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Abstract

In order to research the mechanism and to reveal the natural characteristics in rock milled
process, the milling load was deemed to be a component of the deterministic nonlinear dissipation system.
The characteristic factor model of milling load was built on the basis of time delay method, and the phase-
space of milling load was rebuilt. the dimensional phase-type of broken attractor was described. The
results indicated that the broken attractor was a fractal set, which acquired through the scale conversion of
phase-space developed by each dimension. The relevant dimension of broken attractor can be as the
identification to reflect the change of rock broken mechanism. And the Lyapunov exponential spectrum
and the maximum Lyapunov exponent were acquired by confirming the system reconstruction dimension.
The chaos phenomenon was existed in the rock milled process, which provides the basis for building the
deterministic model of rock milled process.
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1. Introduction

There were remarkable dispersion and irregular characteristics in rock milled process,
which caused by a lot of different scale flaws existed in rock. The structure of rock was neither
perfect continuation, nor fully discrete. It made the works described by mathematics lose
meaning for guiding production. The rock milled process was shown as Figure 1, the compound
motion of rotary and linear was done when the milling mechanism working, the angle of cutting
tools installed on it were different, and the stress state was very complex.

Milling Mechanism

Figure 1. Rock milled process

The milling load was the actual record for the change when rock broken. For a long
time, the scholars followed the research methods of statistic theory, and taking the milling load
as a random signal.But, the reasons of the nonhomogeneity and irregularity existed in signal
were not clarified by the classical signal analysis method. In recent years, the nonlinear dynamic
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system theory was developed rapidly, especially the fractal and chaos theory,which were used
widely in disposing the seemingly no rules phenomenon [1~7]. Dan B. Marghitu [8] researched
on the dynamics characteristics of the metal milled processing, indicated that the cutting force
signal had chaos characteristics. Shu Karube [9] built the mechanical model of the vibration
cutting system, indicated that the cutting load had nonlinear dynamic action, and had chaos
characteristics. Primoz Potocnik [10] built the nonlinear dynamic model of the metal cut
processing, indicated that the cutting load included high time nonlinear factors, which resulted
the mechanics characteristics of cutting load is extremely complex. DUAN Xiong [11]
researched on the dynamic characteristics of the water jet assisted cutting rock, indicated that
there was chaos characteristics in the cutting load. XIA Yi-min [12~13] researched on the
dynamic characteristics of the rock broken by spiral cutting method, indicated that the broken
load has fractal characteristics. Basing on the above researches, the cutting load is taken as a
deterministic signal in this paper, and the fractal and chaos methods are utilized to explain the
broken mechanism of the rock.

2. Fractal Characteristic Factor Model Building

There are a lot of methods for copulating the fractal dimension, each has its advantages
and disadvantages. The root mean square method provided in the literature [14] is used in this
paper, which can representing the complexity of curve better and its physical meaning is more
clear. The fractal dimension is related with the time series, the method as follow:

The time series Z (1) has fractal characteristics and satisfies the Equation (1).

Z(z)-Z(z))=¢|r—z| " (1)

if 7,=0and Z (0) =0, then the variance or the covariance of the time series is:

Var(¢)=E[ 2 () -2 ()] 02 2)
or
O'(T) =Var (r)]/2 =Cr™™ 3)

where C -scale coefficient; 7 -time-domain scale; D, -fractal dimension.

The Equation (3) indicates that the relationship between the covariance and time-
domain scale (r) is power exponent, and the power exponent is correlate with the fractal
dimension. According to the Equation (3), the digitized load curve can be treated as a time
series, and the covariance a(r) is calculated with n time domain 7,(i=12,3,---,n). And the

regression line of Igo —1gz can be calculated according to the Equation (3). The relationship
between the slope (« ) of Igo —Igz and the fractal dimension is:

D, =2-a (4)

But, the Equation (4) is not established only the sampling length less than the relevance
length of the curve, shown as Figure 2.

The fractal dimension D, is the reflection of the complexity and irregularity of the

curve. It is the measuring parameter of similarity; the scale coefficient C is the absolute
measuring parameter of the curve. They couldn't reflect the characteristic of the curve alone.
Therefore, in order to get the characteristic factor for representing the curve, the Equation (3) is
transformed as follow:
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Figure 2. Relationship between scale-free district and relevance length

|ga(r)=|gC+(2—Df)|gz' (5)
If o(¢)=1, then :
lgC +(2-D, )lgs =0 (6)

So, the characteristic factor (£ ) of milling load is:

1

g=c ™™ (7)

3. Inversion of Chaos Motion
The extremely complicated chaos motion could be inversed by a very simple nonlinear
dissipation dynamical system. For one n dimension dynamical system:

dx; ;

It is equivalent with one n order dynamical system:
0O m
X" = (X,X,X,---,X(n_l)j,XER 9)

That is to say, if one time series is got, and the dimension of the phase space is known,
the system dynamics can be reappeared by computing the each order derivatives of the time
series. According to the time delay method, m time series could be constructed from one time
series, and the dynamical system model could be rebuild, too. The process as follows [15~16]:

The original time series is discrete by equal time interval:

Xo = (Wg, Wi, Wy, Wy, W, +) (10)

n
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And m elements are delayed by the time interval r =kt (k is integer). The new m
dimension phase space is constructed by moving a shift-able window along the one dimension
time series according to the time interval 7, = (m —1)1 . The shift-able window can show m data.

The 7 insuring each vector of X is interdependence, but not depend on the m.
The delay window time 7, is depended on the M, and changing with the 7. The
constructed M dimension phase space is shown as follow:

VB, W, WG, VG, 5 Wy
V\é’V\{H’\Aé-%—r’V\éf—r"“’V\(n—lM

(11)
V\fml)r J V\L(H)r’ V\é+(m1)r’ V\!‘ﬂ(ml)r’ T Wwy(ml)r

According to above, the confirmation of the delay time interval 7and the phase
reconstruction dimension M are the main problem for the reconstruction process. if the value of
T is bigger, a lot of details information will be lost, and the data demanded for the original signal
will be increased,; if the value of 7 is smaller, the value of X, and X,, will be not distinguish.

T

X, is a time series of the X", i=1,2,3,---,M, N is the length of the original series. The

selecting principle of the 7 is to reduce the relevance between the series in the Equation (11),
and the information included in the dynamical system couldn't lost. The autocorrelation function
method is better to solve the delay time 7, which basing on the linear relevance between the

series. The autocorrelation function C (r) of the discrete variable X, is:

1V
C(r)= lel (12)

And C(r) is the level of similarity between the two time series (i and i+ 7 ). When the
value of X; is fixed, a higher value of C(z) indicates the level of similarity between X; and

X,,, is bigger. While the smaller value of 7 indicates the level of similarity between X, and

I+7

X,,, is bigger, and the value of C(z') is bigger, too. Otherwise, a higher value of 7 indicates

I+

the difference between X, and X,  is bigger, and the X, and X,  will be uncorrelated
completely in last; At the same time, the value of C(z-) will decrease until zero. From this, the
value of 7 when the C(z’) tends to zero is required. And the reconstitution dimension is

confirmed according to the effect of it on the relevance dimension of the series in X™. When
the value of 7 is fixed, the relevance dimension of the series will not change with the

reconstitution dimension in X™, and the value of reconstitution dimension is the required by this
time.

The reconstitution dimension (m) can be gained from the relevance integral of the time
series, the process as follows:

2 > o(r-d;).r>0 (13)

C(mN,rt)=——
(m r) M(M_l)]sisjsM
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where t=r, dijzuxi—XjH; if x<0, then G(X):O; if x>0, e(x):l; ris the

relevance scale.

Definition of the relevance dimension is:

D (m,t) - lim 29 (M) (14)
r—0 |ogr
and
C(m,r,t)zLiLrO]OC(m,N,r,t) (15)

But, the length of the time series is limited and the relevance scale (r) can't to zero.
Based on this, the relevance dimension is replaced by the slope of a linear range:

. logC(m,N,r,t)

D, =D(m,t) log T

(16)

when the M change and the D, not to change, the gained M is the required

reconstitution dimension. The reason is that when the M less than the required phase space
dimension of the dynamic system, the information included in the time series can't reflect
completely, which lead to the change of the relevance dimension (D.) obviously with the

change of the reconstitution dimension; When the m greater than the required phase space
dimension of the dynamic system, the information included in the time series can be reflected
completely by the reconstituted phase space; and the relevance dimension can't change with
the M at this time, which reveals the boundedness of the phase space.

4. Characteristic of Milling Load

It is a irreversible process that the energy of the milling system acting on the rock
transforms to the rock broken surface energy. So, the load signal of the rock acting on the
milling system is dissipative. In order to research the characteristic of the milling load, the
experiment is done. The experiment condition as follows: the diameter of milling mechanism is
530mm, the helical angle of vane is 20°, the impact angle of cutting tool is 45°, the cutting line
distance is 30mm, the cutting width is 210mm, the rotary speed is 80r/min, the haulage speed is
1.5m/min. The milling load is shown in Figure 3. To research whether there is the fractal
characteristic in milling load, the milling torque is analyzed according to the calculating method
of the load characteristic factor. And the front five points are taken as the scale-free interval,
shown as Figure 4.

It can be seen that, there is scale-free interval in milling load, and the relationship
between the mean-square deviation logarithm and the time domain logarithm is linear in the
given interval. That is to say there is obvious self-similar hierarchy structure, which indicates
there is hierarchy structure in milling broken dynamical system.

In order to research the characteristic of the milling load, the experiment data will be
dispersed by same interval and the phase space will be reconstituted according to the Equation
(11). But, it can't be expressed when the phase space more than three-dimension. So, the
three-dimension phase graph of the broken attractor and the two-dimension phase graph are
given in Figure 5 - Figure 8.
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Figure 3. Experiment load
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Figure 5. Three-dimension phase graph
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Figure 8. Two-dimension phase graph of Y-Z
plane

It can be seen from the figures that the phase track of the broken attractor don't stop on
a point or a limit cycle, which indicates the system isn't a simple damp motion or a periodic
motion. Although the phase track seems to be a limit cycle, but the period of it is infinite and the
track is never close. The phase track is always in a certain area and never repeats, and it
repeats folding and crosses each other. So, it can be seen that there is the characteristic of
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strange attractor from the presentation appeared by the system attractor. But, this is only a
superficial phenomenon. if we want to make clear the characteristics of the milling system, the
Lyapunov exponential spectrum and the max Lyapunov exponent should be researched.

In order to acquire the Lyapunov exponential spectrum and the max Lyapunov
exponent, the reconstitution dimension m is needed to be confirmed. Therefore, the relevance
dimension graph under different reconstitution dimension is acquired, which basing on the
experiment data in Figure 3 and according to the computing principle of the Lyapunov exponent
in the literature [19-20]. The relation curve of log@ logr is given when the m=3 and the

Dc=1.4299, shown as in Figure 9. It can be seen from Figure 9 that the relation between the
logarithm of relevance integral and the logarithm of relevance scale is about linear, which
indicates the system has self-similar structure. And the relationship between the relevance
dimension Dc and the reconstitution dimension m is shown in Figure 10. When the
reconstitution dimension m=6, the changing of the relevance dimension Dc is gently. According
to the analysis about the relationship between the Dc and the m, the signal included in the
system can be reflected completely when the m=6.
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Figure 11. Lyapunov exponential spectrum

Basing on the determining of the system reconstitution dimension (m), the Lyapunov
exponential spectrum and the max Lyapunov exponent are gained, shown as Figure 11, and the
Lpvmax instead of the max Lyapunov exponent in Figure 11. The value (0.6201) of the max
Lyapunov exponent is bigger than zero, which indicates there is chaos character in the milling
torque. According to the above analysis, there is fractal and chaos characteristics in the rock
milled process.
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5. Conclusion
(1) Basing on the fractal theory and utilizing the root mean square method, the characteristic

factor of milling load is built:
1

é’ — C 2-D
According to this equation, the rock with different characteristics can be distinguished.

(2) Basing on the experiment data, the phase space is reconstituted, and the strange attractor
phase graph of milling load is acquired.

(3) Simultaneously, the Lyapunov exponent of milling load is got basing on the system
reconstruction dimension, and the Lyapunov exponential spectrum and the max Lyapunov
exponent are acquired.

(4) The researching results indicate that the milling system has fractal and chaos
characteristics.

Acknowledgements

Financial support for this work, provided by the National Natural Science Foundation of
China (Project No. 51005232), the China Postdoctoral Science Foundation (Project No.
20100481176); the Jiangsu Postdoctoral Foundation (Project No. 1101106c¢), the Fundamental
Research Funds for the Central Universities (Project No. 2012QNA22) and the Priority
Academic Program Development of Jiangsu Higher Education Institutions

References

[11 Jun WU, Jian LU, Jiaquan WANG. Application of Chaos and Fractal Models to Water Quality Time
Series Prediction. Environmental Modelling & Software. 2009; 24: 632-636

[2] Andreas CW Baas. Chaos, Fractals and Self-organization in Coastal Geomorphology: Simulating
Dune Landscapes in Vegetated Environments. Geomorphology. 2002; 48: 309-328.

[38] Attilio Maccari. Chaos Solitons and Fractals in the Nonlinear Dirac Equation. Physics Letters A. 2005;
36: 117-125.

[4] E Ahmed, MH Mousa. On the Application of the Fractal Space-Time Approach to Dissipative Chaos.
Chaos. Solitons & Fractals. 1997; (8): 805-808.

[5] Chen HB, Wang Y, Zhang LY, Yang GY, Ning X, Cheng XM, Guo GZ. Liquid Metal Strain Gage to
Test Cervical Facet Capsule Strain. Telkomnika. 2013; 11(1): 448-457.

[6] Zhen YANG, San-min WANG, Ye-sen FAN. Nonlinear Dynamics Characteristics of Split-torque Gear
Transmission System. Chinese Journal of Mechanical Engineering. 2008; 44: 52-57.

[71 Wei WANG, Gui-xian LI, Yu-ling SONG. Hyper Chaotic Behavior of a Vehicle with Multi-Dimension
and 4-Wheel Excitation Containing Phase Difference. Journal of Vibration and Shock. 2009; 26: 83-
88.

[8] Dan B Marghitu, Bogdan O Ciocirlan, Nicolae Craciunoiu. Nonlinear Dynamics in Orthogonal Turning
Process Chaos. Solitions and Fractals. 2001; 12: 2343-2352.

[91 Shu Karube, Wataru Hoshino, Tatsuo Soutome, et.al. The Non-Linear Phenomena in Vibration
Cutting System the Establishment of Dynamic Model. International Journal of Non-Linear Mechanics.
2002; 37: 541-564.

[10] Primoz Potocnik, Igor Grabec. Nonlinear Model Predictive Control of a Cutting Process.
Neurocomputing. 2002; 43: 107-126.

[11] Xiong DUAN, Li YU, Dazhong CHENG. Chaotic Dynamical Features of Rock Breaking Mechanism
with Self-Controlled Hydro-Pick. Chinese Journal of Rock Mechanics and Engineering. 1993; 12:
222-231.

[12] Yi-min XIA, Ying-yong BU, Bo-wen LUO, Xuan-yun QIN, Yue-hong DENG. Study on Fractal of
Cobalt-rich Crusts Broken by Drum-type Mining Head. Mining and Metallurgical Engineering. 2005;
25: 9-11.

[13] Yi-min XIA, Ying-yong BU, Pu-hua TANG.al. Modeling and Simulation of Crushing Process of Spiral
Mining Head. Journal of the Center South University Technology. 2006; 13: 171-174.

[14] Meng B, Ruan J, Li S. Characteristics of Rotary Electromagnet with Large Tooth-Pitch Angle.
Telkomnika. 2012; 10(6): 1179-1188.

[15] Feng-chun TIAN. Chaos and Fractal. Beijing: National Defense Industry Press. 2008: 52.

[16] Guan-rong CHENG, Xiao-fan WANG. Chaotization of dynamic system. Shanghai: Shanghai Jiaotong
University Press. 2006: 125.

[17] Luca Dieci, Erik S Van Vleck. Computation of a few Lyapunov Exponents for Continuous and
Discrete Dynamical Systems. Applied Numerical Mathematics. 1995; 17: 275-291.

TELKOMNIKA Vol. 12, No. 1, January 2014: 530 — 538



ISSN: 2302-4046 B 533

[18] F Carbonell, JC Jimenez, R Biscay. A Numerical Method for the Computation of the Lyapunov
Exponents of Nonlinear Ordinary Differential Equations. Applied Mathematics and Computation.
2002; 131: 21-37.

[19] Li-jun LUO, Yin-shan LI, Tong LI, Qing-tian DONG. Research and Simulation of Lyapunov
Exponents. Computer Simulation. 2005; 22: 285-288.

[20] Li XP, Guo H, Liu JN, Liu YL. Dynamical Characteristics of the Linear Rolling Guide with Numerical
Simulation and Experiment. Telkomnika. 2013; 11(1): 436-442

Fractal and Chaos Characteristics in Rock Milled Process (Luo Chen-Xu)



