver fatigue. The
influence of vehicle operating conditions on vehicle ride
comfort as well road surface friendliness was very obvious
[1]. The various operating conditions were selected for
evaluating the acceleration-frequency characteristics of the
suspension system of the heavy vehicles [2]. The influence
of the different operating conditions on the driver ride
comfort of a single ~drum vibratory roller was analyzed by
a 3D nonlinear dynamic model [3]. The deformed ground
conditions such as the dry sand and clay ground surfaces
were selected to find out the effects of design parameters
of cab’s isolation system on vibratory roller ride comfort
[4]. The deformed ground conditions were selected to
compare with experimental results of a single-drum
vibratory roller[20].

In order to investigate the effects of design parameters of
the isolation system on vibratory roller ride comfort, the
design parameters of drum'’s metal rubber isolation system

of tandem vibratory roller on ride comfort were analyzed
by using tandem vibratory roller dynamic model with 7
degrees of freedom(DOF)[5]. The effects of cab’s various
isolation systems of a single-drum vibratory roller on
vehicle ride comfort were figured out by using vehicle
lumped-parameter model with three different cab’s
isolation mounts[6]. The design parameters of the isolation
systems and the various operating conditions of a single-
drum vibratory roller were evaluated to see the effects on
vehicle ride comfort[7].

In order to improve to vehicle ride comfort, the design
parameters of drum’s isolation systems of a double-drum
vibrating roller were reviewed and optimized using the
genetic algorithm (GA) [8]. The optimal design parameters
of cab’s isolation systems of a single-drum vibrating roller
were found out by a multi-objective genetic algorithm[9].
The design parameters of cab’s main isolation system[10]
and cab’s auxiliary isolation system[11] were optimized by
using the finite element method (FEM), and the cab
shaking of vibratory rollers was controller using the
horizontal auxiliary damping mount[12]. Drum’s isolation
system of vibratory road roller was controlled based on
Magneto-Rheological semi-active damper[13] and the
combined control method of Fuzzy and PID control was
proposed to control the cab isolation system of soil
compactor based on the non-linear vehicle dynamic
model[14].

In this study, a half-vehicle ride dynamic model of a
double-drum vibratory roller is established for analyzing
and evaluating the effect of the operating conditions of a
double-drum vibratory roller on vehicle ride comfort. The
weighted r.m.s acceleration responses of the vertical
driver’'s seat (aws) and pitch angle of the cab (awphi)
according to the ISO 2631:1997(E) [15] standard are
chosen as objective functions. The effect of the different
vehicle operating conditions on vehicle ride comfort
including road surfaces, the excitation frequencies such as
the low and high excitation frequencies for the drums are
analyzed based on the
Matlab/simulink software is used to simulate the vehicle

objective  functions.

dynamic models and calculate the objective functions.
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2. HALF-VEHICLE RIDE DYNAMIC MODEL

A double- double drum vibratory roller with the isolation
systems of double drums, cab’s isolation system and seat
suspension system is selected for analyzing the various
operating conditions. A half-vehicle ride dynamic model is
established based on the drum-ground interactions as
shown in Fig-1.
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Fig-1: Half-vehicle ride dynamic model

In Fig-1, ma;, maz, mp, me. and m;s are the mass of the front
and rear vibrating drums, vehicle body, cab and driver's
seat, respectively; I, and I. are the moment of inertia of the
vehicle body and cab; ks and ¢, are the stiffness and
damping coefficients of driver's seat suspension system; k.
ker and cg crare the stiffness and damping coefficients of the
front and rear cab’s isolation systems, respectively; kqand
cqi are the stiffness and damping coefficients of front and
rear drums, respectively; z4, z, zc and zs are the vertical
displacements at centre of gravity of the drums, vehicle
body, cab and driver's seat, respectively; ¢, and ¢ are the
pitch angle displacements of the vehicle body and cab,
respectively; and qq are the front and rear excitation of
road surface roughnesses, respectively; [, are the distances;
Fe1=Foisin(ant) and Fe;=Fpsin(apt) are the force excitations
of the front and rear vibrating drums; Fo are the
amplitudes of the front and rear force excitations; @ are
the angular frequencies of the front and rear vibrators;
(i=1+2,j=1+6).

The equations of motion for a double-drum vibrating roller
using Newton'’s second law of motion are written in two
operating conditions below[8].

Vehicle moves into the workshop: Vehicle wheel contacts
and moves on types of road or ground surfaces such as
rigid, flexible, soft, etc[20]. The drum of vibratory roller in
contact with the rigid road surface is the contact point
which is considered in this study. From the half-
vehicle ride dynamic model, as shown in Fig. 1, the motion
equations of vehicle mass are written as follows:

mszs:ks(zs_zc_le(pc)+cs(zs_Zc_|6¢c) (1)

mczc:[ks(zs_zc_|6¢c)+cs(zs_zc_ls¢c):|
_I:kcf (Zc + I3¢c_zb_|5(/’b)+ccf (zc+ I3¢c_zh_ls¢h)]
*[kcr(zc'IA(/’c*Zb*(I3+|4+|5)‘/’b)+ccr(zc'|4¢c*2b*(|3+|4+|5)¢b)1| (2)

Ic(pc :I:ks(zsizcile(pc)+cs(zs7Zc7|6¢c)]|6
_I:kcf (Zc+ I3¢c _Zb_lswb)_"cd (Zc+ I3¢c_zb _Is(pb)]l?;
+[kcr(zc' Lo, —2,~(l+1, +I5)¢b)+ccr(zc— L —2,~(l+1, +|5)¢n)]|4 (3)

M2, =[ ky (2+ Lo, =2, =l )+ G (2, + Lih, =2, — sy, |

ke (212 =2, = (I +1 +1) 0, )+ € (2 Lip = 2, = (,+ 1+ 1) ) |
~[ ko (2o +hpy =)+, (2, + 3, =6, |

~[Kaz (2, =1, =0, ) +€, (2, ~ L, —4,) |

4)

Iy =|:kcf (Zc + Ly, -1, _|5¢7b)+ccf (Zc + Lo, -2 _Is(/%)](la +l +I5)

+[kcr (Zc_ IA(pc -z, _(IS +|4 JrIS)(/)I:;)JrCcr (Zc_ |4¢c - zb _(IS +|4 +|5)(pb):| IS
_I:kdl(zh +ho, _q1)+cs (Zb +ho, _ql)]ll
+[kd2(zh_Iz%_qz)+cs(2b_|z¢b_QZ)]lz (5)
Vehicle operates in the workshop: When vehicle works and
compresses on many different types of properties of
deformable ground soil such as the hysteretic force -
deflection properties, the elasto-plastic properties, etc. The
properties of deformable ground soil are linear by the
stiffness and damping coefficients of the elastic soil ground.
From the half-vehicle ride dynamic model as shown in
Fig. 1, the motion equations of the front drum mass, rear
drum mass and vehicle body mass are written as follows:
m,Z, = |:kcf (zo+ Lo~ 2, =l )+ ¢y (2 + Ly — 2, ~ L3, )]

+|:kcr (Zc_ |4¢c — _(IS +|4 +|5)(ﬂb)+ccr (Zc_ I4¢c - Z.h _(IS + |4 +I5)¢b):|
_I:kdl(zh +hy, —24,)+ (2, +hgp, — zdl)]
_[kdz(zb_lz%_Zuz)+cs(zb_|z¢b_zdz)] (6)

Loy =[ ke (2.4 Lo =2, b, )+ Gy (2 + b — 2, =1, ) | (13 +1, +1s)

+[kc, (21 =2, = (ly 1, +15) @, )+ Cp (26 Lo — 2, — (1 +], +|5)¢b)]|5

[ Kes (2ol = 241) + € (2, + 1, — 24) L

+[ ko (2o =1, = 24,) + €, (2, = Lo, = 24,) |1, %
My, 24 = Foysinat +[ Ky, (2, + 1, —240) + 6, (2, +hp, — 21| 8)

_[kslzdl + Cdlzdl]

My, 24, = F, Sin wzt"’[kdz (Zb -Lo, _Zd2)+cs (ib Lo, - Zdz)] 9
_[kszzdz +Cdzzd2]

The rigid road surface roughnesses[17]: the road surface
roughness is simulated according to the International
Standards Organization (ISO) 8608 [15]. A road surface
roughness is wusually assumed to be a zero-mean
stationary Gaussian random process and can be generated
through an inverse Fourier transformation based on a
power spectral density (PSD) function [14]. The road
surface roughness is generated as the sum of a series of
harmonics:
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(10)

qa(t) = i\/ 2Gq (nm|d—k)Ank 'Cos(zmmld—kt + 6 )

where, the spatial frequency range, ni<n<np, is divided
into several uniform intervals which have a width
of Any; Gg(n) is PSD function (m3/cycle/m) for the road
surface elevation, the power density Gq(n) in every small
interval is substituted by Gq(nmidg-k), where nmig.k (k= 1,
2,..,n) is center frequency among its intervals; ngis the
wave number (cycle/m); ¢x is the random phase
uniformly distributed from 0 to 2m.

The rigid road surface with ISO class C (Average)
according to the standard ISO 8068 is shown in Fig-2.

0.02 T T T T

L

005 5 10 15 20 25 30
Time/s

Fig- 2: Road surface roughness ISO class C according to
ISO 8068.

3 VEHICLE RIDE COMFORT CRITERIA[4],[5],[18]

The vehicle ride comfort is evaluated based on ISO 2631-1
(1997) [15], the vibration evaluation based on the basic
evaluation method including measurements of the
weighted root-mean-square (r.m.s.) acceleration is defined
as

/2
1t e 11
=[=[a(t)dt (11)
a, Haw() }
In this formula, aw(t) is the weighted acceleration

(translational and rotational) as a function of time, m/s2; T
is the duration of the measurement, s.

For indications of likely reactions to various magnitudes of
overall vibration in the public transport and vehicle, a
synthetic index-called weighted r.m.s acceleration, a,, can
be calculated from formula Eq.(11); besides, the r.m.s.
value of the acceleration in vehicle would be compared
with the values in Table-1.

Table- 1: Comfort levels related to aw threshold values

au/(m.s?) Comfort level
<0.315 Not uncomfortable
0.315+0.63 A little uncomfortable
0.5+1.0 Fairly uncomfortable
0.8+1.6 Uncomfortable

1.25+ 2.5 Very uncomfortable

>2 Extremely uncomfortable

4. RESULTS AND DISCUSSION

In order to solve the general dynamic differential equation
for a double-drum vibratory roller which is presented in
section 2 for analyzing and evaluating the effect of vehicle
operating  conditions
Matlab/Simulink software is used with a specific set of
parameters of vehicle[19] to stimulate and define the
objective function when vehicle operates under two

on vehicle ride comfort.

different conditions.

Vehicle moves into the workshop: Effect of road surface
roughness

In order to analyze the effect of the road surface
roughness on ride comfort of a double-drum vibratory
roller when vehicle moves into the workshop with a
velocity of 15km/h, four road surface conditions from
class A (very good) to class D (poor) in ISO/TC 80686 have
been considered as inputs to the vehicle-road coupled
model.

The simulation results of the time domain acceleration
responses of the vertical driver’s seat (as) and pitch angle
of the cab(apni) when vehicle moves the ISO road surface
class C and v=15km/h are shown in Fig.3.

From the results of the acceleration responses, we could
determine the values of the weighted r.m.s acceleration of
the vertical driver’s seat (aws) and pitch angle of the cab
(awphi) when vehicle moves on the various road conditions,
as shown in Tab.2. Tab.2 shows that the aws and awpn
values increase quickly when vehicle moves on the poor
road surface conditions, which makes the negative effects
on vehicle ride comfort. Especially, when the vehicle
moves on the good road surface condition (class B) to
average road surface condition (class C) and then to very
to poor road surface condition (class D), the aws and awphi
values increase from 79.95%, 97,43% and 79.94 %,
43,97%. Those values of aws and awphi are extremely
uncomfortable conditions for driver comfort according to
ISO 2631-1 (1997) with the comfort levels related to aw
threshold values in Tab.1 when vehicle moves on the
various road conditions.

(=2}

% 5 10 15 20 25 30
Time/s

(a) Vertical driver’s seat (as)
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Fig- 3: Time domain acceleration responses when
vehicle moves with a velocity of 15km/h

Table- 2: aws and awphi values with four road conditions

Values / aws/(m.s?) Awpni/ (rad.s?)
Conditions
ISO class A 0.3187 0.6178
ISO class B 1.0641 1.2089
ISO class C 1.9148 2.1753
ISO class D 3.7803 3.1753

Vehicle operates in the workshop: Effect of road surface
roughness

In order to analyze the effect of the various compression
conditions on vehicle ride comfort when vehicle compacts
on original place, the low and high excitation frequencies
for drums are selected for analysis. When vehicle
compacts on original place at the low excitation frequency
(Fo1=128000N va f;=48Hz and Fy;=0 va f,=54Hz) for front
drum, the simulation results of the time domain
acceleration responses of the vertical driver’s seat (as) and
pitch angle of the cab(apni) are shown in Fig.4

Similarly, from the results of the acceleration responses,
we could determine the values of the weighted r.m.s
acceleration of the vertical driver’s seat (aws) and pitch
angle of the cab (awpni) when vehicle compacts at the
various excitation frequency conditions for drums, as
shown in Tab.3. Tab.3 shows that the aws and awphi values
increase quickly when vehicle compacts on original place
at low excitation frequency, making the negative effects on
vehicle ride comfort. The aws and awph; values with the high
excitation frequency for rear drum reduce by 10.73% and
66.28% in comparison with the low excitation frequency
for front drum. The vehicle ride comfort is significantly
improved when vehicle compacts at the high excitation
frequency. Those values of aws and awphi are comfortable
conditions for driver comfort according to ISO 2631-
1 (1997) with the comfort levels related to a. threshold
values in Tab.1 when vehicle compacts at the various
excitation frequency conditions for drums.

0.5 . . . .
Y
E 0 A
;w
-05 1 [ i i i
) 5 10 15 20 25 30
Time/s

(a) Vertical driver’s seat (as)

0.5 T T T T
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2
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(b) Pitch angle of the cab(aphi)

Fig- 4: Time domain acceleration responses when vehicle
compacts on original place at the low excitation frequency

Similarly, from the results of the acceleration responses,
we could determine the values of the weighted r.m.s
acceleration of the vertical driver’s seat (aws) and pitch
angle of the cab (awpni) when vehicle compacts at the
various excitation frequency conditions for drums, as
shown in Tab.3.

Table- 3: aws and awphi values with the various excitation
frequency conditions for drums

Values / Conditions | aws/(m.s awphi/ (rad.s?)
%)

f1=48Hz and f,=0 Hz 0.0373 0.0429

f1=0Hz and f2=54 Hz 0.0177 0.0258

f1=48Hz and f,=54 Hz 0.0420 0.0210

5. CONCLUSIONS

In this study, a half-vehicle ride dynamic mode based on
the drum-ground interactions is established to analyze the
effects of the different vehicle operating conditions on
vehicle ride comfort. The major conclusions can be drawn
from the analysis and evaluation results as follows:

i) The aws and awphi values increase quickly when vehicle
moves on the poor road surface conditions, making the
negative effects on vehicle ride comfort. Especially, when
the vehicle changing road surface condition moves on the
good road surface condition (class B) to average road
surface condition (class C) and then to very to poor road
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surface condition (class D), the aws and awpni values
increase from 79.95 %, 97,43% and 79.94 %, 43,97 %.

ii) The aws and awpni values with the high excitation
frequency for rear drum reduce by 10.73% and 66.28% in
comparison with the low excitation frequency for front
drum. The vehicle ride comfort is significantly improved
when vehicle compacts at the high excitation frequency.

iiij The analytical results of this paper can
provide theoretical basis for the isolation system design of
the vibrating rollers.
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