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ANALYTICAL DETERMINATION OF THE REDUCED ROTATIONAL
RESISTANCE COEFFICIENT OF THE CONSTRUCTION MACHINE
SLEWING GEAR

Purpose. Designhing new models of construction machines is closely related to the development of slewing gear,
and that, in turn, has a drive whose power and dimensions depend on the rotational resistance and the reduced fric-
tion coefficient in the units. The absence of analytical dependencies for determining the reduced coefficient of fric-
tion for the rotation of construction machines, first, restricts the designer’s ability to select materials, and secondly,
does not allow the adoption of optimal design solutions. Therefore, the purpose of the article is to find analytical
solutions to determine the rotational resistance in the slewing gear of construction machines, which allows project-
ing more advanced gears and machines in general. Existing techniques are based on empirical dependencies and
experimental coefficients that reduce the accuracy of calculations, increase the size and cost of work. It is proposed
to improve the accuracy and simplify the process of determining the rotational resistance and the magnitude of the
reduced rotational resistance coefficient of the building tower cranes. Methodology. The set objectives can be
achieved by means of analytical dependencies for determination of rolling friction coefficients over linear and point
contacts. This will enable to find the more accurate value of the resistance coefficient, and the constructor during the
calculations to take targeted measures to reduce it, using the mechanical constants of materials of the units and their
geometric parameters. The calculation is based on Hertz contact deformation theory and the body point plane mo-
tion theory. Findings. The obtained dependencies will allow analytically to find the resistance of rolling resistance
of rollers in construction machines with fixed and rotating pillars, with circular rotary devices, as well as in ball and
roller slewing rings. The calculated values of the rotational resistance coefficients for some types of mechanisms
give similar values with those recommended, while for others they significantly differ and require their refinement in
reference values. Originality of the work consists in the use of analytical dependences for determining the reduced
coefficient of the rotational resistance over linear and point contacts using Hertz contact deformation theory and Tabor
partial analytic dependencies theory. Practical value. The obtained dependencies will allow to design new types of
slewing gear units of the construction machines and to reveal the additional rotational resistances.

Keywords: construction machine; resistance; rotation; turn; slewing ring; rail; rolling friction

Introduction b) with a rotating pillar: consists of a pillar
connected to the revolving portion of the construc-
tion tower crane;

c¢) with a circular flat or tapered rail consisting
of a series of conical or cylindrical rollers, which
come in contact with two rails on the revolving and

There are the following types of slewing gears
(SG) of the construction machines:

a) with a fixed pillar consisting of an upper
support with a thrust and radial bearings;
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non-revolving portions of the construction crane;

g) with a slewing ring: consists of ball or roller
single-row or multi-row structures (full-slewing
and part-slewing excavators, motor graders).

One of the main causes of rotational resistance
is rolling resistance [12, 13]. There are many stud-
ies and suggestions for its definition, but all of
them are either inaccurate, like Reynolds's asser-
tion that rolling resistance is the result of sliding
friction at the contact point, or require an experi-
mental determination of one or more coefficients.

The analytic dependence of Tabor [3] on de-
termining the rolling friction coefficient, which is
based on Hertz contact deformation theorem [6], is
quite successful. Tabor obtained the following ana-
Iytical dependences for determining the rolling
friction coefficient, k;

— for a linear contact:

3b
k=—aua, 1
™ 1)
— for a point contact
3b
k=—a, 2
Tha )

where b - half-width of the contact pattern;
o — coefficient of hysteresis losses.
However, the presence in these formulas of the
coefficient o nullifies their practical application.
In [5], there are formulas analogous to (1) and
(2) without coefficient o, namely: k =0.11b and

k =0.1b, that essentially differ from those offered

by Tabor, and the absence of their coefficient of
hysteresis losses testifies to their inaccuracy.

In [4], there are proposed the dependences for
determining the rolling friction coefficient with the
use of Tabor analytical dependences and the exper-
imental values of the rolling friction coefficient for
the wheels of cranes with a flat champignon and
bull-headed rails [1, 2].

Similarly to formulas (1) and (2) they are ob-
tained in the following form:

— for flat champignon rail:

k =0.225be 2R | (3)
— for bull-headed rail:
k =0.16be%?%, (4)

where R — wheel radius, m.

The difference in numerical values from the
half-width of the contact pattern is obviously due
to the rounding of the coefficient k in experiments
to ten millimeters, as well as to the fact that their
values are obtained the same for several wheel di-
ameters (400, 500, 560, 630): k=0.5 mm in the
case of a flat champignon rail and k =0.6 mm for
the bull-headed rail).

It should be noted that formulas (3) and (4) are
obtained independently of (1) and (2), and since
the coefficients before b for such a class of prob-
lems can be considered close by value, we will
assume that the general values of k in these for-
mulas coincide. Having considered that the coeffi-
cients before b in Tabor's formulas are obtained
analytically and are exact, the value of o can be
found by changing the coefficients before R in the
exponents. This equality can be achieved by taking
the following values o in formulas (1) and (2):

-1.13R 0.23R

o=e and a=¢€

(5)

Purpose

Designing new models of construction machines
is closely related to the development of slewing
gear, and that, in turn, has a drive whose power and
dimensions depend on the rotational resistance and
the reduced friction coefficient in the units [14-16].
The absence of analytical dependencies for deter-
mining the reduced coefficient of friction for the
rotation of construction machines, first, restricts the
designer's ability to select materials, and secondly,
does not allow the adoption of optimal design solu-
tions. Therefore, the purpose of the article is to find
analytical solutions to determine the rotational re-
sistance in the slewing gear of construction ma-
chines, which allows projecting more advanced
gears and machines in general. Existing technigques
are based on empirical dependencies and experi-
mental coefficients that reduce the accuracy of cal-
culations, increase the size and cost of work. It is
proposed to improve the accuracy and simplify the
process of determining the rotational resistance and
the magnitude of the reduced rotational resistance
coefficient of the building tower cranes. More pre-
cise definition of the rotational resistance in the
slewing gear of construction machines leads to sav-
ing the machine manufacturing and operation costs
[21], as well as reduction of their harmful impact on
the service staff and the environment [17-20].
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Methodology

Now the formulas of Tabor (1) and (2) can be
written as follows:
— for a linear contact:

k — %e—mm ' (6)
— for a point contact:
3b
k _ Ee().23R ) (7)

With formulas (6) and (7), we can solve the set
problems analytically.

In [7] it is indicated that the value of hysteresis
losses o in Tabor formulas is small. We can use
formula (5) for its determination and (6), (7) for
determination of the resistance.

Findings
1. Wheel rolling resistance. For a linear con-
tact, we can take [c] =800 MPa (steel 65G, crane
operating mode 4M [11]), the elastic modulus

E =2.1.-10° MPa, the Poisson factor is 0.3.
When the value of the pressure restraining
force P [4]

BR[o]’
P = '
0.418E

(8)

the half-width of the contact pattern will be

b=1526 /E | )
BE

a) P Wke

kKN N mm 3
08 /

500 700 0.7 /-i
400 600 0.6 0.9 o
300 400 05 08 [N 5"\ 1
200 400 04 0.7 | A ﬁ 3
100 300 03 0.6%/ o
0200 02 0.5

100 200 300 400 R, mm

where B — wheel width, m; while the rolling fric-
tion coefficient can be determined by the formula

(6).
For the point contact we can take [c]=1040
MPa, the radius of the bull-head rail R, =300 mm.

Similarly to the formulas (8) and (9) we can de-
termine the values for the point contact

R?R?[o]’
P=— PZ[G] _ (10)
0.245°n3E* (R+R,)
RR
b=1.397nb3£- P_ . (11)
E R+R,

where n, — coefficient depending on the tangent
ellipse  equation  coefficient ~A/B=R, /R ;
R, —rail rounding radius.

Depending on the wheel radius of the pressure
restraining force, the coefficient of hysteresis loss-
es, the coefficient of rolling friction and resistance
are shown in Fig. 1.

Since the rolling friction coefficient for the
wheels of the construction cranes corresponds to
their certain radius, it can be assumed that the rela-
tionship between the force of rolling resistance and
the load on the wheel is linear. But the rolling fric-
tion coefficient is determined by the half-width of
the contact pattern, depending on several parame-
ters not linearly, therefore, it is necessary to estab-
lish the dependence of the wheel rolling resistance
on the load.

b B W. k e

KN N mm 4
20 120 12 LI2 ‘e —
100 100 1.0 110 /83
80 80 0.8 1.08 V4

60 60 06 106 _LAr | N
10 40 04 104 A7 el 4
20 20 02 L2 \—‘
00 0 100

100200 300 400 500 R,mm

Fig. 1. Dependence on the wheel radius for linear a) and point contact b)
(points show the reference values of the rolling friction coefficients):
1 —wheel pressure restraining force; 2 — coefficient of hysteresis losses;
3 —rolling friction coefficient; 4 — rolling resistance coefficient
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For this, the load P on the wheels with the
radii R, =500 mm and R, =100 mm can be

divided on two wheels in the ratio P, = % .

a) P, W, k 3
KN N mm _41_
/"é 4
700 0.7 /,/ ]
600 06 |_"1 |~ 2
500 500 0.5 - 3,
400400 04 — bﬁ-\-é i
300300 03 AT 4,
L1 — N\ 4
200200 02 G \_
n
100100 0.1 (M < .
0 0 0 == ’
0.5 06 0.7 08 09 L0 PP

Dependences of the coefficients of rolling
friction, loading and rolling resistance of the
wheel and the total resistance of the wheels are
shown in Fig. 2

B Wk '/
KN N mm // 3 1
08| A4+—T1
) 3"
T = e g
60 120 0.6 ‘E' T
4 1
50100 03] P L ZN A+
w0 dCFF T I\ 4
ya
,
30 60 03 Z\ | 4
04 S L
1020 01 fﬁ — 4,
000

0.506 0.7 08 09 1.0 P,/P

Fig. 2. Dependences of the ratio of the applied forces for linear
(a) and point (b) contacts:
1, 11, 1> — total value of the pressing force
and the force acting on each wheel, 31, 32 — rolling friction coefficients;
4, 41, 4, —total rolling resistance value and rolling resistance of each wheel;
lower position of curves for wheel R =100 mm, upper for wheel R =500 mm

Analytic dependencies (6) and (7) are used to
determine the coefficients rolling friction, so it is
possible to restore one lacuna in the reference liter-
ature. Losses in roller bearings are found by the
coefficient of friction reduced to the shaft (ball
n=0.01...0.015, roller n=0.015..0.02 [2]).

However, this does not take into account, which
race is rotating, inner or outer one.

Assuming that the deviation in the coefficient is
negligible, it should be borne in mind that the
number of locally positioned bearings may be sig-
nificant (conveyors, vehicles), as well as an in-
crease in the efficiency from 0.99 to 0.995 per ten
bearings gives it an increase in more than 5%.

2. Ball bearings. The tasks to be clarified when
calculating resistance:

1) To take into account the difference in the co-
efficients of rolling friction during rolling of the
ball on the inner and outer races, since for calculat-
ing their size we take them equal, and the tangen-

tial force acting on the ball (Fig. 3, a) is defined as

[8]

2) To take into account the rotation of the race,
since the special feature of the roller bearings de-
sign is that the balls (rollers) pass different lines
during one revolution of the inner or outer race.

Under the simplified scheme of the bearing, the
problem is solved as follows. If the outer race ro-
tates at an angular velocity o, (Fig. 3, b), then the
speed of point 1 as the point belonging to the outer
race will equal:

Vo =(1 +21, ), =2mn(r, +21,), (12)

Where o, i, b are the letters of the indices of
sizes and speed of outer, inner races and ball; n —
frequency of rotation of both inner and outer races.
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Fig. 3. Elements of bearings:
a — scheme for determining the tangential force during the rotation of inner race [1],
b — scheme for determining the speed of points of outer race and ball; ¢ — contact pattern

Naturally, that the instantaneous velocity center
of this race is located at point 2 of the ball touch.
Assuming that there is no slip between the outer
race and the ball, thenv, =Vv,.

The length of the ball rolling track on the outer
race l, =2mxr,, and on the inner race I, =2z, and

the length difference will be Al =2x(r, —r;), that

is, on this track there will be ball sliding on the
inner race.

In case of rotation of the inner race with the
fixed outer race the difference Al is evident that
the ball will pass the outer race track that equals
the inner race track.

We find the load on the balls based on their
number [8]:

7=292+0 (13)
D-d
The force acting on the most loaded ball is:
R, = Q . (14)
z

For further calculations, the radius of the ball
(without rounding to the standard one) and of the
rolling bearing track will be equal [8, 9]:

d, ~0.3(D-d); r,~1.03r,.

For the number of balls z>10 the load on the
bearing Q (for example, if z=10) [8]:
Q=P (1+ 2c0s”? y +2c0s”? 2y) . (15)

where 7y is the angle between the balls (here
v =36"). Based on this, the load on the side balls

P, =Pcos’®y, P,=P,cos”®2y. (16)

The values of the half-width of contact patterns
in formulas (9) and (11) are determined from ex-
pressions (17) and (18). When rolling the ball on
the inner ring:

11
no
7+7
hh

mulas (13) — (17) D - outer bearing diameter;
d —inner bearing diameter; r, ~0.5d +r, radius of
the track of the inner race.

At b; for the most loaded ball, it is necessary to
set optionally the value of P, and for the side balls
P, or P, depending on the number of balls.

When rolling the ball on the outer race:

tangency ellipse equation Sz . In for-

(18)

a function;

is determined as

where n

11
A\ K
B

=>—=; ,~0.5d +3r, is the radius of the

1.1
rb r.0

outer race track.
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3. Influence of resistance in bearings on
wheel rolling resistance. Let us consider two roll-
ing bearings of one series, but of essentially differ-
ent sizes.

3.1. Ball bearing of 304 series. Calculation
output data: bearing of 304 series, d =20 mm,
D =52 mm, static load Q =7.94 kN, average di-

ameter D,, =0.5(D+d)=36 mm, d,=9.6 mm,
number of balls z=7 at y1=(360°):7:51.4°,

=148 mm; r, =242.4 mm; r, =4.944 mm.

Half-width contact pattern of the ball, loaded
with force B, =3150 N, with the inner race

b, =0.23 mm for n, =0.38, with the outer race
b,, =0.3 mm for n, =0.42. Correspondingly, the
side balls loaded by force P, =1740:
b, =0.155 mm; b, =0.202 mm. Resistance to

rolling of the most loaded ball: on the inner race
W, =44.45 N, with the rolling friction coefficient

ki, =0.0434 mm, on the outer race W,, =57.77 N
with k, =0.0564 mm; two side balls on the inner
race W, =18.30 N with k;=0.029 mm and
W,; =23.90 N with k,, =0.038 mm.

Let us determine the work of the rolling friction
forces during one rotation of the inner and outer
races.

During rotation of the inner race, Nm:

A =2mr (W, + W, +W,, +W, )=13.4; (19)
During the rotation of the outer race, Nm:
A, =2m 1, (W, +Woy )+ 1, (W + W ) ]+
+2nf (R +2R)(r, —1)=
=14.99+5.83+59.98 =20.82 +59.98 =80.8.

Thus, during the rotation of the inner race, the
rolling friction force work during one rotation
equals A =13.4 Nm, in case of the outer race ro-

tation A, =20.82 Nm (1.55 times higher), and tak-

(20)

ing into account sliding
A gig =20.82+59.98=80.8 Nm, that is, 6 times
higher.

In this case, the value of the conditional coeffi-
cient of friction reduced to the shaft is equal to:
during the rotation of the inner race

My = 4
2mQr,
n=0.010...0.015, and during the rotation of the

=0.018, for the recommended value

4y =0.081.
nQr,

3.2. Ball bearing of 2306 series. Calculation
output data for the bearing of 2306 series:

outer race u, =

d=30 mm, D=72 mm, static load

Q=20.6 kN, roller diameter

d, =025(D-d)=105 mm, roller length

| =d,, d =105 mm, number of rollers
5(D+d) ) ) _

z=——-=12 at y, =360":12=230°, bearing
(D-d)

track radius on the inner race

r.=0.5d +0.5d, =20.25 mm, track radius on the
outer race r, =0.5d +1.5d, =30.75 mm.

The force acting on the most loaded and side
rollers is determined from formulas (15) and (16).

It was proved in [9] that if a load is applied to
a group of bodies according to the cosine law, then
to determine the resistance to their rolling, all loads
can be applied to one body, that is, the rolling re-
sistance of all five rollers on the inner race for the
linear contact is determined from the expression:

b =152 [ fifr 1)
BE & +r,
and on the outer race:
b, =1522 |2 fif 22)
BE -,

According to formula (6), the rolling friction
coefficient will be respectively k; =0.0636 mm,

k, =0.0876 mm. The rolling resistance of rollers:
on the outer race W, =343.7 H, N, and on the in-
ner race W, =249.6 N.

Work of rolling and sliding friction forces on
the inner and outer races, Nm:

A =2mr; (W, +W, ) =75.4,
A =2m(rW, + W, ) +

+2rQf (1, —1,)=98.1+135.8 = 233.9, (23)
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for the friction sliding coefficient of rollers on the
inner race f =0.1.

The motion resistance coefficient is: during the

rotation of the inner race o :%=0.012, during

the rotation of the outer race o, :\% =0.017, for

the recommended value [9] for the wheel with up
to 700 mm diameter »=0.02.

4. Ball-bearing slewing gear (SG). The formu-
la for determining the greatest pressure on the ball,
given in [11], contains two unknowns: the average
diameter of the rolling circle and the number of
balls.

If the first unknown can be set on the basis of
constructive considerations, then the number of
balls can be set after finding their diameters. In
addition, this formula is acceptable only if the re-
action from the moment does not go beyond the
support contour.

We propose finding the moment of the friction
forces in the following sequence.

4.1. The slewing ring is broken, for example,

into 10 sectors with a central angle y, =36" and

for constructive reasons the average radius of the
ball centers is taken R,,.

4.2. We apply the load to one conditional ball
in the sector, similar to the ball bearing (15), we
find the maximum vertical pressure on it from the
moment, Nm:

M

NOM = N . (24)
2R,, (1+2siny, cosy, +2sin 2y, cos 2y, )

Under the known value of vertical pressure V ,
the pressure on the balloon will be:

Ny, =(NOM +V ﬁji Nm,  (25)

271 ) cosp

where B is the angle between the reaction of the

ball and the vertical line (usually g =45") (Fig. 4).
Maximum pressures on conditional side balls,
Nm:
N = No COSY4,

(26)
Naq = Nog COS 23

4.3. Maximum pressure on the opposite (left)
conditional ball:
ji Nm.

cosf @7)

Ny = (_NOM +v
2n

The pressure on the left conditional side balls is
found in the same way as for the right ones.

4.4. After the value R,,, we roughly take the
diameters of the ball d, =0.4R,, .

4.5. We find the number of balls in one sector
with geometric conditions: n= &

d, +5
4.6. Maximum pressure on one ball of the right

Ort

N
sector POlzT and the ball radius, based on

Hertz contact pressure for the track radius
r,=12r mm:
2
rb=0.1nr,/P°E Nm, (28)
(¢}

where n, is the value depending on the ratio of
1 1

A _ r'b I'.tr .
B 17
Ty
o — boundary contact stresses depending on the
steel grade, contact type and Brinell-hardness; for
r,=12r, mm, n =086 (n,=196; n, =0.59

[4]).

4.7. We find the final diameter of the ball,
while proceeding from conditions 4.4 and 4.6 and
determine the number of balls.

4.8. Based on the equations (25), (26), (27) and
the number of balls, we determine the pressure on
one ball per sector, the rolling resistance by the
formula (7) of one of the balls of 10 sectors.

We find the rolling resistance of z balls and to-
tal pressure as the sum of values obtained by the
formulas (25) and (27).

We find the rotational resistance coefficient as
the ratio of the total rotational resistance to the to-
tal pressure.

Calculations are carried out according to the
following data: the greatest moment acting on the
slewing ring M =427 kNm, the largest vertical
reaction V =178 kN, the average diameter of the

tangible ellipse equation factors
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ball centers D,, =1500 mm ( R,, =750 mm).

In this case, the vertical pressure from the mo-
ment, taking into account the side balls (24) will be
No, =112 kN, and pressure on the right and left

conditional balls (25) and (27) N, =183.6 kN,
Ny =[133.2] kN. Having taken the ball diameter

d, =0.4R,, =30 mm and the maximum pressure
on one ball, we will have:

N

21t

No 1836
n

= =14.12 kN,

where n is determined from geometric conditions
_ Ry
d, +5

n ~13. Let us check the taken ball radius

Fig. 4. Design diagram of the ball-bearing SG

by the theory of contact stresses provided that
r, =1.2r:

P,E?

Gs

r, =0. Nm, (29)

where 1, =15 mm for [c]=3000 MPa (surface

hardened steel 45 [2]).
For n; =0.59 taking into account the number

of balls in the sector and pressure on the condition-
al central and side balls (26), we find the half-
width of the contact pattern:

b-1307n g 2.l fo
E 2r,-n,

The rolling friction coefficient is determined by
the formula (7), and the rolling resistance subject
2kP

o

The distribution of pressure per ball on the ring
length and the rolling resistance of each ball in the
form of graphs are shown in Fig. 5 [5, 12-13].

When adding all the pressures on the balls and
their resistance to rolling and disision of
W =17.42 kKN by P=1025.3 KN, we obtained the

(30)

to two rolling surfaces, i.e. W =

value of the reduced rotational resistance of the
crane ®»=0.017, that significantly exceeds the

recommended value ®=0.01.
The reasons for this discrepancy may be: a) ir-

relevance of the value adopted here[s] to the valid

one; b) understated value A/ during the experiment.

It can be emphasized that in the examples of
SG calculations, given in [11, 12], the coefficient
o is taken in relation to these quantities, and in
[13]®=0.04.

Let us find the value of the rotational resistance
coefficient, which falls on sliding during rolling
along the ring. Usually it is taken into account only
when moving along a cylinder ring. However, in
the case of ball contact with both the plane and the
bearing track, the contact pattern is not a point, but
the ellipse with the axes 2aand 2b,the length of
which is determined from the Hertz contact defor-
mation formulas.

The average pressure per ball during its rotation
by 360° is P, =8.6 kN. Herewith, the minor axis of
the ellipse is a=2.2 mm.

Concentrating the pressure at 4 points, we find
that the pressure at the points v and n (see Fig-
ure 3) is P, =8.6 kN. In this case, the vertical axis
of the ellipse [4]:
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a=1397n 3 2. v oo mm (31
E 2r, -1,

The distance from these points toR,, is3a/16,
i.e. 0.41 mm.

The difference in the distance travelled by one
rotation of the ring is 4rna=5.15 mm. For
2P, =4.3 kN, f =0.15 (steel on steel, no lubrica-
tion), the work of sliding friction forces will be
A, =2R fl=3.32 Nm. Expressing the work of
normal forces 2P, through the reduced coefficient,
we can obtain A = 2P, - 2nR,,, wherefrom and is

av !
W, N
0 200 400

s § c—

P=10.2 kN

®, = iif =0.00008 (32)

av
about 0.01 of the recommended value of the re-
duced rotational resistance coefficient of the build-
ing cranes. However, it should be borne in mind
that the denominator of the formula defining o, ,

includes the average radius of the ball centres R,,.

The distribution of pressure per ball on the ring
length and the rolling resistance of each ball in the
form of graphs are shown in Fig. 5

P, kN
g 1 2

W=180.8N

Fig. 5. Distribution of pressures per one ball and resistance to its rolling along the ring

5. Roller slewing gear. For the calculation ex-
ample, we considered the slewing gear of the con-
struction tower crane with a fixed pillar and fixed
rollers (Fig. 6).

Calculation output data: construction tower
crane; average diameter of the thrust ball bearing
d, =97.5 mm; diameter of the bearing ring

D=2R=1500 mm; horizontal reaction

H =%=21.4 t, where M =87 t-m — the result-

ing moment of the rotary part in the vertical plane;
h =4 m —the distance between the line of applica-
tion of reactions H and the journal; vertical reac-
tionV =18 t.

Fig. 6. Design diagram of the slewing gear of a construction tower crane
with fixed rollers on roller bearings, thrust bearing and top slide journal

5.1. Calculation of support rollers. Load on

the roller, located on the line of force H
H
Py=————=88.65 kN, the force acting on
1+2cosy

each of the two side rollers is the same and is equal

P
to P, =—2-=125.39 kN.

CoSYy
For the roller width B=0.25D, mm and
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[6] =750 MPa (steel 75, mode of operation 5M),

its radius is determined from the Hertz contact
forces formula:

2
R _ 0.418°RE , |[0.418°RE .
re 2 = 2

Ro Ro

0.4182R,

E
056° (33)

itis 130 mm.
Half-width of the contact pattern

b=1322 | . RR
BE R-R

and it is 1.75 mm.
Rolling coefficient of the side roller (6)
k, =0.32 mm, and that located on the horizontal

axis k, =0.23 mm.
Rolling resistance of three rollers:

W =W, +2W, =154+617 = 771 N.

(34)

Due to the high pressure on the rollers and the
impossibility of selecting the appropriate roller
bearing, it is possible to apply in the construction
tower cranes the bearings with friction sliding co-
efficientu=0.1 and with the journal diameter

d; =0.25D, =65 mm.
Friction resistance in roller journals:

0.5d;

— J —
Wy =u (2R +Ry) =16.97 kN.

(35)
r

For the top journal diameter d, =150 mm the
sliding resistance in it

W, = Huzu%z 21.4 kN. (36)

5.2. Resistance in thrust bearing. According
to the value of static load on the bearing V =180
kN we take the bearing of 8216 series with d =80
mm, D=115 mm, ball diameter d, =14 mm,
number of balls z=20, track radius
r, =0.54 mm.

When loading one ball P=V /20=9 kN, the
half-width of the contact pattern (11) b=0.447 mm
(n;=0.49, n, =2.7).

The rolling friction coefficient according to
formula (7) is k =0.084 mm.

The rolling resistance of 20 balls

W, =W, -20=108-20=2160 N. The ball sliding
resistance coefficient in accordance with (32) for
f =0.1 (thick lubrication) . =0.01 and for its

rolling resistance value is W, =0,50V =900 N,

which is about half of the rolling resistance and
requires consideration when calculating the units
with thrust bearings.

The total moment of frictional forces during the
turning of a construction crane with a fixed tower
consists of the resistances:

rolling of support rollers 771 N (20% of the to-
tal);

— inthe roller journals 17 N (0.4% of the total);

— in the top journal 21 N (0.5% of the total);

— in the support roller from the rolling of balls
2 160 N (56% of the total) and their sliding 900 N
(23% of the total) for a total rotational resistance
value of 3870 N.

6. Rotational resistance of SG rollers with
stationary and fixed rollers. In some construction
cranes, the support rollers are stationary (Fig. 7, a)
or movable (Fig. 7, b). Load per a roller
P= H :

2cosa

It is obviously that for cylindrical rollers, the
values of the maximum contact stresses will be
different, and the diameters of the rollers and their
rolling support on the slewing ring will have dif-
ferent values as well.

For calculations we take the same radius, as in
the previous example, D=2R=1500 mm, the

horizontal reaction is equal to H =25 kN, the
boundary contact stress is [c]=750 MPa, the
roller width B=0.25D, =0.5R, .

The radius of the roller for the diagram
a (Fig. 7) can be found from formula (33), by re-
placing P, with H/coso.. According to the taken

values R, =60 mm, the journal radius is taken to
be equal to r; =15 mm for cases a and b (Fig. 7).

The radius of the roller for the diagram
b (Fig. 7) can be found by the same formula (33) in
the case of change of the sign under the radical to
the inverse, and it will be equal to R, =50 mm.

Half-width of the contact patterns is found by
the formula (34) with the change of the sign to the
inverse, according to the diagram b before R, (see

Figure 7).
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Half-width of the contact patterns (Fig. 7):

— according to the diagram a ¢ =0.11 mm, ac-
cording to the diagram b — ¢=0.12 mm;

— rolling resistances of the two rollers are re-
spectively W =17.8 Nand W =23.4 N.

The resistance in the journals of the two rollers
according to the first and second diagrams f =0.1

is W; = ZL f =5.77 kN, that is more than two
coso

orders higher than the rolling resistance of rollers.
Originality and practical value. The paper

proposes to use analytical dependences to deter-
mine the reduced rotational resistance coefficient
for linear and point contacts using Hertz contact
deformations theory and Tabor partial analytic de-
pendencies. The obtained dependencies will allow
to design new types of slewing gear assemblies of
the construction machines and to find additional
rotational supports, which depend on the overall
dimensions, shape and type of material from which
the components of the assembly are made and do
not contain any empirical data.

Fig. 7. Design diagram of the slewing gear of cranes:
a — with stationary rollers; b — with moving rollers

a
) g H
i
!
L
Conclusions

The analysis of the dependencies and graphs
obtained makes it possible to draw the following
conclusions and suggestions:

— rolling friction coefficient and rolling re-
sistance of the crane type wheels practically linear-
ly depends on the wheel radius, and the coefficient
of hysteresis losses linearly decreases from 0.9 to
0.6 per linear contact and linearly increases from
1.01 to 1.06 per point contact;

— the friction coefficient value of rolling bear-
ings, reduced to the shaft, depends on whether in-
ner or outer race rotates;

— during the outer race rotation on a different
path, passed by a ball or a roller on the tracks of
the outer and inner races, the friction coefficient
reduced to the shaft, which falls on pure rolling, is

1.3...1.5 times higher than its value during the in-
ner race rotation, and taking into account the slid-
ing of balls or rollers on the inner race, it is 4...6
times higher than its size in ball bearings and 3 ... 4
times higher — in roller bearings;

— due to the high value of friction in case of
outer race rotation, during the design of rolling
assemblies, it is necessary to avoid such solutions,
and, if it is impossible, to take into account this
fact both for the determination of resistance and for
the lubrication of the assembly;

— the given value of the resistance of the con-
struction crane with the ball-bearing sewing gear is
obtained analytically, is 70% higher than the one
recommended by supplier;

— in case of construction cranes with a turning
tower, the greatest resistance to rotation falls on
support rollers (about 80%).

LIST OF REFERENCE LINKS

1.  Bonpmapenko, JI. M. ledhopmariiitai onmopu B mammHax / JI. M. borgapenko, M. I1. [los6ns, B. C. JloBeiikin. —

JuinpornierpoBerk : Auinpo-VAL, 2002. — 200 c.

2.  bonpapenko, JI. M. YTouHeHHs po3paxyHKOBOI CXeMH HaBaHTaXXEHHs rpymu Til kouenns / JI. M. Bonnapen-
ko, C. B. Pakura, M. I". BpuisoBa // ITigiiomuo-TpancnoptHa TexHika. — 2005. — Ne 1. — C. 47-52.

3. BuusHHE CONPOTHMBJICHUH KAaYeHUIO HA JWHAMHUKY MEXaHM3MOB IOJIbeMa TPAHCHOPTHPYIOMIUX MAIluH /
B. M. Boromas, JI. H. boanapenko, O. B. boromas, M. I'. BpsuteBa // Hayka Ta nporpec tpancnopry. — 2018.
—Ne 2 (74). — C. 124-132. doi: 10.15802/stp2018/130441

Creative Commons Attribution 4.0 International
doi: 10.15802/stp2019/159499

112

© L. M. BondarenkO, O. P. Posmityukha, K. T. Hlavatskyi, 2019


http://creativecommons.org/licenses/by/4.0/

ISSN 2307-3489 (Print), ISSN 23076666 (Online)

Hayxka Ta nporpec TpancrnopTy. BicHuk/IHIIPOIETpOBCEKOTO
HAL[IOHAJILHOTO YHIBEPCUTETY 3alli3HHYHOr0 TpaHcnopty, 2019, Ne 1 (79)

MAIINMHOBYAYBAHHS

4. I'pyzomnonbEéMHbIE MAIIUHEI : yueOHUK Uit By30oB / M. I1. Anekcanapos, JI. H. Kono6os, M. A. Jlo6oB [u ap.].
— Mocksa : MammHOcTpoerue, 1986. — 400 c.

5. JlxoHcoH, K. Mexannka koHTakTHOTO B3anMozeiictus / K. J[xoHcoH. — Mocksa : Mup, 1989. — 510 c.

6. UMsanmoB, M. H. [eramm mamuH. KypcoBoe mpoektupoBanne / M. H. MBanos, B. H. lBanoB. — Mocksa :
Beicmr. mkoma, 1975. — 551 c.

7.  Kosanscekwii, b. C. Borpocs! nepenBmxenns MocToBbix kpaHoB / b. C. KoBanbcekwuii ; BocTounoykp. Hail.
yH-T. — JIyranck : [0. n.], 2000. — 63 c.

8.  KoxeBnukos, C. H. Teopus mexanusmoB u mammH / C. H. KoxxeBHnkoB. — Mocksa : MammHocTpoenue,
1969. — 584 c.

9. Ilucapenxo, I'. C. CnpaBounuk mno conporusieHuto marepuanoB / I'. C. Ilucapenko, A. II. SkoBnes,
B. B. MatBees. — Kues : Hayk. nymka, 1988. — 736 c.

10. Pacyers! rpy3onoabEMHBIX U TpaHncnoptupyromux Mamut / @. K. MBanuenko, B. C. bonnapes, H. T. Konec-
HUK, B. f1. BapabanoB. — Kues : Brima mkona, 1975. — 520 c.

11. CuopaBounuk no kparam : B 2 1. / M. I1. Anekcaunpos, M. M. I'ox6epr, A. A. Kosus [u ap.] ; mox obm. pex.
M. M. T'ox6epra. — Jleanurpan : Mammaoctpoenne, 1988. — T. 2. — 559 c.

12. TexHONOriYHI MpPOLECH MiJi Yac BiJHOBJICHHS OMOPHO-00EPTAIBLHOTO MPUCTPOIO OYAIBENbHUX KpaHiB /
A. M. Xpamios, B. M. Boromas, 1. M. Illeka, 1. €. Kpamap // [IpoGriemu Ta nepcOeKTHBU PO3BUTKY 3aTi3HAY-
HOTO TPAHCIIOPTY : Te3u Aom. /7 Mixuap. HayK.-mpakT. koH(. (Juinpo, 11-12 tpas. 2017 p.) / duinpomnerp.
Hall. YH-T 3aJ1i3H. TpaHCIL. iM. akan. B. Jlazapsina. — [Tuinpo, 2017. — C. 315-316.

13. Akhavian, R. Remote Monitoring of Dynamic Construction Processes Using Automated Equipment Tracking /
R. Akhavian, A. Behzadan // Construction Research Congress (May 21-23, 2012). — West Lafayette, Indiana,
United States, 2012. — P. 1360-1369. doi: 10.1061/9780784412329.137

14. Criteria for the selection of sustainable onsite construction equipment / M. Waris, M. Shahir Liew,
M. F. Khamidi, A. Idrus // International Journal of Sustainable Built Environment. — 2014. — Vol. 3. —Iss. 1. —
P. 96-110. doi: 10.1016/j.ijsbe.2014.06.002

15. Eldredge, K. R. The mechanism of roiling friction. I. The plastic range. 1l. The elastic range / K. R. Eldredge,
D. Tabor // Wear. — 1958. — Vol. 1. —Iss. 5. — P. 452. doi: 10.1016/0043-1648(58)90178-9

16. Holt, G. Analysis of interrelationships among excavator productivity modifying factors / G. Holt, D. Edwards
/I International Journal of Productivity and Performance Management. — 2015. — Vol. 64. — Iss. 6. — P. 853—
869. doi: 10.1108/1JPPM-02-2014-0026

17. Pries, F. Innovation in the construction industry: the dominant role of the environment / F. Pries, F. Janszen //
Construction Management and Economics. — 1995. - Vol. 13. - 1Iss. 1. — P. 43-51.
doi : 10.1080/01446199500000006

18. Slemenmeyer, H. Bearings for large capacity crane applications / H. Slemenmeyer, S. Aaronson // SAE Tech-
nical Paper Series. — 1983. doi: 10.4271/831373

19. Su, X. Improving Construction Equipment Operation Safety from a Human-centered Perspective / X. Su,
J. Pan, M. Grinter // Procedia Engineering. - 2015. - Vol. 118. - P. 290-295.
doi: 10.1016/j.proeng.2015.08.429

20. Takahashi, H. Measurement of the rolling element load distribution in turntable bearings / H. Takahashi,
H. Omary // SAE Technical Paper Series. — 1985. doi: 10.4271/850762

21. Yip, H. Predicting the maintenance cost of construction equipment: Comparison between general regression
neural network and Box-Jenkins time series models / H. Yip, H. Fan, Y. Chiang // Automation in Construc-
tion. — 2014. — Vol. 38. — P. 30-38. doi: 10.1016/j.autcon.2013.10.024

JI. M. BOHIJAPEHKO?, O. II. IOCMITIOXA?", K. I1. [JTABALIbKUII®.

Kad. «I[Ipukianna MexaHika Ta MaTepialo3HABCTBOY, JIHINPOBCHKUI HAIlIOHATLHUYN YHIBEPCUTET 3ali3HUYHOTO TPAHCIIOPTY
iMeHi akagemika B. JlazapsHa, Byn. Jlazapsina, 2, [lninpo, Ykpaina, 49010, ten. +38(056)3731518,

ein. mourra bondarenko-l1-m2015@yandex.ua, ORCID 0000-0002-2212-3058

?Kag. «IIpuknagHa MexaHika Ta MaTepialo3HaBCTBOY, JIHIMPOBCHKMI HALIOHAILHUN YHIBEPCUTET 3ali3HUYHOTO TPAHCIIOPTY
iMeHi akanemika B. JlazapsiHa, Byn. Jlazapsna, 2, [{xinpo, Ykpaina, 49010, ter. +38 (066) 150 95 00,

en. momrra AleksandrP@3g.ua, ORCID 0000-0002-9701-3873

3Kag. «[IpukiaaHa MexaHika Ta MaTepiaJo3HaBCTBOY», JHIMPOBCHKHIT HAlliOHANbHUI YHIBEPCUTET 3aJli3HMYHOTO TPAHCTIOPTY
imeHi akaznemika B. Jlazapsina, Byn. Jlazapsna, 2, [{ninpo, Ykpaina, 49010, ten. +38 (095) 816 99 90,

en. nourra kazimir.glavatskij@gmail.com, ORCID 0000-0003-0921-9845

Creative Commons Attribution 4.0 International
doi: 10.15802/stp2019/159499 © L. M. BondarenkO, O. P. Posmitjukha, K. T. Hlavatskyi, 2019

113


http://creativecommons.org/licenses/by/4.0/
https://doi/
mailto:bondarenko-l-m2015@yandex.ua
mailto:AleksandrP@3g.ua

ISSN 2307-3489 (Print), ISSN 23076666 (Online)

Hayxka Ta nporpec TpancrnopTy. BicHuk/IHIIPOIETpOBCEKOTO
HAL[IOHAJILHOTO YHIBEPCUTETY 3alli3HHYHOr0 TpaHcnopty, 2019, Ne 1 (79)

MAIINMHOBYAYBAHHS

AHAJIITUYHE BUBHAYEHHSA TIPUBEJEHOI'O KOE®IIIEHTA
OITIOPY OBEPTAHHIO MEXAHI3MIB ITOBOPOTY BYAIBEJIbHUX
MAIINH

Merta. [IpoekTyBaHHSI HOBHX 3pa3KiB Oy/JiBeJIbHUX MAIIHH TiCHO MOB’s13aHE 3 PO3POOKOI0 MEXaHI3MIB IOBOPOTY,
a Ti, B CBOIO Yepry, MarOTh MPUBiJ, HOTYXHICTh Ta TabapuTH SKOTO 3aJIe)KaTh BiJl ONOPY MOBOPOTY Ta MPHUBEAECHOTO
KoedillieHTa TepTa y By3Jax. BiACYTHICTh aHATITUYHUX 3aJICKHOCTEH JUIsi BU3HAYCHHS MPUBEICHOTO KoedillieHTa
TepTs 00epTaHHIO OyAiBENPHHX MAIIWH, MO-Meplle, 0OMEXye MOXKIMBOCTI KOHCTPYKTOpa y BHOOpI Marepialnis,
a mo-Apyre, He Ja€ MOKIJIMBOCTI IPUHMAaTH ONITUMAaNIbHI KOHCTPYKTUBHI pimeHHs. ToMy MeTa cTaTTi — 3HATH aHa-
JTHYHI pilICHHS A7 BU3HAYEHHS OIOpPiB OOEPTaHHIO B MEXaHi3MaX IOBOPOTY OyIiBENHIX MAIIWH, IO JO3BOJIIE
MIPOEKTYBATH JOCKOHATIII MEXaHi3MU W MalllMHU Y [IoMYy. [CHYyI0O4i METOIUKY CIIMPAIOTHCS HAa EMITipHIHI 3aIeXk-
HOCTI Ta €KCIIEPHMEHTANbHI KOe]iieHTH, 0 3MEHIIYIOTh TOYHICTh MiIPaxyHKiB, 301IBIIYIOTH Ta0apuTH Ta Bap-
TicTh po0iT. [IpOMOHYETHCS MiABUIINUTH TOYHICTH Ta CIIPOCTHUTH IPOILIEC BU3HAYCHHS OIMOPY MOBOPOTY i BEITHUNHY
MIpUBEICHOTO KoedimieHTa omopy obepTaHHIO OymiBenbHHX OamToBHX KpaHiB. Meroauka. [locartu mocraBieHOL
METH MOKHa 32 JIOTIOMOT0I0 aHANITHYHHX 3aJIeKHOCTEH JUIsl BU3HAYCHHS KOe(ili€HTiB TepTs KOUSHHs 3a JIiHIIHOTO
1 TOYKOBOTO KOHTaKTiB. Lle 7103BONINTH TOYHIIIEC 3HANTU BEIMYUHY KOC]illi€eHTa OMOPY, a KOHCTPYKTOPY IMija yac
PO3paxyHKIB BKUTH I[JICCIIPAMOBAHUX 3aXOJIiB OO0 HOro 3MCHIICHHS, BUKOPUCTOBYIOUM MEXaHIYHI KOHCTAHTH
MarepiaiiB By3JiB KOUEHHs 1 iX reoMeTpuyHI napameTpu. Po3paxyHOK IpYHTY€EThCSI Ha Teopii KOHTaKTHUX Jedop-
Martiit ['epifa i Teopii miockoro pyxy To4ok Tina. Pesyabrarn. OTprMaHi 3a1eXKHOCTI JO3BOJISITh aHATITHYHO 3HAK-
TH OTIip KOYSHHS POJHKIB y OyAiBeIbHUX MAIIMHAX i3 HEPYXOMOIO i 00EpTOBOIO KOJIOHAMH, 13 KPYTOBUMH IIOBOPO-
THHMH HIPHUCTPOSIMH, & TAKOXK Y KYJIbKOBUX 1 POJIMKOBHX OIOPHO-NOBOPOTHHX Kpyrax. 3’sicoBaHi 3HaueHHs Koediwi-
€HTIB OIMOPY OOEPTAHHIO JUIA JEAKHUX IX THIIIB MEXaHI3MiB JalOTh ONM3bKiI 3HAUCHHS 3 PEKOMCHIOBAHWMH, a UL
JIESIKUX — ICTOTHO BiAPI3HAIOTHCS 1 BUMAraroTh X yTOUHEHHS Y IOBiAKOBUX BenmunHax. HaykoBa HOBH3HA poOoTH
MOJIATAE Y BUKOPUCTAHHI aHATITHYHHX 3aJISKHOCTEH U BU3HAUCHHS IPUBEICHOT0 KoedillieHTa ormopy 00epTaHHIO
3a JHIHOTO i TOYKOBOT'O KOHTAKTIB i3 BUKOPHCTAaHHIM TeOpii KOHTaKTHHX Aedopmariiit ['epra ta 9acTKOBO aHai-
TUYHUX 3aiexxHocTeit Tabopa. [lpakTnyna 3HAYNMicTh. OTpUMaHIi 3aJ€KHOCTI T03BOJISAThH TPOSKTYBATH HOBI THIIN
BY3JIiB 00€pTaHHsI MEXaHI3MIB MOBOPOTY OyiBEIbHUX MAIMH 1 BUSBJIATH JOAATKOBI OMOPH 00EPTaHHIO.

Knrouosi cnosa: OyniBenbHa MallliHAa; OMip; 00epTaHHs; TOBOPOT; TIOBOPOTHUI KPYT; peiika; TepTs KOYSHHs
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AHAJIMTUYECKOE OINPEAEJIEHUE ITPUBEJIEHHOI'O
KO®OUIIMEHTA COINTPOTUBJIEHUA BPAIIEHUIO MEXAHU3MOB
HOBOPOTA CTPOUTEJIBHBIX MALIWH

Heab. [IpoekTupoBaHUe HOBBIX 00pPa3lOB CTPOUTEIHHBIX MAIMH TECHO CBSI3aHO C Pa3pabOTKON MEXaHHU3MOB
MMOBOPOTA, a T€, B CBOIO OYEPE/Ib, HMEIOT MPUBOJI, MOIITHOCTh W rabapUThl KOTOPOTO 3aBUCAT OT COMPOTHBICHHUS I10-
BOPOTA U MPUBEACHHOTO KOA(PDUIHEHT TPeHUA B y31ax. OTCYTCTBHE aHAIUTHYCCKUX 3aBHCUMOCTEH JUIsL OIpeiene-
HUS PUBEACHHOTO KOA((QUIMICHTa TPEHUs BPALICHAIO CTPOUTEIBHBIX MAIIMH, BO-TIEPBBIX, OTPAHUINBAET BO3MOXK-
HOCTH KOHCTPYKTOpPa B BBIOOpPE MAaTEpHANIOB, a BO-BTOPHIX, HE JAaeT BO3MOXKHOCTH IPUHUMATH ONTHMATbHBIC KOH-
CTpYKTHUBHBIE peuieHus. [1oaToMy 1elib CTaThl — HAWTH aHAIUTUYECKUE PELIeHUs IJsl ONPEIeNIeHUs] CONPOTUBIIE-
HUW BpalIeHWI0 B MEXaHW3MaxX IMOBOPOTA CTPOUTENBHBIX MAIIUH, KOTOPBIE TO3BOJSAT MPOSKTHUPOBATH Oolee
COBEPIIIEHHBIE MEXaHNU3MbI M MAIIMHEI B 11eJIoM. CyIIECTBYIOINE METOJAUKH OTMUPAIOTCS Ha SMITUPUIECKHUE 3aBUCH-
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MOCTH U 3KCIIEPUMEHTaJbHbIe KO3()(UINEHTHI, YMEHBIIAIONINE TOYHOCTh MOJICYETOB, YBEIMYHBAIOIINE Ta0apUTHI
U CTOUMOCTH paboT. IIpennaraeTcsa MOBBICUTH TOUHOCTh U YIIPOCTHUTH MPOILECC OMPEAETICHUS CONIPOTUBIICHUS TIOBO-
pOTa M BENUYMHY MPHUBEAECHHOTO KO3((HUIMEHTA CONPOTUBIICHHUS BPALICHUIO CTPOMUTEIBHBIX OAllIEHHBIX KPAaHOB.
Metoaunka. JocTudb MOCTABICHHOM IIETM MOXKHO C IOMOIIBI0 aHAIUTHUYECKUX 3aBHUCHMOCTEH I ONpeAereHus
K03(h(UIMEHTOB TPEHUS KaYECHUs MPU JMHEHHOM M TOYEYHOM KOHTAKTaX. JTO ITO3BOJMT TOYHEE HAWTH BEINHUMHY
K03(h(UIMEHTAa CONPOTHBICHUS, a KOHCTPYKTOPY MpH pacdeTax NPHHATH IEICHANPABICHHbIE MEPBI 10 €ro
YMEHBIICHHUIO, UCTIONb3ys MEXaHNUECKHE KOHCTAHThI MATEPUAIOB Y3JI0B KaUEHUS U MX T€OMETPHUUCCKHE Iapamer-
psl. Pacder ocHOBBIBaeTCSl Ha TEOPUH KOHTAKTHBIX Aedopmanuii ['epiia 1 TeOpHU IIIOCKOTO IBIKEHUS TOUEK TEla.
Pesyabrarsl. IlomydeHHBIE 3aBHCHMOCTH TO3BOJIAT AHAJMTHYECKH HAWTH CONPOTHBICHHE KAuCHHIO POJIMKOB
B CTPOUTENBHBIX MaIMHAX C HEMNOJBMKHOM U Bpalarolieicss KOJOHHAMH, C KpPYTOBBIMM IIOBOPOTHBIMU
YCTPOWCTBAaMHU, a TAKKE B MIAPUKOBBIX U POJIMKOBBIX OIOPHO-IIOBOPOTHHIX Kpyrax. HalineHHble 3HaYeHUS KOIpHu-
LHEHTOB COIPOTHUBIICHUS BPAIIECHHIO JUII HEKOTOPBIX THUIIOB MEXaHH3MOB JAIOT ONM3KUE 3HAYECHUS] C PEKOMEH0-
BaHHBIMH, a JJI1 HEKOTOPHIX — CYIECTBEHHO OTIMYAIOTCS U TPeOYIOT UX YTOUHEHMS B CIPABOYHBIX BEIMYHHAX.
Hayuynasi HOBM3Ha DPa0OTHI 3aKJIIOYACTCSl B HCIIOJIb30BAHMM AHAIMTHYECKUX 3aBHCUMOCTEH I OIpeeeHUs
NPUBEICHHOTO  KOX(@HIMEHTa CONPOTHBICHUS BpALICHUIO JUI JIMHEHHOTO ¥ TOYEYHOTO KOHTAKTOB
C HUCIIOIB30BaHUEM TEOPHM KOHTAKTHBIX Aedopmanuii ['epma m gacTudHO aHanMTHYECKHX 3aBucuMocTteil Tabopa.
IIpakTHyeckasi 3HaYMMOCThb. [loTydeHHbIE 3aBHCUMOCTH TIO3BOJIST IPOSKTUPOBATH HOBBIC THITHI y3JI0B BPAICHUS
MEXaHHM3MOB IIOBOPOTA CTPOUTENBHBIX MAIIMH Y BBIABIATH TOMOJTHUTEIBHBIC OTIOPHI BPAIICHHIO.

Kniouegvie cnosa: ctponTenbHAs MallWHA; CONPOTHUBICHHE; BPAIICHHS; MOBOPOT; IIOBOPOTHBIH KPYT; PEIbC;
TpEeHHE KaueHHs
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