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Abstract. In view of the design problem of the working amplitude and working frequency of
vibrating icebreaking machine, the stiffness and damping value of the ice-snow was identified
with the mechanical vibration theory and finite element method. The two-degree-of-freedom
mathematical model was established in this paper. And numerical simulation was performed. Then
the related icebreaking experiment was carried out. A lot of test and experiment results had proved
that experimental data was consistent with the theoretical analysis of mathematical model of
vibrating icebreaking system. It was confirmed that the correctness of vibrating icebreaking
system’s mathematical model and the rationality of its design could be proved.

Keywords: vibrating icebreaking system, working amplitude, working frequency, two-degree-of-
freedom system, icebreaking experiment.

1. Introduction

Perpetual snow not swept away timely on the ground will turn into compacted ice-snow, which
makes it hard to clean up. With the development and prosperous of urban transportation, the
ice-snow on the ground commonly seen in north of China in winter does more and more harm to
city road traffic, and it’s the key factor causing traffic accident often occurring in highway, airport
and urban roads. So, the research on the urban road icebreaker is becoming an extremely urgent
mission.

In the view of physical icebreaking, the using of vibration icebreaking machine is no doubt a
very effective method. However, seldom achievements of research on parameters design about
system’s working amplitude and frequency appeared, because of the complicated road condition
which makes the frozen soil contacting stiffness identification hard.

For many years, scholars did some research on complex dynamic phenomena of vibration
utilization machinery systems and had certain achievements. Liu Changsheng [1] gave analysis
and calculation in detail on the vibrating mechanisms in L50 loader, such as deicing drum, cavel,
hydraulic system, vibrating shaft and eccentric block, etc., and its effect of deicing is prospected.
Yu Wenbing [2] think that the two most common snow and ice removal methods are mechanical
clearance and chemical melting, and the advantages and disadvantages of each approach are
discussed in his paper, including environmental and structural damage caused by corrosive snow
melting. Brian E. [3] used with turbulence-modeling, particle-tracking, and cutting-edge
approximations to solve Reynolds-averaged Navier-Stokes equations are numerically. Results
suggest snow can be divided into splash and snow cloud when engineering treatments to improve
visibility for snowplow drivers and following traffic. Wang Jiefu [4] did a tool-icebreaking
experiment, and measured the tool-icebreaking static and dynamic force, vibrating frequency and
amplitude. The stress and strain of the tool in the working process is analyzed in addition using
the finite element theory. The conclusion is obtained that vibrating icebreaking using variable
frequency in corresponding with the thickness change of ice is the best method for deicing. In this
paper, the two-degree-of-freedom mathematical model of vibration icebreaking system was
established. The stiffness and damping value of the system was confirmed by the finite element
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theory. And the numerical simulation of the system was performed. Then icebreaking experiment
was carried out with its amplitude results matched the simulation ones, which confirmed the
correctness of vibrating icebreaking system’s mathematical model and the rationality of its design.

2. Working principle of vibrating icebreaking system

The main structure of vibrating icebreaking system is shown in Fig. 1, which consists of power
mechanism (1), transmission mechanism (2-5), actuator (6, 9) and support mechanism (7, 8).
When it works, the motor (1) provide power through the transfer behavior of belt (2) for vibratory
shaft (3) rotating at high speed together with eccentric block (4, 5), which can generate eccentric
force acting on vibrating wheel (6) and skate (9) for their vibration. The vibrating skate (9)
produces impact and shear force on the ice-snow for its crushing. The technical characteristics of
the system are as follows in Table 1.

Fig. 1. The main structure diagram of vibration icebreaking system: 1-motor, 2-belt, 3-vibrating shaft,
4-adjustable eccentric block, 5-fixed eccentric block, 6-vibrating wheel, 7-outer frame,
8-shock absorption rubber, 9-skate

Table 1. The technical characteristics table of vibration icebreaking system

Name Quantity | Unit
Working amplitude 2.5 mm
Working frequency 1000 r/min

Power 3.9 kw

Deicing width 1.5 m
Equipment weight 661.3 kg
Torque 30.043 N-m

3. The dynamic analysis of vibration icebreaking system
3.1. Mathematical model

On the basis of reference [5], the vibrating icebreaking system is usually simplified to
two-degree-of-freedom mathematical model, as shown in Fig. 2. The two-degree-of-freedom
mathematical model can reflect the dynamic response of the vibrating icebreaking system
basically, and the solution is simple in Mathematics. According to the mathematical model as
shown in Fig. 2, the motion equation of vibrating icebreaking system can be got.

To establish the mathematical model of vibrating icebreaking system, hypothesis of some
parameters and conditions are put forward as follows:

1) Assume that ice-snow on the ground is elastic material of which the stiffness is K,, the
damping coefficient is C,.

2) The vibrating icebreaking system is simplified as two mass units, namely upper mass unit
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and lower mass unit. The mass of upper mass unit and lower mass unit is m, and m, respectively.
The upper mass unit includes outer frame (Fig. 1, Unit 7) and motor (Fig. 1, Unit 1). The lower
mass unit includes vibrating shaft (Figure 1, Unit 3), adjustable eccentric block (Fig. 1, Unit 4),
fixed eccentric block (Fig. 1, Unit 5), vibrating wheel (Fig. 1, Unit 6), outer frame
(Fig. 1, Unit 7), shock absorption rubber (Fig. 1, Unit 8) and skate (Fig. 1, Unit 9).

3) When it works, the skate (Fig. 1, Unit 9) on the vibration wheel (Fig. 1, Unit 6) always keep
contaction with ice-snow.

Fig. 2. The mathematical model of vibration icebreaking system

Based on the mathematical model above, the vibration differential equations describing its
movement is as follows:

{mza'c'z + (C; + C)x, + (Ky + Ky)x,, — Cy %, — Kyxy = Fsinwt, |
my¥, + Ci% + Kyxy — Gy — Kix, =0, M
where, F — exciting force, unit: N,

w — working angular frequency, unit: rad/s,

K; — stiffness of shock absorption rubber, unit: N/m,

K, — stiffness of ice-snow, unit: N/m,

C; — damping of shock absorption rubber, unit: N-s/m,

C, — damping of ice-snow, unit: N-s/m.

The solution of differential Eq. (1) can be obtained. The amplitude x; and x, of upper mass
unit and lower mass unit under the effect of exciting force F are as follows:

A2 4+ B2\"® A% + B2\°° B, D
X1 = F m , X = F m , ¢1 = arctan (A_) — arctan (E),
1
¢, = arctan (é) — arctan (2)
2 A c

2

2

where, ¢p; —phase angle between exciting force F and displacement of upper mass unit, unit: rad,
¢, — phase angle between exciting force F;, and displacement of lower mass unit, unit: rad:

Al = Kl - ml(l)z, 31 = Clw, A2 = Kll Bz == Cl(l),
C = K1K2 - (m1K1 + m1K2 + m2K1 + 61C2)(1)2 + m1m2w4,
D= (chz + KZCI)(‘O - (mlcl + mlcz + mzcl)wg.

The natural frequency of vibrating icebreaking system can be obtained as follows:
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m1K1 + m1K2 + m2K1 - \/(lel + lez + m2K1)2 - 4m1m2K1K2
2Zmym,

wq =

(3)
mK; + m K, + myK; + \/(mll(l +m K, + myK;)? — 4mym,K K,

2Zmym,

Wy =

As is described in Eq. (2), the working amplitude of lower mass unit of the system is related
with the stiffness and damping of shock absorption rubber and ice-snow. On the basis of reference
[5], the stiffness and damping of shock absorption rubber are calculated. The stiffness and
damping of ice-snow are associated with the composition, physical characteristics and frozen
condition of the ice snow. So how to identify the stiffness and damping value of ice-snow is very
important for the research on the dynamic characteristic (especially amplitude) of the vibrating
icebreaking system.

3.2. The identification of system’s stiffness

To obtain the stiffness of vibration icebreaking system, the model of interaction between skate
and ice was established, as was shown in Fig. 3. The size of skate unit was defined in the practical
value, while one of ice layer was 200x100x10 mm. The interaction unit was a
circular-arc wedge-shaped surface. The knifepoint coincides with the center point of in bottom
surface of the ice entity, and the interaction unit was parallel to the long edge of the ice layer.

Fig. 3. The model diagram of skate contacting with ice surface

The material elasticity modulus of skate was given as 2.06x10'! Pa, and Poisson's ratio as 0.26.
Gotten from Reference [6], material elasticity modulus of ice was given as 2x10° Pa and Poisson's
ratio as 0.3. The two materials’ coefficient of friction was 0.02. SOLID186 cell was used to mesh
the entity, and the mesh density was increased in the key area. The possible contacting points of
skate bottom and ice were chosen to create contact pair [7-9], as was shown in Fig. 4.

Py
PAVAVa s 4% N vAYAY,
A

e

Fig. 4. The diagram of contact pair

According to the design size, the exciting force F of vibrating icebreaking system could be
gained as follows [10]:

F = mw?r, 4

where, m — mass of the eccentric block, unit: Kg,
w — working angular frequency, unit: rad/s,
1y — eccentric distance, unit: m.
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There were four skates acting on ice surface every moment, and the impact force F; of each
skate on ice was as follows:

_F_9656 2414 (N)
T4 4 T ’
where, F — total exciting force caused by the rotation of eccentric block.
The ice entity was fixed, while the skate was restricted in x and z direction and could move
only in y direction. The downward exciting force F,, of key point in skate on ice was 2414 N. The
process of applying load was shown in Fig. 5.

Fy

Fig. 5. The diagram of applied load

The practical interface between skate and ice was complex. Considering the stiffness’
variability of system, variable load was applied on the skate and its corresponding displacement
was measured. Assuming that the load was F,, and displacement was x,, the stiffness K, can be
obtained as follows:

%_xa (5)

As was shown in Fig. 6 (F-d), as the force increases, the original displacement grows rapidly
until 0.15 mm, after which the displacement was linear related to the force. The Fig. 6 (F-s)
showed that the stiffness rose with the force increasing, because of the changeable contacting
condition in corresponding with the increasing contact area. So, the stiffness should be selected
according to the practical exciting force.
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Fig. 6. The curve of a) force-displacement (F-d) and b) force-stiffness (F-s)

The Fig. 6 (F-s) indicated that under the action of single skate whose displacement was
Xo = 0.279x107 m, the system’s stiffness K,, was as follows:
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F, 2414
Ko=—2=——"""__ —865x 10° (N/m).
0T %, 0279 x 10-3 (N/m)

The four skates acted on the ice in parallel, so the stiffness value K, of ice-snow was calculated
as follows:

K, =4 XKy, =4x8.65x%10°=3.46 x 107 (N/m).
3.3. The identification of system’s damping value

After being frozen and impacted again, the melted ice-snow turned into ice with additive dust,
freestone and air, etc. The component of ice on the ground was so complex that its structure
distinguished greatly.

To estimate the damping value C,, with the reference to experimental data of frozen soil, the
damping ratio of ice on the ground was selected as follows [11, 12]:

{=0.1.

And the damping value C, of ice-snow was obtained as:

S
C, = 2¢VKM = 2 x 0.1 X /3.46 x 107 x 634 = 2.96 x 10* (N : —).
m

3.4. The dynamic analysis of icebreaking system

According to the actual design size of the vibrating icebreaking system, the related parameters
of the system could be got. According to the different values of the stiffness K,, damping C, and
working frequency w, the curve of the amplitude of upper mass unit x; and lower mass unit x,
could be obtained. Then the dynamic performance of the system was analyzed.

When the stiffness value of the system K, was 3.46x107 N/m, the damping C, was
2.96x10* N-s/m, and the other parameters were taken as the initial design value, Fig. 7 was the
amplitude of upper mass unit and lower mass unit of vibrating icebreaking system variation with
the changing of rotation speed n. To make a qualitative analysis, the rotation speed n was valued
from 0 to 2500 r/min, of which the relationship with working angular frequency w was as follows:

s
x10 (m
3 (m)

25

0.5

500 1000 1500 2000 2500

7 (r/min)

Fig. 7. The curve of x; —n, x, —n

© JVE INTERNATIONAL LTD. JOURNAL OF VIBROENGINEERING. DEC 2017, VOL. 19, ISSUE 8. ISSN 1392-8716 5 801



2709. STUDY ON THE EXPERIMENT AND DYNAMICAL CHARACTERISTICS OF VIBRATING ICEBREAKING SYSTEM.
YANG LU, JU QIAN ZHANG, QIANG MA, CHENG DONG Liu, BANG CHUN WEN

As could be seen from Fig. 7, the amplitude x; and x, increased rapidly while the rotation
speed n increased from 0 r/min gradually. When the rotation speed n was about 350 r/min, it
closed to the first-order natural frequency. At this time the amplitude value was large, and the
resonance occurred. The maximum amplitude value of lower mass unit x, was got as about
0.6x1073 m under the affection of damping value. When the rotation speed n of the system further
increased to 1100 r/min, it closed to the second-order natural frequency. At this time the maximum
amplitude value of lower mass unit x, was got as about 2.7x10 m. And then, the amplitude began
to decrease slowly. When the rotation speed n was 1000 r/min (the rated speed of the motor), the
amplitude value of lower mass unit x, was got as about 2.57x10 m. It closed to the design
amplitude 2.5x103 m. At the same time, the amplitude value of upper mass unit x; was got as
about 0.46x10 m. The vibration isolation rate was 82 %. The effect of vibration isolation was
very well.

In the working status, the skate (Fig. 1, Unit 9) on the vibrating wheel (Fig. 1, Unit 6) contacted
with the ice. Its working amplitude was affected by the stiffness of the ice. Because of each
ice-snow road condition was not identical, the state of the contaction changed every time. The
stiffness and damping of the ice-snow had great randomness. The response of working amplitudes
of vibrating icebreaking system should be studied when the stiffness K, and damping C, varied in
a certain range. When the stiffness K, = 3.06x107 N/m, 3.46x107 N/m, 3.86x10”7 N/m, the
relationship curve of the amplitude x;, x, and rotation speed n was as shown in Fig. 8. When the
damping C, = 2.56x10* N-s/m, 2.96x10* N-s/m, 3.36x10* N-s/m, the relationship curve of the
amplitude x,, x, and rotation speed n was as shown in Fig. 9.

3 3
10 “(m, X =
25 X () x1-1 3s x10°(m) Xy-n

3.86x10" N/m

3.46x10" N/m

3.06x10" N/m

3.06x10" N/m 15
3.46x10" N/m

05 3.86x10" N/m
/

0 500 1000 . 1500 2000 2500 o 500 1000 1500 2000 2500
7 (r/min) 7 (1/min)

a) b)
Fig. 8. The curve of x; — n, x, — n with different stiffness K, values

x10 () Xy-1 s ” 10 °(m) X1

2.56x10" N-s/m

35
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Fig. 9. The curve of x; — n, x, — n with different damping C, values
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From Fig. 8 and Fig. 9 could be seen, the natural frequency of vibrating icebreaking system
and the amplitude x;, x, would be larger with the increasing of stiffness K,. It has no significant
effect on the natural frequencies of the system with the increasing of damping of C,. But it would
make the amplitude x;, x, became smaller. In the actual working conditions, the skates
(Fig. 1, Unit 9) on the vibrating wheel (Fig. 1, Unit 6) were not always contact with the ice-snow
in close. And the ice might already be broken. So, the stiffness K, and damping C, value of the
ice-snow would have some changes [13, 14]. But from the simulation results, the changes in the
stiffness K, and damping C, of the system within a certain range was limited on the effect of the
amplitude of lower mass unit x,. The actual road conditions were very complex, so the analysis
above was qualitative analysis. Only by lots of experiments, the reliable parameters of vibrating
icebreaking system could be obtained.

3.5. The analysis of icebreaking capability

As could be seen from Fig. 5, partial enlarged drawing of the ice deformation was as shown in
Fig. 10, after the load was applied.

ﬂ_u!_-u: ' Mpa

I
= iose-0s ~€13E-04 -1242-03 “1e€£-03 L.
217803 - - - - - - 2EG

3012-04 s242-04 1552-03

Fig. 10. The partial enlarged drawing of the ice deformation

The overall structure and the grid partition were both symmetric about the Y-Z plane, so the
node stress was symmetrical too. Therefore, it was only needed to select the half of the nodes on
the ice, as shown in Fig. 11. The stress of the nodes would be calculated.

Fig. 11. The schematic diagram of the nodes on the ice

The stress average value of these nodes was calculated. The three-principal stress was
respectively:

o, = —0.268 X 108 Pa, 0, = —0.556 x 108 Pa, 03 = —0.170 X 10° Pa. 6)

Because the ice was brittle material, the second strength theory [15] was used to verify the
compression state. The fracture criterion which was established by the second strength theory was:

o1 — u(oy + 03) = 0, @)
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where, i — Poisson’s ratio, 4 = 0.3, 03, — breaking point, unit: Pa.
Substitute Eq. (6) into Eq. (7):

o, — p(o, + 03) = —0.268 x 108 — 0.3 x (—=0.556 x 108 — 0.17 x 10°) = 4.09 x 107 Pa.
The compressive strength of compacted ice-snow [15] was shown in Table 2.

Table 2. The compressive strength of ice-snow

The type of ice-snow | The density of ice-snow (Kg/m?) | The compressive strength (MPa —1 —20°C)
The compacted snow 450-750 0.2-1.67
Ice 750-900 0.9-2.94
The compacted ice More than 900 1.0-4.0

We could see from Table 2, the maximum compressive strength of ice could be reached
4.0 MPa. So 03, = 4.0x10° Pa. It was far less than the requirements of criteria 4.09x107 Pa. So,
the compressive strength of ice was insufficient. It would be broken. So, the icebreaking capability
of vibrating icebreaking system was able to meet the requirement.

4. The experimental analysis of icebreaking system

The test-bed was built on the icebreaking system, as was shown in Fig. 12. The test point in
on the side plate (Fig. 1, Unit 6) and outer frame (Fig. 1, Unit 7). The experiment instrument was
consisted of acceleration sensor including B&K4508B and B&K4517, of modal force-hammer
including B&K and PCB, and of data acquisition equipment including B&K3560-D 32 channel
forepart and BK3560D portable analyzer.

a)
Fig. 12. The experiment graph of icebreaking system

In the experiment, the primary object of investigation was the system’s practical working
amplitude and damping effect of the rubber (Fig. 1, Unit 8). Select test point 1 on the vibration
wheel where its amplitude was measured before vibration reduction, and on the outer frame select
test point 2 near test point 1 where amplitude of outer frame was measured after vibration
reduction. Clean up the area around the two test points and fix the sensors on two test points, as
was shown in Fig. 13. Then lots of measurements were carried out.

The acceleration signals of sensor 1 and 2 were input through channel 1 and 2 of B&K.
3560-D 32 respectively. The double integral and FFT transform of the signals was carried on, after
which the variable amplitude in corresponding with the change of frequency was displayed [16],
as was shown in Fig. 14 and Fig. 15. Green line is the curve of amplitude in Figs. 14-15, and is
the curve of amplitude ratio in Fig. 16. At the same time, the red line is only the auxiliary line in
Figs. 14-16.
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e

o B §
Fig. 13. The graph of test point 1 and test point 2

800u

0 100 200 300 400 500 600 00 800 00 1k 11k 1.2k 1.3k 14k 1.5k 1.6k
[Hz)

Fig. 14. The curve of amplitude in test point 1

0 100 200 300 400 500 600 00 [anul 900 1k 11k 1.2k 1.3k 1.4k 15k 1
Hz.

Fig. 15. The curve of amplitude in test point 2

Fig. 14 and Fig. 15 showed that the maximum amplitude was achieved when the icebreaking
system works at the frequency of 16.6 Hz. The amplitude of test point 1 without damping measures
was 2.65 mm, while one of test point 2 with damping measures was 51.6 um. Considering the
uncertain factors, such as the ice stiffness and damping value etc., the experimental amplitude was
already close to the design one. The ratio which was gotten through the amplitude of test point 2
divided by the amplitude of test point 1 was displayed in Fig. 16, where axis x, y represent
working frequency and the ratio respectively. The ratio curve demonstrates the effect of vibration
reduction.

Fig. 16 indicated that the amplitude ratio changes as the frequency does. When the icebreaking
system worked at the resonance frequency of 16.6 Hz, the effect of the vibrating reduction was
very obvious with the amplitude ratio being 1.92 %.

In the experiment, the second object of investigation was to measure the system’s practical
working frequency and attest whether it avoided the resonance frequency. Selected a test point on
the side plate of vibrating wheel (Fig. 1, Unit 6), where the acceleration sensor was fixed, as was
shown in Fig. 17.
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Fig. 17. The graph of modal test

To achieve the responding signal and study on the inherent characteristics of the system used
the force hammer to hit the side plate somewhere around the test point as the exciting signal. The
operation process should be smooth and nimble to avoid the interference between the exciting and
responding signals. When the forepart of B&K. 3560-D 32 began collecting signal, the hitting
process was operated for 5 times with interval of 10 s-20 s every time. The five responding signals

collected were compared, and the best one was saved [17-19].
The exciting and responding signals were analyzed in BK3560D portable analyzer, and the

transfer function of the natural frequency was obtained, as was shown in Fig. 18.

n N

I ALl
3 ]

|
NI
¢

As was shown in Fig. 18, because of the hitting force degree, velocity and accuracy, the curve
of natural frequency’s transfer function at the low frequency was chaotic. The first big amplitude
occurs at the frequency of 89 Hz, which was the natural frequency. The working speed of the

4 1 I E 2 280 20 E a0 440 @ 520 80
i3]

Fig. 18. The curve of natural frequency’s transfer function
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icebreaking system was 1000 r/min, and the practical working frequency was 16.6 Hz, which was
far away from the natural frequency which had a great influence on the amplitude. So, the system
works smoothly and reliably at the remote resonance station. The effect of the icebreaking system
was shown in Fig. 19. The left side was the ice on the ground in —20 centigrade, and the right one
was the ice deiced by the system under the affection of its self-gravity and exciting force. It showed
that the ice was well crushed by the icebreaking system.

a) b)
Fig. 19. The comparison photos of icebreaking in before and after

Yang Liu and Bangchun Wen design effort of vibrating icebreaking system. Juqgian Zhang
responsible for dynamic analysis of vibrating icebreaking system. Qiang Ma, Chengdong Liu done
experiment effort of vibrating icebreaking system.

5. Conclusions

1) As was known from the practical working condition of the icebreaking system, the skate
(Fig. 1, Unit 9) on the vibration wheel (Fig. 1, Unit 6) contacted with the ice directly. The stiffness
and damping value in the system’s dynamic model was influenced greatly by the components and
density of the ice on the ground, and the correctness of the theoretical model needed to be verified
by the experiment results. By the comparison of experiment and simulation results, the experiment
amplitude was in agreement with the simulation one, which certified the correctness of the
system’s dynamic model and the feasibility of the method for solving stiffness and damping value
in the model.

2) Vibrating icebreaking machine was a multiple-degree-of-freedom vibration system. It was
simplified with a two-degree-of-freedom mathematical model in order to facilitate the calculation.
A lot of test and experiment results had proved that experimental data was the basic consistent
with the theoretical analysis of mathematical model of vibrating icebreaking system. It was clear
that the two-degree-of-freedom mathematical model of vibrating icebreaking system was reliable,
and that the related theoretical deduction was correct.
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