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To reduce shaking of a vibration screed system (VSS) and improve the paving performance of an asphalt paver
(AP), the root-mean-square (RMS) acceleration responses at points on the front and rear screed floors are analyzed
via an experimental method. A 3D nonlinear dynamic model of the VSS is also built to evaluate the influence of
the dynamic parameters of the VSS on the compression efficiency, paving quality, and working stability of the AP
based on the objective functions of the vertical, pitching, and rolling RMS values at the centre of gravity of the
screed. The angular deviations, α and γ, of the tamper are then controlled to improve the paving performance. The
research results show that the excitation frequency, ft, and both angular deviations, α and γ, of the tamper strongly
affect the paving performance. The compression efficiency is quickly enhanced, while both paving quality and
working stability are significantly reduced with increasing the excitation frequency ft and reducing the angular
deviations. α and γ. and vice versa. Additionally, the screed shaking and paving performance of the AP are
remarkably improved by control of the angular deviations, α and γ, under different working conditions.

1. INTRODUCTION

The asphalt paver (AP) was one of the construction ma-
chines used to pave asphalt mixture on road surface construc-
tion rapidly and uniformly.1, 2 Therefore, the vibration screed
system of an asphalt paver (VSS-AP) was equipped with a vi-
brator screed and a couple of tamper mechanisms (compacting
beams).3–5 The tamper was used to compress the asphalt mix-
ture to become tighter and more uniform in density while the
vibrator screed was used to improve smooth and the finish of
the road surface construction. The paving performance of the
AP was mainly assessed by three indexes of the compression
efficiency, paving quality, and working stability.1, 6

The compression efficiency was affected not only by the op-
erating parameters of the VSS but also by the asphalt materials
and ground vibrations.1, 7–12 The influence of density, temper-
ature, and size of particles of the asphalt mixture on compres-
sion efficiency was studied.9, 13–15 The studies showed that the
temperature of the hot asphalt-mix greatly impacted on the as-
phalt density and compression efficiency. In order to achieve
the desired density, the temperature of the hot asphalt-mix in
the compression process was quickly analyzed by a fuzzy clus-
tering technique.10 The errors of unequal compaction cover-
age, temperature, and compaction delay were then controlled
based on the compaction monitoring system.16 The influence
of the different temperature regions of the asphalt-mix on com-
pression efficiency was analyzed by using a multi-sensor in-
frared temperature scanning bar system.17 Besides, the ground
motions and vibrations could affect the performance of ma-
chines working on the ground,11, 18 especially the elastoplastic

ground soils.19 Additionally, with the operating parameters of
the VSS, the influence of the compression forces,20 phase de-
flections, and excitation frequencies7, 21 of the tamper on the
smoothness of the pavement was also investigated. The results
indicated that the vibration excitation of the tamper mainly af-
fected the compression efficiency. However, in all the above
research, only the vertical vibration with a quarter model of
the VSS-AP was considered.

The paving quality and working stability of the AP were
significantly affected by the excitation frequency of the tam-
per (ft) and of vibration screed (fs).2, 6, 22 Based on the 2D
dynamic model of the VSS,3 the analysis results showed that
the paving quality was better with the vibration excitation of
ft from 10 to 20 Hz and of fs from 30 to 40 Hz. The opti-
mal paving performance was found at the excitation frequency
15 Hz of ft and 32 Hz of fs on a type of asphalt-mix materi-
als.6 Three different types of asphalt-mix materials of SMA-
13, AC-20, and AC-25 were then expanded to fully analyze
the influence of the excitation frequency of ft and fs.1, 4, 5

All researches showed that compression efficiency was sig-
nificantly improved, but paving quality and working stability
were still low. To solve this problem, the mass of tamper
and eccentric distance of the eccentric shaft were optimized
to reduce the vibration amplitude on all nodes of the screed
which helped to improve the compression surface quality.23

Both the excitation frequencies of ft and fs were also opti-
mized based on a genetic algorithm to decrease the pitching
vibration (φ) of the screed.5 Besides, the angular deviation (γ)
between the front/rear tampers was also optimized via ADAM
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Figure 1. Experimental set-up for the Asphalt Paver (AP) (a), vibration screed system (b), and installation locations of accelerometers on the screed floor (c).

and ABAQUS software to improve the paving performance.6

The studies concluded that the angular deviations of the tam-
per significantly influenced the working stability apart from the
excitation frequencies. Additionally, the actual width of the
VSS was usually 9000 or 1200 mm.3, 6 Therefore, the rolling
vibration (θ) of the screed, the angular deviations of excitation
forces between the right and left sides (α) and between tampers
(βi) of the tamper could greatly impact the paving performance
of the AP. However, this problem has not been investigated yet.

To evaluate the influence of vibration on the VSS as well
as the paving performance of the AP, the root-mean-square
(RMS) of the acceleration response24 was used as the eval-
uation index.2, 3, 15 In this study, the experimental method is
used to evaluate the paving performance of the AP. A 3D dy-
namic model is also built to analyze the influence of the dy-
namic parameters of the VSS on the paving efficiency based
on the RMS acceleration responses at the centre of gravity of
the screed. The dynamic parameters are then controlled to fur-
ther improve the paving performance of the AP.

The point of this new study is the evaluation of the impact
of excitation vibrations on the screed shaking which mainly
causes the unevenness of the paving density and paving sur-
face, whilst the dynamic parameters are controlled to enhance
the paving performance of the AP.

2. VIBRATION ANALYSIS OF THE VSS-AP

2.1. Experimental Model

The VSS has been equipped with eight couples of tamper
mechanisms,3–5 in which, four couples of the right tamper
mechanisms and four couples of the left tamper mechanisms
are symmetrically designed. The angular deviation β between
the excitation forces of tamper mechanisms is also symmetri-
cally designed following the tamper mechanisms. With each
couple of tampers, the angular deviation between the front and
rear tampers is γ. Besides, the vibration excitation of the left

and right tamper mechanisms is also deviated by a phase angle
α. Additionally, the mass of the eccentric configuration of the
vibrator screed is installed at the centre of gravity of screed.

To analyze the effect of vibration excitations on the
paving performance, an asphalt paver with a screed width of
12000 mm, 3D accelerometers ICPr, and an analysis system
of Belgium LMS have been used to measure the accelerations
under screed floor. There are 24 sensors with their sampling
frequency of 300 Hz installed at 12 points on the front (fn)
and rear screed (rn), as shown in Fig. 1. The excitation of
the tamper and screed are defined by the ratios of κ and δ as
follows:

κ =
ωt

ωtmax
=

ft
ftmax

;

δ =
ωs

ωsmax
=

fs
fsmax

; (1)

where {ωt, ωs} and {ωtmax, ωsmax} are the rotation angular
velocities and maximum rotation angular velocities of tamper
and vibrator screed; {ft, fs} and {ftmax, fsmax} are their
corresponding excitation frequencies, (ftmax = 20.83 and
fsmax = 45 Hz).

A multi-point measurement method of vertical RMS ac-
celerations under the screed floor has been applied and per-
formed in two cases: (1) under excitation frequencies of tam-
per ft = [10%, 20%, . . . , 100%] × ftmax corresponding to
κ = [0.1, 0.2, . . . , 1.0] and without the excitation of vibra-
tor screed δ = 0. (2), also under the same excitations of κ
but adding 50% of the maximum excitation of vibrator screed
δ = 0.5. Through the signal processor, the measured data of
the acceleration responses and their RMS values at 24-test po-
sitions have been displayed.

This experimental method can simultaneously determine the
acceleration responses at different points under the front/rear
screed floors, while previous studies have only measured the
acceleration response at each measurement point3 or at three
different points under the screed floor.17 Therefore, this
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Figure 2. Measured RMS results at the front (a) and rear screeds (b) without
excitation of the vibrator screed.

method easily analyzes the stability and compressive efficiency
as well as calculates the vibration shaking of the VSS in com-
parison with the previous experiments.

2.2. Analysis of Measurement Results
The measured RMS results under the front/rear screed floors

at the different excitations of the tamper κ = [0.3, 0.5, 0.7, 0.9]

with δ = [0, 0.5] are shown in Figs. 2 and 3. Without the
excitation of the vibrator screed δ = 0, observing Figs. 2a
and 2b, the RMS values at the measured points under the
front/rear screed floors are relatively uniform and symmetrical
with κ = [0.3, 0.5]. It implies that the paving quality is rela-
tively stable, but the compression efficiency is low due to the
RMS values being quite small. With κ is 0.7 or 0.9, the RMS
values are strongly increased, thus, the compression efficiency
of the VSS is also enhanced. However, the RMS values at the
measured points are remarkably skewed and asymmetrical, so
the VSS works are unstable and the paving quality is low.

Under the actual paving condition of the AP, the excitation
of the vibrator screed fs has been added to the VSS part from
the main excitation ft of the tamper. With adding 50% the ex-
citation of fs(δ = 0.5), the results in Figs. 3a and 3b show that
the RMS values at the measured points are not only greatly
skewed but also higher than their results without the excitation
of f s, especially at κ = 0.3. This issue is due to the influence
of the vibration excitation of fs apart from the main excita-
tion of ft. Similarly to the case without the excitation of the
vibrator screed, the compression efficiency of the VSS is also
increased while the paving quality and stability are reduced.

Figure 3. Measured RMS results at the front (a) and rear screeds (b) with
excitation of the vibrator screed.

Consequently, it can be concluded that both vibration excita-
tions of ft and fs greatly affect the paving performance of the
AP.

Based on the experimental results, the RMS values at the
points on the screed floor are greatly different. It means that
the screed shaking is large under the excitation frequencies of
ft and fs. However, this issue has not yet been concerned in
the previous studies. To determine the pitching and rolling vi-
brations of the screed, the RMS acceleration response of the
vertical, pitching and rolling vibrations at the centre of grav-
ity of the screed has been calculated based on the RMS value
at the measured points and kinetic relationship of the screed.
Assuming that the angular deformations of the screed are neg-
ligible, the RMS values at the centre of gravity of screed have
been determined by:

z̈ =
z̈f6b4 + z̈r6b3
b3 + b4

; φ̈ =
z̈r6 − z̈f6
b3 + b4

;

θ̈ =
(z̈r1 − z̈r11)d3 + (z̈f1 − z̈f11)d4

(l1 + l2)(d3 + d4)
; (2)

where z̈k is the vertical RMS acceleration at the measured
points of k, k = f1, f6, f11, r1, r6, r11; b3,4 and l1,2 are the dis-
tances from the centre of gravity of screed to the corresponding
measurement points in the axis of x and y.

The measured RMS results at the centre of gravity of screed
under the excitations of κ = [0.1, 0.2, . . . , 1.0] with δ =

[0, 0.5] are plotted in Figs. 4a– 4c. The results show that the
vertical, pitching and rolling RMS values of the screed are
greatly affected by both ratios of κ and δ, especially the ratio of
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Figure 4. RMS results of vertical (a), pitching (b), and rolling vibrations (c)
at the center of gravity of the screed.

κ. The RMS values are slightly increased with 0.1 ≤ κ ≤ 0.5

and quickly enhanced with 0.5 ≤ κ ≤ 0.8 corresponding the
excitation frequency of 10.4 ≤ ft ≤ 16.7 Hz. Thus, the com-
pression efficiency of the VSS is maximized in this frequency
range. However, the RMS values are insignificantly increased
with 0.8 ≤ κ ≤ 1.0, this can be due to the influence of the fric-
tional resistance in the VSS. Thus, to increase the compression
efficiency, the excitation frequency of the tamper should be
chosen by 10.4 ≤ ft ≤ 16.7 Hz, especially at Ft = 14.6 Hz
(κ = 0.7). This analysis result is also close to the result in
Ref.6 However, the paving quality is significantly reduced due
to increasing the maximum screed shaking.

The paving performance of the AP has been affected by the
VSS’s parameters.1, 4 However, it is difficult to evaluate the in-
fluence of parameters via experimentation. To solve this prob-
lem, a 3D nonlinear dynamic model of the VSS-AP is built to
analyze the vibration of the VSS.

3. MODELLING OF THE VSS

3.1. Mathematical Model

Based on the actual structure of the VSS-AP, a 3D nonlinear
dynamic model which can fully reflect the screed shaking has
been established as in Fig. 5.

In Fig. 5, the vertical, pitching, and rolling motions of

screed are defined by z, φ, and θ, respectively; the mass of
screed, first and second tampers is described as m, mfi and
mri; the stiffness and damping coefficients of pavement at the
first/second tamper and screed are symbolized by kti, kri, kni
and cti, cri, cni,; bn and l1−2 are the longitudinal and lateral
distances, i = 1, 2, . . . , 8, n = 1, 2, 3, 4).

According to the vibration theory and the VSS-AP model,
the vibration equations have been expressed as:

mz̈ = −
4∑

n=1

Fn +

8∑
i=1

Fti + Fs;

Iyφ̈ =

4∑
n=1

(−1)n+1Fnbv +

8∑
i=1

Ftib2 − Fsb1;

Ixθ̈ =

4∑
n=1

(−1)uFnlu +
4∑
i=1

Ftilti −
8∑
i=4

Ftilti; (3)

where Fn is the vertical dynamic force of the vibrator screed-
pavement interaction in the paving process; Fti and Fs are the
excitation forces of tamper and vibrator screed.

The vertical dynamic force Fn has been determined by:

Fn = kn[z + (−1)nbvφ+ (−1)u+1luθ+

cn[ż + (−1)nbvφ̇+ (−1)u+1luθ̇]; (4)

where
{
n = 1, 2

n = 3, 4
then

{
u = 1

u = 2
and

{
v = n+ 2

v = n
.

The excitation force Fti has been calculated based on the
VSS-AP model in Fig. 5b as follows:

Fti =
∑
x=f,r

(−mxiz̈xi + cxiżxi + kxizxi); (5)

zxi = exi sin(ωtt+ βi + ψ);ψ = aα+ bγ; (6)

where
{
i = 1, 2, 3, 4

i = 5, 6, 7, 8
then

{
a = 0

a = 1
;

{
x = f

x = r
then{

b = 0

b = 1
; α, βi, and γ are the angular deviations of excitation

forces between the right and left sides, between tampers, and
between the first/second tampers of the tamper mechanisms,
respectively.

By replacing Eq. (6) into (5) and mathematical transforma-
tion, we have:

Fti =

r∑
x=f


mxiexiω

2
t sin(ωtt+ βi + ψ)+

+cxiexiωt cos(ωtt+ βi + ψ)+

+kxiexi sin(ωtt+ βi + ψ)

 . (7)

The excitation force of the vibrator screed Fs has been de-
termined by:

Fs = msesω
2
s sinωst; (8)

where ms and es are the mass and distance of the eccentric
configuration.

By combining Eqs. (3), (4), (7) and (8), the vertical, pitch-
ing, and rolling accelerations at the center of the screed have
then been determined.
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Figure 5. The structure and angular deviations α, β, γ of tamper (a), 3D dynamic model of the VSS-AP with the front of the screed (b) and the side of the screed
(c).

Also, the vertical acceleration at points on the front/rear
screed floors in Fig. 1c have been given by:

z̈χ = z̈ + (−1)vbv+2φ̈+ (−1)v+1ly θ̈; (9)

where subscript χ denotes fy or ry; when y = 0, 1, . . . , 6 then
v = 1, and when y = 7, 8, . . . , 12 then v = 2.

To evaluate the influence of the vibration on the systems,
the RMS acceleration response was used as the evaluation in-
dex.24, 25 In this study, the paving performance of the AP is
evaluated via the RMS values at points on the screed floor or
the centre of gravity of screed as follows:

RMSχ =

[
1

T

∫ T

0

{z̈χ(t)}2dt

]1/2
; (10)

RMSw =

[
1

T

∫ T

0

{aw(t)}2dt

]1/2
; (11)

where z̈χ(t) is the vertical acceleration responses calculated by
Eq. (9); subscript w refers to the vertical, pitching, and rolling
motions at the centre of gravity of screed; aw(t) is the accelera-
tion at the motion ofw; and T is the duration of the simulation.

Therefore, the result of the RMSκ values on the screed floor
is high and uniform; or the result of the RMSz value is high and
both the RMSφ and RMSω values are low, it means that the
compression efficiency, paving quality, and working stability
of the VSS are better.

3.2. Influence of the Parameters of the VSS
To analyze the influence of the dynamic parameters of the

VSS on the paving performance based on the dynamic model

Table 1. The numerical values of the VSS-AP.

Parameter Value Parameter Value
m/kg 3083 efi/m 3× 10−3

mf1,f8/kg 78 eri/m 3× 10−3

mf2,f7/kg 110 ωtmax/rpm 1250
mf3,f6/kg 70 ωsmax/rpm 2700
mf4,f5/kg 69 ftmax/Hz 20.83
mr1,r8/kg 80 fsmax/Hz 45
mr2,r7/kg 114 k1,3/N m−1 3.57× 106

mr3,r6/kg 71 k2,4 /N m−1 3.06× 106

mr4,r5/kg 72 kf,r,i/N m−1 0
b1/m 0.114 c1,3/Ns m−1 58× 103

b2/m 0.2 c2,4/Ns m−1 68× 103

b3/m 0.332 cf,r,i/Ns m−1 0
b4/m 0.163 α/◦ 60
l1/m 6 β/◦ 90
l2/m 6 γ/◦ 90
es/m 2.5×10−3 i = 1, 2, . . . , 12

of the VSS-AP, the accuracy of the mathematical model should
be verified by comparing the results between simulation and
experiment methods under the same operating conditions of
κ = [0.1, 0.2, . . . , 1.0] with δ = [0, 0.5]. With the reference
parameters of the VSS-AP, as listed in Table 1, the simulation
results of RMS values at the centre of gravity of screed are
compared with the measured results in the same Figs. 4a– 4c.
Observing the comparison results, it can see that the character-
istic curves between simulation and measurement results are
similar. Thus, VSS-AP’s mathematical model can be reliable
in analysis of the influence of dynamic parameters.

The VSS’s vibration is greatly affected at κ = 0.7.
Thus, to evaluate the influence of other dynamic parameters
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Figure 6. Influence of parameters of the VSS at κ = 0.7.

{δ, α, βi, γ}, the numerical values of δ = [0.1, 0.2, . . . , 1.0]

and of {α, βi, γ} from 0◦ to 180◦ are respectively simulated
under the working condition of κ = 0.7. The RMS results of
the screed are shown in Figs. 6a– 6c.

Influence of the ratio δ: Observing Fig. 6a, the vertical
RMS value is lightly changed at 0 ≤ δ < 0.5 and 0.8 < δ ≤
1.0. It is quickly increased at 0.5 ≤ δ ≤ 0.8 corresponding the
excitation frequency of 22.4 ≤ fs ≤ 36 Hz. However, both
pitching and rolling RMS values are insignificantly changed,
as shown in Figs. 6b and 6c. This is due to the mass of ec-
centric configuration of the vibrator screed being installed at
the centre of gravity of screed. Therefore, the paving perfor-
mance of the AP can be improved by control of the excitation
frequency of 22.4 ≤ fs ≤ 36 Hz, especially at fs = 31.5 Hz
(δ = 0.7).

Influence of the angular deviation α: Also observing
Figs. 6a– 6c, all the vertical, pitching and rolling RMS values
of the screed are quickly reduced when the angular deviation

α increases from 0◦ to 180◦. The RMS values of the screed
are maximum at α = 0◦ due to the remote ends of the VSS
not vibrating out of phase, thus the compression efficiency of
the screed is maximum, while the paving quality and work-
ing stability are minimum due to increasing the screed shak-
ing. Contrariwise, the RMS values are minimum at α = 180◦,
therefore, the compression efficiency of the screed is the small-
est. To improve the paving performance of the AP, the angular
deviation α should be controlled in a range of 30◦ to 120◦.

Influence of the angular deviation βi: The RMS results
are also given in the same Figs. 6a– 6c. It can see that the RMS
values of the screed are insignificantly affected by βi. This is
due to the angular deviations βi between excitation forces of
tampers being symmetrically designed following the tamper
mechanisms.

Influence of the angular deviation γ: The simulation re-
sults are also plotted in Fig. 6. Observing both Figs. 6a and 6b,
we can see that both the vertical and pitching RMS values of
the screed are decreased with increasing the angular deviation
of γ from 0◦ to 180◦, while the rolling RMS value is increased,
as shown in Fig. 6c. Both the vertical and pitching RMS values
can reach a maximum at a range of γ from 0◦ to 60◦. There-
fore, the compression efficiency of the VSS is the maximum.
With the width of 12000 mm of the screed, the rolling vibra-
tion thus strongly influences the paving quality and working
stability of the VSS-AP. However, the rolling RMS value is
the smallest in a range of γ from 0◦ to 60◦. Accordingly, to
improve the paving performance, the angular deviation of γ
from 0◦ to 60◦ should be controlled.

Based on the above analysis results, it is deduced that three
dynamic parameters of δ, α, and γ greatly influence the paving
performance of the AP apart from the main excitation of ft.
The compression efficiency of the VSS is increased while
both paving quality and working stability are reduced and vice
versa. It is very difficult to satisfy all objective functions simul-
taneously. In addition, only excitation frequencies of ft and fs
have been optimized,1, 2, 4, 18 the influence of the angular devia-
tions of the tamper has not yet been concerned in the previous
researches. Moreover, the excitation frequencies of ft and fs
are always changed and depended on the operator’s subjectiv-
ity. Consequently, to improve the paving performance of the
AP, the angular deviations of α and γ of the tamper should be
controlled based on the change of excitation frequencies and
screed shaking accelerations.

4. CONTROL VIBRATION OF THE VSS

4.1. Control Model for the VSS-AP
The vibration excitation forces Fti of the tamper depend on

the angular deviations of α and γ, as described in Eqs. (6)
and (7). To control the vibration of the VSS, fuzzy logic con-
trol (FLC) is applied to determine the optimal values of α and
γ based on two output signals of the pitching and rolling ac-
celerations of the screed and an input signal of the excitation
frequency ft. The control model is designed as in Fig. 7.
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Figure 7. Control system model of the VSS-AP.

Based on the characteristic curves of κ, α, and γ in Figs. 4
and 6, and analysis results of the influence of parameters on
paving performance of the AP, the numerical values α and γ
of the control function in Eq. (6) ψ = aα + bγ have been
expressed as:{

30◦ ≤ α ≤ 90◦; 0◦ ≤ γ ≤ 60◦;

60◦ ≤ α ≤ 120◦; 30◦ ≤ γ ≤ 90◦;

ifκ ≤ 0.7

else
.

(12)
The numerical values of α and γ in Eq. (12) are then con-

trolled based on the FLC.
Appling the FLC: In order to control the vibration systems,

the control methods as PID, FLC, or H were mainly applied.
Further development was the combination of control methods
such as PID-Fuzzy, PID-Neural, Skyhook-Fuzzy.25–28 The dif-
ferent control methods were applied depending on different
control objectives. This research aim is to control numerical
values of α and γ to reach the goals of the maximum RMSz
value, minimum RMSφ and RMSγ values. In the above con-
trol methods, the FLC is a controller that does not depend on
the designed operation conditions, on the contrary, the FLC
can control multi-objective based on its wide and fuzzy infer-
ence system.25, 29 Thus, the FLC is suitable for controlling the
vibration of the VSS.

FLC’s design process: The structure of FLC includes a
fuzzification interface (FI), a fuzzy inference system (FIS), and
a defuzzification interface (DI). The control principle of the
FLC is that the input-numerical values in FI are firstly trans-
formed into input-linguistic variables (LVs), the FIS is then
used to infer output-LVs from input-LVs based on the mem-
bership function of control rules, and finally, the output-LVs
are transformed back to output-numerical values via DI.30

Based on the FLC model in Fig. 7, three input-numerical
values {κ, aφ, aθ} and two output-numerical values {α, γ}
with their membership functions are defined as in Fig. 8.
Herein, three input-LVs are defined by minimum (MIN, κ ≤
0.7), maximum (MAX, κ > 0.7), negative big (NB), nega-
tive medium (NM), negative small (NS), zero (Z), small (S),
medium (M), and big (B). Besides, two output-LVs are also
defined as very small (VS), small (S), small medium (SM),
medium (M), medium big (MB), and big (B), respectively.

If-then rules in FIS are applied to describe the relationship
of input- and output-numerical values based on the analysis
results in Figs. 4 and 6 and the designer’s experience. There

Figure 8. Input-output variables of the membership functions.

Table 2. The control rules of FIS with κ ≤ 0.7.

κ = MIN a

NB NM NS Z S M B
NB MB MB M M M MB MB
NM MB M SM S SM M MB
NS M SM S VS S SM M

a Z SM S VS VS VS S SM
S M SM S VS S SM M
M MB M SM S SM M MB
B MB MB M M M MB MB

Table 3. The control rules of FIS with κ > 0.7.

κ = MAX a

NB NM NS Z S M B
NB VB VB B B B VB VB
NM VB B MB M MB B VB
NS B MB M SM M MB B

a Z MB M SM SM SM M MB
S B MB M SM M MB B
M VB B MB M MB B VB
B VB VB B B B VB VB

are ninety-eight rules in which forty-nine rules are given in
Table 2 and forty-nine rules are given in Table 3 as follows,
(i = 1− 49):

If κ is MIN, aφ is Ai, and aθ is Bi, then α and γ are Ci;
If κ is MAX, aφ is Ai, and aθ is Bi, then α and γ are Di.
According to the minimum function and the centroid

method of Mamdani and Assilian,29 the FIS of Mamdani has
been selected to control the VSS model.

4.2. Control Results
Based on the control system model and the FLC method, the

numerical simulation is then performed to control the vibration
of the VSS. The control results of the acceleration responses at
the centre of gravity of screed with κ = δ = 0.7 are plotted in
Fig. 9.

The control results show that the vertical acceleration re-
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Figure 9. Acceleration responses of the screed with κ = δ = 0.7.

Figure 10. Control results of the vertical, pitching, and rolling RMS accelera-
tions at the center of gravity of the screed.

sponse is higher while both the pitching and rolling accelera-
tion responses are smaller their results without control. This
means that the compression efficiency, paving quality, and
working stability are improved with the controlled parameter.
Additionally, the paving performance with control is also eval-
uated under different ratios of κ with δ = 0.7, as shown in
Fig. 10. Observing Fig. 10, the control results show that the
vertical RMS value is increased while both the pitching and
rolling RMS values are also decreased in comparison with their
RMS results without control. It implies that the paving per-
formance of the AP is significantly improved under different
excitation frequencies ft of tamper.

With the width of 12000 mm of the screed, the rolling ac-
celeration of screed greatly affects paving quality and working
stability. Therefore, the vertical RMS accelerations at points
on the front/rear screed floors are also used to evaluate the
control performance on the paving quality and working sta-
bility of the VSS under two different working conditions of
κ = δ = 0.5 and κ = δ = 0.7. The control results of RMS
values are plotted in Fig. 11, and their maximum (Max-) and
minimum (Min-) RMS values are also listed in Tables 4 and 5.

Table 4. Maximum and Minimum RMS values on the front screed floor.

RMS values/m.s2 Max-RMS Min-RMS Deviation
κ = δ = 0.5 (1) 5.313 5.195 2.22 %

(2) 5.316 4.886 8.09 %
κ = δ = 0.7 (1) 8.657 8.529 1.48 %

(2) 8.978 8.226 8.38 %

(1) Control (2) Without control

Table 5. Maximum and Minimum RMS values on the rear screed floor.

RMS values/m.s2 Max-RMS Min-RMS Deviation
κ = δ = 0.5 (1) 4.953 4.886 1.35 %

(2) 5.028 4.456 11.38 %
κ = δ = 0.7 (1) 8.402 8.315 1.04 %

(2) 9.030 7.822 13.38 %

(1) Control (2) Without control

Figure 11. Control result of the RMS values at the front (a) and rear screeds
(b).

Observing Fig. 11a, under both two excitation cases of
κ = δ = 0.5 and κ = δ = 0.7, the vertical RMS values with
control at points on the front screed floor are relatively uni-
form in comparison with their values without control. Besides,
the Max- and Min-RMS values on the front screed floor in Ta-
ble 4 also show that the deviations between Max- and Min-
RMS values with control are smaller by 2.22% and 1.48%,
while their deviations without control are 8.09% and 8.38%
under both two excitation cases. Similarly, the vertical RMS
values at points on the rear screed floor with control are also
more uniform than without control, as shown in Fig. 11b. The
results in Table 5 also show that the deviations between Max-
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and Min-RMS values with control are smaller by 1.35% and
1.04%, while their deviations without control are 11.38% and
13.38% under both two excitation cases. Consequently, it can
be concluded that the paving quality and working stability of
the VSS are significantly improved with the controlled param-
eters.

5. CONCLUSIONS

The paving performance of the AP is studied via an exper-
imental method. The influence of the dynamic parameters on
the paving performance is evaluated via the numerical simula-
tion method. The numerical values of α and γ are then con-
trolled to improve the compression efficiency, paving quality,
and working stability of the VSS-AP. The research results are
summarized as follows:

The excitation frequencies of ft and fs, and the angular de-
viations of α, βi, and γ greatly affect the paving performance
of the AP, particularly the numerical values of ft, α, and γ.

Based on the input-numerical signals of the excitation fre-
quency ft and screed shacking accelerations aφ and aθ, the
compression efficiency, paving quality, and working stability
of the AP are clearly improved by controlling the angular de-
viations of α and γ under different working conditions. Es-
pecially, based on the databases of the compaction monitoring
system using the global positioning system technologies,16 the
fuzzy clustering techniques apply to quickly analyze the hot
mix asphalt compaction data,10 or the multi-sensor infrared
temperature scanning bar system used to analyze the paving
quality,17 the paving performance of the AP can be further im-
proved by controlling the vibration of the VSS based on these
databases.

The research results not only contribute to the existing body
of knowledge on the asphalt pavers but also can provide an im-
portant reference for optimal design or control of the compres-
sion force of paving machines to further improve the paving
efficiency. Besides, with the soil compactors, the excitation
force of the vibratory drum is also used to compact the off-
road deformable,19, 25 however, the excitation force has not yet
been interested and controlled. Thus, the research results can
also be used as an important reference for controlling the ex-
citation force of the vibrator drum to enhance the compaction
efficiency of the soil compactors.
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