
Engineering technological systems

51

 A. Sasov, A. Korobochka, V. Averyanov, Iu. Korzhavin, 2017

STuDY OF eNeRGY 
eFFICIeNCY OF THe 

PROCeSSeS 
OF MeCHANICAL 

DeSTRuCTION OF WORN 
AuTOMOBILe TIReS

A .   S a s o v
PhD,	Associate	Professor*

E-mail:	sasov@ukr.net
A .   K o r o b o c h k a

Doctor	of	Technical	Sciences,	Professor*
E-mail:	ekorobochra@ukr.net

V .   A v e r y a n o v
PhD,	Associate	Professor*

E-mail:	averynov@ukr.net
I u .   K o r z h a v i n

PhD,	Associate	Professor*
E-mail:	korzhavin_ua@ukr.net

*Department	of	Automobile	and	Automotive	industry
Dniprovsk	State	Technical	University

Dniprobudivska	str.,	2,	Kamianske,	Ukraine,	51918

Проведені дослідження процесу обробки 
різанням зношених пневматичних шин ріжу
чим інструментом зі сплавів марок Р6М5 
і Т15К6. Отримана математична модель 
формування сил різання при розрізання пнев
матичних шин навпіл. Визначено ефектив
ні режимні параметри: частота обертан
ня шпинделя верстата і подача ріжучого 
інструменту, геометричні параметри і твер
дість матеріалу ріжучого інструменту, які 
забезпечують мінімальні енерговитрати
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Проведены исследования процесса обра
ботки резанием изношенных пневматиче
ских шин режущим инструментом из сплавов 
марок Р6М5 і Т15К6. Полученная матема
тическая модель формирования сил реза
ния при резки пневматических шин пополам. 
Определены эффективные режимные пара
метры: частота вращения шпинделя станка 
и подача режущего инструмента, геометри
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1. introduction

The storage and disposal of scrap automobile tires is to-
day’s acute problem in all developed countries. According to 
statistical data, the European countries account for three bil-
lion worn-out automobile tires (it is about two million tons). 
Only 23 % of tires out of this quantity are subsequently 
used (export to other countries, burning in order to generate 
energy, mechanical shredding to cover roads, sports facilities, 
etc.). The other 77 % of the worn tires are not used because 
there is no any profitable way of their recycling.

According to data from the State Automobile Transport 
Research and Design Institute of Ukraine, an annual growth 
of worn automobile tires in Ukraine varies in a range of 
250–300 thousand tons, out of which about 72 % are the tires 
with metallic cord [1]. Up to now, rather that appropriately 
dispose of automobile tires, the used material is dumped or 
burned. As various estimates indicate, only up to 10 % of the 
used tires are destroyed in accordance with environmental 
rules [2].

In the process of disposal, the tires are divided in groups, 
cleaned, cut into pieces, crushed (depending on the method), 
rubber crumbs are separated from metallic cord and textile. 

Mechanical shredding by cutting automobile tires with 
different stiffness of rubber is linked to certain known dif-

ficulties [3] predetermined by elastic properties of rubber, 
as well as by multiple layers of different materials: rubber, 
textile and metallic cord.

In the process of shredding by cutting, materials of a tire 
undergo various static and dynamic deformations: stretching, 
compression, bending, etc. The wrong choice of the geometry 
of cutting tools and cutting modes results in the increased 
wear of the cutting tool, and sometimes its failure, while  
energy consumption of technological equipment grows.  
Given this, it is a relevant task for the further improvement 
of technological processes of disposal of worn tires to choose 
and substantiate a totality of optimal geometric parameters 
and the material of a cutting tool, optimal operational para-
meters of the cutting process.

2. literature review and problem statement

The process of disposal of worn pneumatic tires includes 
a stage of preliminary shredding, which consists of two ope-
rations: cutting tires in half along the treadmill and cutting 
out bead rings [4].

In the process of cutting, the cutting tool is exposed to 
certain efforts, that is, the cutting forces that occur when 
cutting a layer of rubber, cord, and the frame. The force of 
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resistance is the result of influence of various forces that 
act on the cutting tool. The resultant force P of all pressure 
forces of the treated material on the cutting tool can be geo-
metrically decomposed into three mutually perpendicular 
components: Pz, Py, Px. When shredding the pneumatic tires 
by cutting them in half, these are forces Pz and Py. Vertical 
force Pz (from the side of the cutting tool) prevents rotation 
of the tire and bends it; radial force Py tries to bend the tire 
transversely. Almost all the power required for cutting is 
spent to overcome force Pz. This is explained by the fact that 
force Pz coincides with the cutting speed by direction, which 
is hundreds of times larger than the speed of cutter feed. 
Power is not consumed for force Py at cutting because there 
is no motion in this direction. That is why, for approximate 
practical estimations, the cutting effort at cutting is con-
sidered to be force Pz [5–7].

The force of cutting is important, because when multi-
plying it by the radius of the machined part we obtain torque. 
It shows how much the machine is loaded under given ope-
rational conditions, and whether this loading is safe for its 
weakest links. Multiplying cutting force by cutting speed de-
termines the power required for cutting expressed in kW. By 
matching this power to the actual capacity of the machine, it 
is possible to tell how rationally the machine is utilized [5, 6].

The basic parameters of cutting process include: cutting 
depth and speed, feed, width and thickness of the layer of cut 
material, and rated area of it cross-section. The larger feed 
and cutting depth, the larger the forces acting on the cutter, 
as well as the cutting temperature. This affects intensive wear 
of the cutter and slows cutting speed of the cutting tool at the 
same resistance [6–10]. An increase in feed and cutting depth 
leads to the larger cross-sectional area of the layer of rubber 
and bigger volume of the deformed material. This results in 
the greater resistance of the material and the process of cut-
ting proceeds with larger cutting forces. Larger feed increases 
the amount of deformations, but the width of the cut remains 
unchanged, that is, the forces of normal pressure and friction 
do not change. Therefore, the feed exerts less influence on the 
cutting forces than the depth of cutting [6–8].

The cutting speed during treatment of pneumatic tires is 
one of the main factors that determines performance efficien-
cy of the cutting process. An increase in the cutting speed 
leads to the improvement of treatment performance, but the 
tools are worn out more intensively, as well as the associated  
costs. The speed of cutting is affected by the following 
factors: resistance of the cutting tool, physical-mechanical 
properties of the treated material, material of cutting part of 
the tool, feed and depth of cutting, geometric elements of the 
cutting part [5–9].

Significant impact on the speed of cutting is exerted by 
the geometric parameters of cutting part of the tool. An in-
crease in the front angle γ reduces deformations of the treated 
material, cutting forces and, consequently, decreases wear of 
the cutter. If the front angle of the cutter is increased, then it 
worsens heat removal due to a decrease in the cross-sectional 
area of cutting part of the tool, which is why it is required to 
reduce the speed of cutting. Given this, there is a relevant 
problem on choosing geometrical parameters of the cutting 
tool and effective operational parameters of the treatment 
process [7, 8].

The right choice of the totality of optimal geometrical 
parameters and material of the cutting tool, optimal opera-
tional parameters of machining process by cutting should 
make the process of cutting maximally energy-efficient, and 

the cutting tool – maximally durable. This affects the over-
all efficiency and cost-effectiveness of the preliminary tire 
shredding by cutting [7–11].

A big problem is the complexity of mathematical mo-
delling of the tire cutting process, because there are a large 
number of interrelated parameters of the cutting tools and 
the process of cutting, as well as various properties of a tire. 
A hollow shape of the tire, high mechanical durability, elastic 
properties of the material, the presence of a metallic cord and 
textile fibers, chemical composition of rubber, predetermine 
difficulties and instability of the process of cutting [11–13]. 
This explains a small number of publications [11–20] that 
address this issue, as well as the unambiguity of conclusions, 
which necessitates further research in this direction.

3. the aim and objectives of the study

The aim of present work is to determine operational pa-
rameters, material and geometry of the cutting tool to ensure 
minimum energy consumption by the technological equip-
ment for preliminary shredding of worn tires.

To achieve the set aim, the following tasks have been 
solved:

– to obtain a mathematical model for the formation of 
cutting forces when cutting worn pneumatic tires in half; 

– to determine correction factors that would take into 
consideration the strength of material for various types of 
tires in order to ensure adequacy of the mathematical model.

4. materials and methods for studying energy efficiency 
of the process of cutting worn tires in half

At the first stage of work, using the COMPASS-3D V16 
DSS, we created a diagram of arrangement of the reduced 
cutting forces along coordinate axes (Fig. 1) in the process 
of cutting an automobile tire in half. In this case, the longitu-
dinal feed is missing in the process of cutting, which is why 
it is possible to assume that all of the forces act in the same 
plane. We selected six input factors – angles of the cutting 
tools: g, ε, α; hardness of the cutting tools HRA; operational 
parameters of cutting process: n, Sp, and two output factors: 
cutting forces Pz and Py.

At the second stage, the values of these factors were 
encoded by the linear transformation of coordinates of the 
factor space with a transfer of the coordinate origin to a zero 
point and with a selection of scales along the axes in the units 
of intervals of factor variation:

x
c c

ci
i i=
− 0

Δ
,  (1)

where xi is the encoded value of the factor (a dimensionless 
magnitude); ci –ci0 is the natural value of the factor (the cur-
rent and at zero level, accordingly); Δc is the natural value of 
the variation interval [10].

Upon encoding, we obtain the values of factors, level 
+1 (upper level) and –1 (lower level). 

The magnitude of shoulder α of the «star» points was 
determined from formula:

α
j

=
⋅ −n k2

2
,





Eastern-European Journal of Enterprise Technologies ISSN 1729-3774 6/1 ( 90 ) 2017

54

b
x x y

x x
ij

iu ju uu

n

iu juu

n=
( )

=

=

∑
∑

1

1

;  b
x y

x
ij

iu uu

n

iuu

n
=

′( )
′( )





=

=

∑
∑

2

1

2 2

1

,  (4)

where i, j are the numbers of columns in the planning matrix; 
xiu are the elements of the i-th column; xju are the elements 
of the j-th column; yu is the value of response at the u-th 
point of the plan; yu  is the mean arithmetic value of the 
response at the u-th point of the plan; ′( )xiu

2
 is the quadratic 

variable [10].
The testing of significance of the regression equation 

coefficients was performed using the Student t-criterion [21].
At the seventh stage, we constructed regression equa-

tions at orthogonal central compositional planning of the 
second order taking into consideration significance of the 
regression equation coefficients and conditions of factor en-
coding, for each of the forces – Pz and Py , in the form:
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Effective cutting power is determined from formula [22]:

N
P v

e
z=
⋅
⋅1020 60

,  (7)

where v is the speed of cutting, which is determined from 
formula:

v
D n

=
⋅ ⋅π

1000
,  (8)

where D is the outer diameter of the cut tire; n is the rotation 
frequency of the machine spindle. 

We shall further consider that in order to solve a problem 
on the optimization of energy consumption in the process of 
cutting tires, force Pz has the priority. 

At the eighth stage, we carried out optimization of the 
operational parameters of the cutting process, specifically, 
rotation frequency of the machine spindle – n, in the range 
of 160–1.600 rpm at feed Sp in the range of 0.06–0.6 mm/rev  
and at constant values of hardness (HRA 64) and angles 
(g = 10°, ε = 45°, α = 10°). To do this, using equation (5), we 
built a table of the optimization of spindle rotation frequency 
at different feed and constant values of hardness and geomet-
rical parameters of the cutting tool (Table 1).

At the ninth stage, we optimized geometrical parameters 
of the cutting tool at five values of hardness: HRA 38, 64, 77, 
90, 144. For this purpose, we built a table of the optimization 
of front angle g for different values of hardness, constant opera-
tional parameters (n, Sp) and angles ε = 45°, α = 10° (Table 2).

Table	1

Optimization	of	spindle	rotation	frequency	n	at	different	feed	Sp	and	constant	values	of	hardness	(HRA	64)	and	geometrical	
parameters	of	the	cutting	tool	(g = 10°,	ε = 45°,	α = 10°)	(abridged)

Spindle rotation 
frequency, n, rpm

Feed, Sp, 
mm/rev

Hardness of material of the 
cutting tool, HRA

Front angle of the cutting 
tool, g, degrees

Angle at top, 
ε, degrees

Rear angle, 
α, degrees

Cutting force 
Pz , N

160 0.06 64 10 45 10 146

250 0.06 64 10 45 10 116

630 0.06 64 10 45 10 84

1.000 0.06 64 10 45 10 80

1.600 0.06 64 10 45 10 92

Table	2

Optimization	of	front	angle	g	for	different	values	of	hardness,	constant	operational	parameters		
(n = 1000	rpm,	Sp = 0.25	mm/rev)	and	angles	ε = 45°,	α = 10°	(abridged)

Spindle rotation 
frequency, n, rpm

Feed, Sp, 
mm/rev

Hardness of material of the 
cutting tool, HRA

Front angle of the cutting 
tool, g, degrees

Angle at top, 
ε, degrees

Rear angle, 
α, degrees

Cutting force 
Pz , N

1.000 0.25 38 6 45 10 89

1.000 0.25 38 10 45 10 85

1.000 0.25 38 20 45 10 85

1.000 0.25 38 30 45 10 92

1.000 0.25 38 48 45 10 99

… … … … … … …

1.000 0.25 144 48 45 10 58
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At the third stage, we built a table for the optimiza-
tion of angle at the top ε at different values of hardness, 
constant operational parameters (n, Sp) and angles g = 20°,  
α = 10° (Table 3).

We shall construct a table of the optimization of rear 
angle α at different values of hardness, constant operational 
parameters (n, Sp) and angles g = 20°, ε = 60° (Table 4).

5. results of studying energy efficiency of the process  
of cutting worn tires in half during disposal

As a result of the performed work, we derived a quadratic 
mathematical model of the formation of cutting forces in pro-
cess of cutting a worn tire, which consists of two regression 
equations (5) and (6), respectively, for forces Pz and Pу.

The mathematical model con-
structed expresses a cutting forces 
dependence on the totality of geo-
metrical parameters and hardness of 
a material of the cutting tool, as well 
as operational parameters of cutting, 
respectively. By using a mathemati-
cal model, it is possible to determine 
a set of optimal geometrical parame-
ters and material of the cutting tool 
and operational parameters, which 
will ensure minimization of the cut-
ting forces, and, therefore, of energy 
consumption required for the pro-
cess of cutting in general.

The resulting mathematical mo-
del was next employed to optimize 
operational parameters of the process 
of cutting worn tires in half and to se-
lect the optimal geometrical parame-
ters and material of the cutting tool. 

For this purpose, we investiga ted 
function Pz for the extremum at vari-
able n at fixed values α = 10, g = 10, 
ε = 45, HRA=64 for different values 
of Sp. The functions obtained in line 
with model (5), and the determined 
points of minimum of spindle rota-
tion frequency n, as well as the mag-
nitudes of force Pz at these points, 
are given in Table 5.

Fig. 4 shows charts of functions 
Pz(n) investigated for the extremum 
at spindle rotation frequency n.

We determined minimum point 
nmin = 969.3 rpm at feed of the cut-
ting tool at 0.25 mm/rev. According 
to Table 5, we note that the mini-
mum point corresponds to the fre-
quency of 1.000 rpm.

Using mathematical model (5), 
we determined a function of depen-
dence of Pz on angle at the top ε of 
the cutting tool at different values 
of hardness HRA and fixed magnitu-
des α = 10, g = 20, Sp = 0.25 mm/rev,  
n = 1.000 rpm and investigated it for 
the extremum. The functions, ob-
tained for certain values of hardness 
HRA, and their points of minimum, 
as well as magnitudes of force Pz at 
these points, are given in Table 6.

Minimum point εmin = 53.254° at 
HRA = 77. Therefore, this minimum 
point corresponds to ε = 53°. Fig. 5 
shows charts of functions Pz(ε) in-
vestigated for the extremum by ε.

Table	3

Optimization	of	angle	at	the	top	ε	at	different	values	of	hardness,	constant	
operational	parameters	(n = 1.000	rpm,	Sp = 0.25	mm/rev)	and	angles	g = 20°,	

α = 10°	(abridged)

Spindle’s rota-
tion frequen-

cy, n, rpm

Feed, Sp, 
mm/rev

Hardness of 
material of the 
cutting tool, 

HRA

Front angle 
of the cut-
ting tool, g , 

degrees

Angle at 
top, ε, 

degrees

Rear 
angle, α, 
degrees

Cutting 
force Pz, N

1.000 0.25 38 20 27 10 120

1.000 0.25 38 20 45 10 85

1.000 0.25 38 20 60 10 70

1.000 0.25 38 20 75 10 111

1.000 0.25 38 20 120 10 162

1.000 0.25 64 20 27 10 95

… … … … … … …

1.000 0.25 77 20 27 10 73

… … … … … … …

1.000 0.25 90 20 27 10 74

… … … … … … …

1.000 0.25 144 20 27 10 86

… … … … … … …

1.000 0.25 144 20 120 10 122

Table	4

Optimization	of	rear	angle	α	at	different	values	of	hardness,	constant		
operational	parameters	(n = 1.000	rpm,	Sp = 0.25	mm/rev)	and	angles	g = 20°,	

ε = 60°	(abridged)

Spindle rota-
tion frequen-

cy, n, rpm

Feed, Sp, 
mm/rev

Hardness of 
material of the 
cutting tool, 

HRA

Front angle 
of the cut-
ting tool, g , 

degrees

Angle at 
top, ε, 

degrees

Rear 
angle, α, 
degrees

Cutting 
force Pz , N

1.000 0.25 38 20 60 6 67

1.000 0.25 38 20 60 10 70

1.000 0.25 38 20 60 15 72

1.000 0.25 38 20 60 20 69

1.000 0.25 38 20 60 34 65

1.000 0.25 64 20 60 6 41

… … … … … … …

1.000 0.25 77 20 60 6 17

… … … … … … …

1.000 0.25 144 20 60 34 26
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Table	5

Results	of	investigating	function	Pz(п)	for	the	extremum		
at	fixed	values	of	HRA,	g,	ε,	α	and	certain	values	of	Sp

Sp Function Pz(n)

Point  
of mini-

mum 
nmin

Minimal 
value 

Pz (nmin)

0.06 Pz(п) = 0.0001n2–0.175103n+202.882 875.515 126.229

0.1 Pz(п) = 0.0001n2–0.179052n+202.072 895.26 119.923

0.25 Pz(п) = 0.0001n2–0.19386n+211.26 969.3 117.306

0.4 Pz(п) = 0.0001n2–0.208668n+256.749 1043 147.893

0.6 Pz(п) = 0.0001n2–0.228412n+370.755 1142 240.325

0 300 600 900 1200 1500
100
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220

280

340

400

Pz1 n( )

Pz2 n( )

Pz3 n( )

Pz4 n( )

Pz5 n( )

n

Fig.	4.	Charts	of	functions	Pz(n)	investigated		
for	the	extremum	at	spindle	rotation	frequency	n

Table	6

Results	of	investigating	function	Pz(ε)	for	the	extremum		
at	fixed	values	of	n,	Sp,	g,	a	and	certain	values	of	hardness	HRA

HRA Function Pz(ε)
Minimum 

point 
уεmin

Minimal 
value 

Pz(εmin)

38 Pz(ε) = 012431ε2–12.901ε+577.308 51.89 242.589

64 Pz(ε) = 012431ε2–13.127ε+491.086 52.799 144.537

77 Pz(ε) = 012431ε2–13.24ε+484.215 53.254 131.674

90 Pz(ε) = 012431ε2–13.353ε+501.505 53.708 142.92

144 Pz(ε) = 012431ε2–13.822ε+831.938 55.595 447.722

0 10 20 30 40 50 60 70 80
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500
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750
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1000

Pz1 ε( )

Pz2 ε( )

Pz3 ε( )

Pz4 ε( )

Pz5 ε( )

ε
Fig.	5.	Charts	of	functions	Pz(ε)	investigated		

for	the	extremum	by	ε

We determined a function of force Pz depending on an-
gle α for different values of hardness HRA and at fixed values 
n = 1.000 rpm, Sp = 0.25 mm/rev and angles g = 20°, ε = 60°, and 
investigated it for the extremum. This function has a point of 
maximum. The functions obtained at certain values of HRA, 
their points of extremum, as well as maximal values of Pz at 
the points of extremum are given in Table 7.

Table	7

Results	of	investigating	function	Pz(α)	for	the	extremum	at	
fixed	values	of	n,	Sp,	g,	ε	and	certain	values	of	hardness	HRA

HRA Function Pz(α)
Maxi mum 

point  
αmax

Maximal 
value 

Pz(αmax)

38 Pz(α) = –0.0984α2+13.664α+205.176 51.89 679.528

64 Pz(α) = –0.0984α2+13.481α+88.351 68.501 550.082

77 Pz(α) = –0.0984α2+13.389α+66.178 68.034 679.336

90 Pz(α) = –0.0984α2+13.297α+68.106 67.566 679.186

144 Pz(α) = –0.0984α2+13.915α+335.039 65.625 678.103

Fig. 6 shows charts of functions Pz(α) investigated for the 
extremum by α.
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Fig.	6.	Charts	of	functions	Pz(α)	investigated		
for	the	extremum	by	α

In order to achieve maximal energy efficiency of cutting 
worn pneumatic tires, it is required to carry out this process 
at the following operational parameters: spindle rotation 
frequency n = 1.000 rpm, cutting tool feed Sp = 0.25 mm/rev.  
The cutting tool should be made of the material with hard-
ness HRA = 77, with the following geometrical parameters: 
front angle g = 20°, angle at the top ε = 53°, rear angle α = 68°. 
It should be noted, however, that all these parameters will 
be optimal only when cutting tires made of the material 
and with the structure similar to the tires Bridgestone  
7.1/11.0-5. In order to find optimal treatment parameters 
of other types of tires it is necessary to determine, and in-
troduce to the regression equations, correction coefficients, 
which take into consideration strength of material for va-
rious types of tires.

First of all, to perform calculations in order to determine 
correction factors that take into consideration strength of the 
material for various types of tires, it is necessary to define the 
criterion that will determine a change in the cutting forces 
for the magnitude proportional to the examined coefficient.  
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A tensile strength limit – σcTire, MPa, was chosen as this 
criterion.

To determine tensile strength limit of the material that 
the examined tires are made of, we used the tensile testing 
machine UPM RIIZhT. Samples the size of 30 ́  120 mm with 
thickness 7 mm were used for breaking. Research results are 
given in Table 8.

Table	8	

Results	of	research	on	determining	strength	of	the	material	
of	different	tires

Tire name
Tire thickness 
(without pro-
tector), mm

Tensile 
strength limit – 

σcTire, MPa

Bridgestone 7.1/11.0-5  
(Kart Tires)

7 4.6

Vega 7.1/11.0-5 (Kart Tires) 7 4

Hankook Ventus Prime  
2 K115 195/55R15 (summer)

10 22

Hankook Ventus Prime  
2 K115 195/55R15 (winter)

10 27

Michelin X MultiWay 3D XDE  
315/70R22.5 (all-season)

16 115

Michelin XDW ice grip green 
315/70R22.5 (winter)

16 121

Correction factor will be denoted Kσ; tensile strength 
limit of the tires Bridgestone 7.1/11.0-5, which were utilized 
in experiments for obtaining data for 
a mathematical model, – σcModel .

We shall express correction factors 
through the values of the tires’ tensile 
strength limit.

The formula for determining a cor-
rection factor for different tires will take 
the form:

K cTire

cModel
σ

σ
σ

= ,  (9)

where σcTire is the material’s tensile 
strength limit of the tire whose factor is 
being determined. 

Fot the tires Bridgestone 7.1/11.0-5, 
Kσ is, respectively, equal to 1. 

To confirm validity of influence of 
the correction factors, we performed ad-
ditional experimental studies in order 
to determine cutting forces. We selec-
ted the following tires as experimental 
samp les: Hankook Ventus Prime 2 K115 
195/55R15 (summer) and Michelin XDW  
ice grip green 315/70R22.5 (winter). Re-
sults of research on determining forces 
when cutting tires, tensile strength li-
mits and correction factors are given in  
Table 9.

Table	9

Results	of	research	on	determining	forces	when	cutting	tires,	
tensile	strength	limits	and	correction	factors

Tire name

Tensile 
strength 

limit – σcTire, 
MPa 

Cutting 
force – 
Pz, N

Correction 
factor Kσ  

of regression 
equation

Bridgestone 7.1/11.0-5 
(Kart Tires)

4.6 14 1.000

Vega 7.1/11.0-5  
(Kart Tires)

4 12 0.869

Hankook Ventus Prime 
2 K115 195/55R15 
(summer)

22 69 4.783

Hankook Ventus Prime 
2 K115 195/55R15 
(winter)

27 82 5.869

Michelin X MultiWay 
3D XDE 315/70R22.5 
(all-season)

115 350 25.000

Michelin XDW ice grip 
green 315/70R22.5 
(winter)

121 365 26.300

Using the Microsoft Excel 2013 software, we constru-
ted a chart of dependences of cutting forces on the tensile 
strength limit of different tires (Fig. 7), which is described by 
the following equation:

y x= +3 0264 0 4068. . .  (10)

Fig.	7.	Chart	of	dependences	of	cutting	force	on	tensile	strength	limit		
of	materials	of	different	tires
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Substituting x in equation (10) with the tire material’s 
tensile strength limit σcTire, we obtained equation of depen-
dences of cutting forces on tensile strength limit of materials 
of different tires:

y cTire= ⋅ +3 0264 0 4068. . .σ  (11)

Regression equation (5), taking into consideration the 
equation of dependences of the cutting force on tensile 
strength limit of materials of different tires (11), takes the 
following form:
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 (12)

To confirm the adequacy of equation (12), we estimated 
homogeneity of variances of the estimated and experimental 
values of forces when cutting tires using a statistical Fischer 
criterion. The analysis was conducted at two points of the plan: 
Kσ = 4.783 (Hankook Ventus Prime 2 K115 195/55R15 –  
summer), and Kσ = 26.300 (Michelin XDW ice grip green 
315/70R22.5 – winter); we estimated six values of forces at 
each point (three experimental, three examined), alterna-
ting through one value. Results of calculations are given in 
Table 10.

Table 10 demonstrates that F at significance α = 5 % is 
lower than the tabular permissible values Ftable, respectively: 
F < Ftable; 0.350 < 0.507, indicating the uniformity of variance 
estimates and the adequacy of equation (12).

Table	10

Estimation	of	homogeneity	of	variances	of	the	estimated	
and	experimental	values	of	forces	when	cutting	tires	using	

a	statistical	Fischer	criterion	

No. of ex-
periment

gu yu, N yu , N Syu

2 F
Ftable at 

significance 
α = 5 % [20]

1

1 69 68.7

3.22

1.349 4.280

2 66 68.7

3 69 68.7

4 71 68.7

5 69 68.7

6 68 68.7

2

1 365 365.7

2.39

2 368 365.7

3 365 365.7

4 364 365.7

5 365 365.7

6 367 365.7

6. Discussion of results of studying energy efficiency  
of the process of cutting worn tires in half when  

disposing of them

The result of the conducted study is the proposed tech-
nique for overcoming the difficulties described in [5], which 
occur in the technological process of the disposal of worn 
tires. With this purpose, we obtained a quadratic mathe-
matical model that determines cutting forces in process of 
shredding worn automobile tires and which consists of two 
regression equations for calculating forces Pz and Pу.

It enables substantiated optimization of operational pa-
rameters for the process of cutting worn automobile pneu-
matic tires, specifically, geometrical parameters of the cutting 
tool. It also makes it possible to choose optimal material of 
the cutting tool, which ensures minimal energy costs and 
determine correction factors for regression equations for dif-
ferent types of tires. Specifically, the minimization of cutting 
forces can be provided, and, consequently, and reduction 
of energy consumption by technological equipment in the 
process of shredding worn pneumatic tires. The minimum 
values of forces Pz are in the range of magnitudes of spindle 
rotation frequency 900–1,100 rpm at feed of the cutting tool 
0.25 mm/rev.

In order to ensure maximal energy efficiency of the pro-
cess of cutting worn pneumatic tires, it is necessary to apply 
the cutting tool made of the material of hardness HRA = 77 
with geometrical parameters: g = 20°, ε = 53°, α = 68°, spindle 
rotation frequency n = 1.000 rpm, feed of the cutting tool 
Sp = 0.25 mm/rev.

Front angle γ of the cutting tool does not significantly af-
fect the formation of cutting force Pz but ensures its minimal 
value at g = 20°. 

There is a shortcoming in the present work: results of the 
study match most accurately the tires with a rim diameter 
from 11 to 22.5 inches. To obtain operational parameters of 
the process of cutting the tires of larger diameter in half, 
including very large ones, it is necessary to conduct further 
studies.
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The applied aspect of employing the obtained scientific 
result is the improvement of a standard technological pro-
cess to dispose of worn pneumatic tires, which is described 
in paper [4]. 

The obtained results allow us to continue theoretical and 
experimental studies of the process of preliminary shredding 
of worn tires, specifically, cutting out of bead rings.

7. conclusions

1. We obtained a quadratic mathematical model for de-
termining cutting forces in the process of cutting the worn 
automobile tires Bridgestone 7.1/11.0-5 in half, which consists 
of two regression equations for determining forces Pz and Pу.

2. Correction factors were derived and introduced to the 
regression equation for determining forces Pz and Pу, which 
take into consideration strength of the material that the tire 
is made of, in order to define effective parameters for the 

process of cutting tires of the types that differ from the tires 
Bridgestone 7.1/11.0-5.

3. We determined effective operational parameters of the 
process of cutting worn tires in half, which ensure minimal 
energy costs: spindle rotation frequency n = 1.000 rpm, feed 
of the cutting tool Sp = 0.25 mm/rev.

4. Effective hardness of the cutting tool’s material is 
determined (HRA = 77), which is used for cutting worn tires 
in half and ensures minimal energy costs.

5. Effective geometrical parameters of the cutting tool are 
determined: front angle g = 20°, angle at the top ε = 53°, rear 
angle α = 68°, which ensure minimal energy consumption of 
the cutting process.

6. In order to ensure maximal energy efficiency of the 
process of cutting worn pneumatic tires, it is necessary to 
apply the cutting tool made of the material of hardness 
HRA = 77 with geometrical parameters: g = 20°, ε = 53°, α = 68°, 
spindle rotation frequency n = 1.000 rpm, feed of the cutting 
tool Sp = 0.25 mm/rev.
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Досліджено та змодельовано процес видавлю
вання різі з накладанням ультразвукових коли
вань. На основі реологічної моделі деформування 
ідеального пружнопластичного тіла розробле
ні залежності для розрахунку контактних тис
ків та питомої сили тертя. Змодельовані кон
тактні явища, що проходять в зоні деформації. 
Визначені оптимальні параметри видавлювання 
різі. Аналітично визначено діаметр отвору під 
видавлювання різі з накладанням ультразвуко
вих коливань

Ключові слова: ультразвукове видавлюван
ня різі, частота коливань, амплітуда коливань, 
контактний тиск

Исследован и смоделирован процесс выдавли
вания резьбы с наложением ультразвуковых коле
баний. На основе реологической модели деформи
рования идеального упругопластического тела 
выведены зависимости для расчета контактных 
давлений и удельной силы трения. Смоделированы 
контактные явления, которые проходят в зоне 
деформации. Определены оптимальные парамет
ры выдавливания резьбы. Аналитически опреде
лен диаметр отверстия под выдавливание резьбы 
с наложением ультразвуковых колебаний

Ключевые слова: ультразвуковое выдавлива
ния резьбы, частота колебаний, амплитуда коле
баний, контактное давление
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1. introduction

Threaded joints are the most common kind of detachable 
connections in mechanical engineering. An analysis of the 

existing methods for obtaining internal threads [1, 2] reveals 
that one of the promising methods of the formation of threa-
ded surfaces is the method of plastic shape-formation (extru-
sion) of threads by spiral fluted taps. This method possesses  


