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In this paper, a coupling nonlinear dynamic model of the drum and subgrade is established for the vibratory roller. &e dynamic
characteristics of the rigid drum of the vibratory roller in the process of vibratory compaction are comprehensively investigated by
time history, phase diagram, frequency spectrum, Poincare map, and bifurcation diagram. During the compaction process, the
stiffness of the subgrade increases and the motion of the rigid drum of the vibratory roller changes from a single period to multiple
periods and finally enters chaos by the way of period doubling. Moreover, the roller parameters also significantly affect the
dynamic characteristics of the rigid drum and the compaction effect of the subgrade. Based on detailed numerical results, a
parameter adjustment strategy about the roller frequency and nominal amplitude is proposed, which can avoid the “bouncing” of
the drum during compaction and improve the compaction efficiency.

1. Introduction

Vibratory roller is one kind of common road construction
machinery.&e compaction operation of the vibratory roller
is associated with the dynamic interaction between the vi-
bratory roller and the subgrade. Consequently, to improve
the compaction efficiency, it is of great importance to study
the dynamics of the rigid drum for the vibratory roller on
elastic subgrades.

&e research on the dynamic characteristics of the rigid
drum during compaction is always in progress. Yoo and
Selig [1] firstly proposed a two-degree-of-freedom linear
dynamic model by simplifying the drum of the vibratory
roller and subgrade. However, the case of the drum leaving
the subgrade is not taken into account in this linear model.
Later, many researchers [2–5] proposed various vibration
compaction models, including the nonlinear elastic model,
the viscoelastic plasticity vibration compaction model, and
the nonlinear hysteretic model. van Susante and Mooney [6]
modeled the drum/soil system using the lumped parameter
method and captured the complex nonlinear behavior of the

system through simulation. Subsequently, Mooney and
Rinehart [7, 8] collected data from field experiments to
explore the relationship between vibration characteristics
and subgrade stiffness. Furthermore, Kenneally et al. [9]
investigated the interaction between the vibratory drum and
the layered soil using finite element analysis, and the chaotic
behavior and drum rocking were shown. Moreover, Yang
et al. [10] studied the transmission and evolution charac-
teristics of vibration waves in the process of vibration
compaction based on the field experimental data of subgrade
compaction engineering prototype. From these studies, one
can see that although some of them address the dynamic
characteristics of the vibratory roller, the parametric analysis
of the dynamics of the drum/soil system is seldom involved.

To evaluate the compaction efficiency, various com-
paction indexes were proposed by researchers [11–13], and
these compaction evaluation indexes were used to change
the operating parameters of the vibratory roller in the
process of compaction to maximize compaction efficiency.
Anderegg and Kaufmann [14, 15] studied the nonlinear
vibration of the vibratory roller and gave suggestions on the
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control parameters of the vibratory roller. Zheng et al. [16]
analyzed the influence of excitation amplitude and fre-
quency and soil parameters on the dynamics of the vibratory
drum. Based on the asymmetric hysteretic model of the
compaction system, Shen et al. [4, 17] studied the chaotic
vibration responses of the compaction system and showed
the “bouncing” motion which can make the surface layer of
subgrade loose and reduce the compaction efficiency. From
these articles, it is observed that the adjustment strategy of
operating parameters for vibratory rollers to avoid the bad
operating condition, such as “bouncing,” is scarcely reported
in the open literature.

In this paper, a practical single-degree-of-freedom vi-
bratory compaction model is used to analyze the dynamic
characteristics of the rigid drum of the vibratory roller
during the vibratory compaction process and to study the
nonlinear dynamic behavior of the vibratory roller on elastic
subgrades with different stiffness. Moreover, aiming at the
“bouncing” phenomenon of rigid drum in the process of
compaction, a parameter adjustment strategy of excitation
frequency and nominal amplitude is proposed.

2. The Drum-Subgrade Coupling
Dynamic Model

&e drum-subgrade coupling model studied in this paper is
shown in Figure 1. In this paper, we assume that the sub-
grade has been compacted many times, and the subgrade has
changed from the original elastoplastic subgrade to elastic
subgrade. For a vibratory roller, the support frame of the
drum is an elastic frame, which is connected to the drum by a
spring damping system. However, due to the damping effect
of the spring damping system, the dynamic forces of the
support frame have little effect on the drum response.
According to relevant literature [8], the frame inertia is too
small to be often neglected. Moreover, the dynamic forces
from the drum-frame suspension are also small and can be
neglected. &erefore, for the support frame, only the gravity
of the frame mass is considered.

In this model, mf and md denote the mass of the frame
and the rigid drum of the roller, respectively. Inside the
drum, there is an eccentric block with mass me and ec-
centricity re. &e eccentric block rotates about the central
axis of the drum at angular velocity Ω.

&e vertical excitation force generated by the rotation of
the eccentric mass block can be expressed as

F(t) � A0mdΩ
2 cos(Ωt), (1)

where A0 � mere/md represents the nominal amplitude of
the roller.

In the model, the displacement of the rigid drum in the
vertical direction is denoted by xd, which is measured from
the uncompacted subgrade surface. According to Newton’s
second law, the equation of the vertical motion of the drum
can be expressed as

md €xd + Fs − md + mf g � A0mdΩ
2 cos(Ωt), (2)

where Fs is the drum-subgrade interaction force. Its ex-
pression is given corresponding to the following cases.

Case I: when the drum of the vibratory roller is in
contact with the subgrade, the contact force Fs can be
expressed as

Fs � cs _xd + ksxd. (3)

Case II: when the drum of the vibratory roller is out of
contact with the subgrade, there is no contact force, i.e.,

Fs � 0. (4)

3. Numerical Results and Discussion

&is section firstly studies the dynamic characteristics of the
drum during compaction in which the subgrade stiffness
increases gradually. Next, through comparative analysis, the
adjustment scheme of drum parameters is obtained, which
makes the drum retreat from the state of “bouncing” once
the drum bounces. &e simulation parameters of the vi-
bratory roller used are listed in Table 1. f is the excitation
frequency of the vibratory roller. &e unit used in this paper
is the common representation of roller engineering appli-
cation (1MN/m� 1× 106N/m and 1 kNs/m� 1× 103Ns/m).

Figure 2 shows the bifurcation diagram of the drum
response obtained by using the subgrade stiffness ks as
control parameter, and the subgrade damping is
cs � 130 kNs/m. It can be observed from the bifurcation
diagram that the drum vibrates with a single period at the
interval of ks � 60 − 71MN/m. Figure 3 shows the time
history, phase diagram, frequency spectrum, and Poincare
map for ks � 60MN/m. Figure 4 shows the corresponding
contact force Fs. It can be seen from Figures 3(a) and 4 that
when ks � 60MN/m, the value of drum displacement xd is
always positive and the contact force always exists. &is
means that the drum always vibrates below the surface of the
uncompacted subgrade, i.e., the drum remains in contact
with the subgrade during the compaction process. &e
frequency spectrum in Figure 3(c) only contains the dom-
inant frequency component (32Hz), and the drummoves in
a single period without the phenomenon of “bouncing.”
When ks � 70MN/m, the numerical results are shown in
Figures 5 and 6. It can be seen that the drum periodically lost
contact with the subgrade surface, and the drum motion is
still single periodic. At the interval of ks � 71 − 76.5MN/m,
the drum is in the period two-movement window as shown
in Figure 2. &e detailed responses for ks � 75MN/m in this
interval are illustrated in Figures 7 and 8. It can be observed
that the drum displacement exceeds the uncompacted
subgrade surface, and 1/2 of the vibratory frequency appears
in the frequency spectrum.Moreover, two peaks occur in the
curve of the contact force periodically. &is means that the
motion of the drum appears to be “bouncing.” With the
increase of ks, the bifurcation diagram becomes more
complicated, and the motion enters chaos finally, as shown
in Figures 9 and 10 (ks � 85MN/m). To sum up, the motion
of the drum experiences the bifurcation from a single-period
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Figure 1: &e drum-subgrade coupling dynamic model.

Table 1: Compaction model parameters.

Parameter Symbol Value
Drum mass md 6450 kg
Frame mass mf 6354 kg
Excitation frequency f�Ω/2π 32Hz
Nominal amplitude A0 1.5×10−3m
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Figure 2: Bifurcation diagram with the subgrade stiffness ks as the bifurcation parameter.
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Figure 3: Continued.
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Figure 4: &e contact forces Fs (ks � 60MN/m).
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Figure 3: Dynamic responses of the rigid drum (ks � 60)MN/m: (a) time history, (b) phase diagram, (c) frequency spectrum, and (d)
Poincare map.
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Figure 5: Continued.

4 Shock and Vibration



6

4

2

0

5

3

1

61 61.1 61.2 61.3 61.4
t (s)

F s
 (N

)

×105

Figure 6: &e contact forces Fs (ks � 70MN/m).
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Figure 5: Dynamic responses of the rigid drum (ks � 70)MN/m: (a) time history, (b) phase diagram, (c) frequency spectrum, and (d)
Poincare map.
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Figure 8: &e contact forces Fs (ks � 75MN/m).
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Figure 7: Dynamic responses of the rigid drum (ks � 75)MN/m: (a) time history, (b) phase diagram, (c) frequency spectrum, and (d)
Poincare map.
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Figure 9: Continued.
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motion to multiperiod motion and finally enters chaos
through the period-doubling bifurcation with the contin-
uous increase of the subgrade stiffness. During this process,
the drum experienced the change from contact, periodical
loss of contact, and finally to the “bouncing” state which
causes harmful compaction to the subgrade. Besides, bi-
furcation in the bifurcation diagram means that the drum
exhibits “bouncing” phenomenon.

Figure 11 shows a three-dimensional image composed of
nine bifurcation diagrams (L1–L9) of the drum responses, at
point ks � 70MN/m and cs � 130 kNs/m, by using excita-
tion frequency f as the bifurcation parameter. When the
nominal amplitude and excitation frequency are small, the
drum always presents a single-period motion. In the cases of
large nominal amplitudes, with the increase of excitation
frequency, the dynamic response of the drum turns from a
single period to multiple periods, even into chaos, and finally
returns to the single-period motion. Moreover, with the
increase of the nominal amplitude, the excitation frequency
value of “bouncing” becomes smaller. Figures 12(a) and
12(b) show the bifurcation diagrams with nominal

amplitude A0 � 1mm and 2mm, respectively. From this
figure, it can be found that the jumping phenomenon ap-
pears in the drum motion with the change of the excitation
frequency. When the nominal amplitude increases, the
excitation frequency gradually decreases when the jumping
phenomenon occurs. For example, it can be seen from
Figure 8 that the jumping phenomenon at the nominal
amplitude of 2mm occurs earlier than that at the nominal
amplitude of 1mm. From the above analyses, one can
conclude that provided the stiffness of the subgrade is
certain, once the drum exhibits “bouncing” motion, it can be
removed from this state by reducing the nominal amplitude
or by reducing/increasing the excitation frequency.

Figures 13 and 14 show two three-dimensional images
composed of several bifurcation diagrams of the drum re-
sponses obtained by using the subgrade stiffness ks as the
bifurcation parameter. For Figure 13, A0 � 1.5mm,
cs � 130 kNs/m, and the interval of excitation frequency f is
10–35Hz. From this figure, one can find that there is no
bifurcation in the bifurcation diagrams for the low f and the
drum keeps single periodic motion. However, with the in-
crease of f, bifurcation would occur, and the value of
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Figure 10: &e contact forces Fs (ks � 85MN/m).
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Figure 11: Bifurcation diagrams with excitation frequency f as
bifurcation parameter under different nominal amplitudes
(ks � 70MN/m and cs � 130 kNs/m).
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Figure 9: Dynamic responses of the rigid drum (ks � 85)MN/m: (a) time history, (b) phase diagram, (c) frequency spectrum, and (d)
Poincare map.
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subgrade stiffness ks corresponding to the first bifurcation
point for those bifurcation diagrams decreases first and then
increases. &is means that the “bouncing” motion of the
drum is difficult to appear for a large subgrade stiffness when
the excitation frequency is low/high. Because the compac-
tion efficiency is low when the vibratory roller operates in the
low-frequency range, the better choice would be increasing
excitation frequency to avoid the drum “bouncing” motion

for large subgrade stiffness. In Figure 14, f � 32Hz,
cs � 130 kNs/m, and the interval of the nominal amplitude
A0 is 0.5–2.5mm. It can be seen from this figure that the
drum keeps a single periodic motion throughout the whole
process of compaction, and no “bouncing” occurs to the
drum when the nominal amplitude A0 is small. With the
increase of A0, bifurcation would appear in the bifurcation
diagrams, and the values of subgrade stiffness ks corre-
sponding to the first bifurcation point for those bifurcation
cases are almost the same. From the above analyses, one can
conclude that larger excitation frequency f and smaller
nominal amplitude A0 should be selected to avoid the drum
“bouncing” motion and to improve the compaction effi-
ciency in the later stage of compaction.

4. Conclusions

In this research, a coupling nonlinear dynamic model of the
rigid drum and the subgrade is established for the vibratory
roller, and the time history, phase diagram, frequency
spectrum, Poincare section, and bifurcation diagram of
drum responses are obtained to investigate dynamic char-
acteristics of the rigid drum. Parametric studies are also
carried out. According to those analyses, a parameter ad-
justment strategy is proposed to avoid the drum “bouncing”
motion and improve the compaction efficiency. Some main
conclusions are summarized as follows:

(1) &e subgrade stiffness would increase gradually with
the compaction progress. &e motion of the rigid
drum experiences the bifurcation from single-period
motion to multiperiod motion and finally enters
chaos. During this process, the drum experienced the
change from contact, periodical loss of contact, and
finally to the “bouncing” state.

(2) For a certain stiffness of the subgrade, one can draw
the drum out of the “bouncing” motion state by
reducing the nominal amplitude A0 or by decreas-
ing/increasing the excitation frequency.

(3) In the later stage of compaction progress, the larger
excitation frequency and smaller nominal amplitude
should be selected to avoid the drum “bouncing”
motion and to improve the compaction efficiency.
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Figure 12: Bifurcation diagrams with excitation frequency f as bifurcation parameter (ks � 70MN/m and cs � 130kNs/m): (a)A0 � 1mm;
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