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Abstract. When calculating the stress-strain state of a cylindrical drum of 
a mine hoisting machine loaded with a metal rope, the stiffness parameters 
of the elastic lining and frontal surface are taken into account. It is defined 
that, depending on the values of the radial and bending stiffness of the 
frontal surface, two zones can be distinguished. If the parameters of the 
frontal surface fall into the first of them, the stresses in the shell slightly 
differ from the stresses in the hinged supported shell. The second zone is 
characterized by a sharp (up to 70%) increase in stresses. An algorithm has 
been developed for selecting rational parameters of a lined drum, which 
allows to reduce the stresses in the metal shell by up to 20%. 

1 Introduction 
When mining, an important role is played by improving the competitiveness of mining 
engineering products. One of the ways to solve this problem is the development of methods 
for calculating the parameters of mining based on the use of computer and mathematical 
modeling methods. So in work [1], the structural and kinematic scheme of the diesel 
locomotive transmission is justified, and in work [2] a new conceptual approach is 
proposed for choosing the parameters of the transmission of wheeled vehicles.  

Mine hoisting installations are the main mode of transport connecting the underground 
workings of the mine with the day surface, the main part of which is the mine hoisting 
machine (MHM). Modern MHM are the most powerful of all stationary equipment at the 
mine. The main type of MHM is a hoisting machine with cylindrical drums. The largest 
modern domestic drum MHM can provide useful payloads of up to 35 tons from a depth of 
up to 1000 m with a lifting speed of up to 20 m/s. The executive body of the MHM is a 
cylindrical drum – the most important element of the hoisting machine, taking high static 
loads. 

The development of scientific methods to substantiate the design parameters of mine 
hoisting installations is the subject of scientific works, the analysis of which is given in 
work [3]. The researchers set the following tasks: to determine the influence of the 
geometric and stiffness characteristics of the reinforced drum structure [4], brake devices 
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[5] on its stress-strain state, to develop the method for calculating design loads [6], to create 
engineering methods for determining the parameters of rational structures of working 
bodies of mine hoisting machines , to increase the cable capacity of a single-drum mine 
hoisting installation [7], to substantiate the parameters of equipment for dewatering ropes of 
mine hoisting installations [8], to improve the method of calculating power factors in the 
turns of the multilayer winding of rubber cable [9], to determine the effect of rubber cable 
parameters on the torsional stiffness of the winding body [10]. 

The authors of work [11] have proposed the use of non-metallic elastic lining of drums 
of mine hoisting machines from phenol-kapron material, as a means of changing the depth 
of lifting and increasing the service life of ropes. 

The calculation of the lined drum when loading with a wound rope is characterized by 
the ability to obtain results in a semi-analytical form and to develop recommendations for 
choosing the parameters of the lining and frontal surface of the drums. That is why the 
justification of the algorithm for choosing the rational parameters of the elastic lining of the 
drums of mine hoisting machines is a topical scientific task. 

2 Methods 
A cylindrical drum of a shaft hoisting machine is a closed cylindrical shell on the surface, 
which has elastic lining [11], structurally composed of bars, laid along the forming shell of 
the drum and fixed with bolts. The drum is reinforced by stiffening rings and fastened to the 
front surfaces, which are connected to the shaft of the lifting machine through the hub. 

Let the front surface be an averaged object having a bending and radial stiffness. The 
shell with lining bars can be represented as a two-layer cylindrical shell of constant 
thickness [11]. 

The calculation case of the drum is shown in Fig. 1. Here are indicated: 1 – the metal 
shell; 2 – the lining; 3 – the hub; Cr and Ct are the springs representing the averaged front 
surface, l – the width of the drum, R – the inner radius of the shell, h0 – the thickness of the 
shell, hf – the lining thickness, q – the uniform external pressure. 

 
Fig. 1. The calculation scheme of a drum loaded with a wound rope. 

In the cylindrical system of coordinates r, y, x, in which the axis Ox is directed along the 
axis of the drum, the following designations are valid: w and u – the components of 
movement along the axes Or and Ox, rε , yε , xε  are relative linear deformations, xrγ  is 
angular deformation, rσ , xσ , yσ , τ  are the components of stress. 
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The Cauchy relations are valid for the axisymmetric problem of the theory of elasticity 

, , ,r y x xr
w w u w u
r r x x r

∂ ∂ ∂ ∂= = = = +
∂ ∂ ∂ ∂

ε ε ε γ          (1) 

and the equations of equilibrium 

( ) ( )10; 0x
r yr r r

r x r r x
∂∂ ∂ ∂⋅ + − = ⋅ ⋅ + =

∂ ∂ ∂ ∂
στσ σ τ ,       (2) 

We introduce the variable z, counted from the inner surface of the shell, 

z r R= -  

and we will take into account that the shell is thin (h << R, where h = h0 + hf is the total 
thickness of the shell). 
 

We will enumerate the Kirchhoff hypothesis: 0, 0, , .z xr z x z yε = γ = σ << σ σ << σ  
At a distance a  from the inner surface of the shell, the surface of reduction is introduced. 
Then 

( ) ( ) ( ) ( ); ,w w x u x z u x z a w'≡ ≡ − − ; 

( ) ( )( ) ( ) ( )( ); ,x x y y y xσ E z z σ E z z= ⋅ + ⋅ = ⋅ + ⋅ ε μ ε ε μ ε  

where ( ) ( ) )(),(,)(1)(~ 2 zzEEzzEzE μ≡μ≡μ−=  – variables on shell thickness, 
modulus of elasticity and Poisson’s ratio; ...'  – derivative with respect to х. 

We also introduce the designation for thickness averaging operations: 

( )
0

... .
h

... dz=   

The variation of the potential deformation energy of the shell with a length   is 
represented as the sum of the longitudinal tension along the axis, the ring compression and 
the bending: 

( )
0.5 0.5

0.5 0 0.5

δ 2 2 ' " ,
h

x x y y x y
wU R dzdx R N u N M w dx
R− −

δ = π⋅ σ ⋅δε + σ ⋅δε = π⋅ ⋅δ + ⋅ + ⋅δ 
   

 

 

 

where Nх and Nу are axial and annular forces; М is a bending moment calculated by the 
formulas: 

1' ";x
wN B u v K w
R

 = ⋅ + − ⋅ 
 

 1' ";y
wN B u v K w
R

 = ⋅ ⋅ + − ⋅ 
 

 1" ' .wM D w K u K
R

= ⋅ − ⋅ − ⋅  (3) 

In expressions (3), generalized stiffness characteristics are introduced: here B is tensile-
compression stiffness; ν is the averaged Poisson’s ratio; D is bending stiffness; K and K1 are 
coefficients linking bending with tension: 

( ) ( ) ( ) .,,,1, .~
1

.~2.~.~.~ azEKazEKazEDEBvEB −=−⋅μ=−=⋅μ==  (4) 

We dispose of the arbitrariness in the choice of the surface of reduction so that the 
coefficient K1 turns to zero. Then expressions (4) take the form: 
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We introduce the designations respectively for the modulus of elasticity and Poisson’s 
ratio of the shell and lining: Е0, μ0, Еf, μf. Then the generalized stiffness characteristics (5) 
will be presented in the form: 

( ) ( )( )
( )( ) ( )( )

2 2 2
0 0 0 0 0 0 0 0 0

2 2 2 3 3 3 2
0 0 0 0 0 0

1 1, , ,
2

1 1, .
2 3

f f f f f

f f f f

B E h E h  v E h E h a E h h E h
B B

K E h h E h a B v  D E h h E h a B

= + = + = − +

= − + − ⋅ ⋅ = − + − ⋅

     

   

μ μ

μ μ
     (6) 

Let us state the difference between the bending of a two-layer beam and the 
axisymmetric bending of a two-layer shell. The beam is characterized by tensile stiffness B, 
bending stiffness D, and the coefficient of the link between bending and tension K1. It is 
always possible to uniquely set the position of the surface of reduction so that the coupling 
coefficient is zero. Then, with pure bending, there will be no stretching of the surface of 
reduction. There are three types of deformations in the shell: ring compression, tension and 
buckling, as well as two coupling coefficients. Therefore, it is impossible to make all these 
types of deformations independent by choosing a single parameter and it is impossible to 
introduce the concept of a neutral surface. Choosing K1 = 0 allows you to set a surface of 
reduction as one in which normal stresses do not occur during pure bending. 

We can accept that Еf << Е0 and hf ≈ h0. 
Let us introduce the designations: 3

0 0 0 0 0 0 0 0, , , 12.f fe E E h h B E h D E h= φ = = =     
Taking into account that е << 1 we estimate the expressions of generalized stiffness 

characteristics: 
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0
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1
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2 1 f
B h

K e
e
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( )( )2 4 40
01 4 6 4 .

1
D

D e e f D
e

= ⋅ + + + + = ⋅
+

φ φ φ φ
φ

 

With a significant difference in the moduli of elasticity of the lining and shell, it is 
permissible to assume K = 0 and take into account the effect of the lining only on the value of 
cylindrical stiffness, i.e. f coefficient: 

( )( )2 2 41 1 4 6 4 .
1

f e e
e

= ⋅ + + + +
+

φ φ φ φ
φ

      (7) 

Taking into account the potential energy of the deformation of the front surface 
( )2 ' "b r tr C w dw C w dw⋅ ⋅ + ⋅π  at 0.5x =   and assuming that the front surfaces do not interfere 
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with the longitudinal displacement of the shell, from symmetry considerations we obtain the 
equilibrium equations 

' 0; " y
x

NN M qR= + = −  

and boundary conditions: 

at ;0',0',0:0 ==== Mwux  
at .',',0:5.0 wCMwCMNx rtx =−===   

From the equality to zero of the longitudinal force along the entire length of the shell it 
follows that: 

' .u v w R= − ⋅  

Then the expression for the annular force takes the form: 

( )21 ".y
wN B v K w
R

= ⋅ − ⋅ − ⋅  

Let us introduce the designations: ( )2 0 0
2 21k

E hBB v
R R

= − ≈  – annular stiffness; 

K R Dζ = ⋅  – minor parameter; kBqw −=* – uniform annular deflection of the shell; γ – 
the variability of stress-strain state of the shell as a beam on an elastic basis: 

( ) ( ) ( )22 4
0

4 4
2 2

0 0

3 13 1 1
;

4
k

fv eB
D f R h R h

⋅ − μ− ⋅ + φ
γ = = ≈

⋅ ⋅ ⋅
     (8) 

rC  and tC  – relative radial and bending stiffness of the front surfaces 

;, DCCDCC ttrr ==      (9) 

t

k
r

t

t

C
Bk

C
Dk

⋅γ+
=

γ+
=

2
11

1,
21
1  – dimensionless stiffness coefficients. 

The shell deflection equations can be written as: 

;44"2"" *
44 wwww ⋅γ=⋅γ+⋅ζ−  

at 0 : ' ''' 0;x w w= = =  at 0.5 : " ' 0, ''' ' 0.t rx  w w C w  w w C w= − ⋅ + ⋅ = − ⋅ + = ζ ζ  

The solution of this equation we seek in the form 

( ) ( ) ( ) ( )( )* 1 21 cos sin ,w w A ch x x A sh x x= + ⋅ ⋅ ⋅ ⋅ + ⋅ ⋅ ⋅ ⋅α β α β  

where 2 0.5 ;= + ⋅α γ ζ  2 0.5 .= − ⋅β γ ζ  
Let us introduce the designations: 

( ) ( )
( ) ( )

1

2

0.5 , cos 0.5 , ,
0.5 , sin 0.5 , .

Ch ch  Co  P Sh Co Ch Si

Sh sh  Si P Ch Si Sh Co

= ⋅ ⋅ = ⋅ ⋅ = ⋅ ⋅ − ⋅ ⋅

= ⋅ ⋅ = ⋅ ⋅ = ⋅ ⋅ + ⋅ ⋅

 

 

α β α β
α β α β

 

We will find the unknown constants А1 and А2 from the boundary conditions 
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( ) ( )1 1 2 22 2 ,t tA C P Sh Si A C P Ch Co⋅ − ⋅ ⋅ + ⋅ − ⋅ ⋅ =αβ αβ ζ  

( ) ( )1 2 2 12 2 .r r rA C Ch Co P A C Sh Si P C⋅ ⋅ − ⋅ + ⋅ ⋅ − ⋅ = −αβ αβ  

Knowing w, we will define the longitudinal movement 

( ) ( ) ( ) ( ) ( ) ( )*
1 2 1 22 2

1 cos sin ;
b

v wu x A A sh x x A A ch x x
r

 ⋅
= − ⋅ + − ⋅ ⋅ + − ⋅ ⋅ + 

α β α β β α α β
α β

 

deformations: 

( ) ", ;x y
b b

w wv z a w
r r

= − ⋅ − − ⋅ =ε ε  

stresses: 

( ) ( )( ) ( ) " ,x
b

wE z z v z a w
r

 
= ⋅ − ⋅ − − ⋅ 

 
σ μ  

( ) ( )( ) ( ) ( )1 "y
b

wE z z v z z a w
r

 
= ⋅ − ⋅ ⋅ − ⋅ − ⋅ 

 
σ μ μ  

and the intensity of stresses 

2 2 .i x y x y= + − ⋅σ σ σ σ σ  

We will write the stresses between the lining and the metal shell in the form: 

( )

( ) ( ) ( ) ( )

0

0

0
0 0

0

0 0
0 0 0 02

0

' ' 0.5 ''' ,

, ' 1 0.5 " 3 ''' .
6

h

x
b

h
y

r
b b

v
dz B w h a w

r

B h
x z dz v w a h v w a h w

r r

 −
= − = ⋅ + − 

 

   = − = ⋅ − ⋅ + − ⋅ ⋅ + − ⋅   
  





μτ σ

σ
σ τ μ μ

 

The above formulas are implemented in the form of a program, the screen forms of 
which are shown in Figs. 2 and 3. From the analysis of the calculation results it can be seen 
that, in the general case, the stress-strain state in the shell can be divided (Figs. 2 and 3) into 
three ones: 1) in the middle of the shell, close to ring compression; 2) close to the 
axisymmetric bend of the hingedly supported shell; 3) a rapidly changing edge effect 
localized at front surfaces, which is characteristic of a rigidly clamped shell. The use of 
lining reduces stress in the shell by 20%. If, at constant radial stiffness, we will gradually 
increase the bending stiffness, then at first the stresses will be even lower than with hinged 
support. Then, starting with the critical value of the bending stiffness kt

* (as is well known, 
for semi-infinite single-layer shell with absolutely rigid radial supports kt

* = 0.65), the 
stresses in the shell sharply increase, approaching the stresses in the rigidly clamped shell. 

From the above analysis it follows that the availability of the lining affects only an 
increase in the reduced bending stiffness of the shell. Let us take  

0 ;D D f= ⋅  0;K =  0 .f v= =μ μ  
Then α = β = γ and ζ = 0. 

Let us introduce the designations: x= ⋅ξ γ  – dimensionless longitudinal coordinate; 

k q R h= ⋅σ  – uniform annular compressive stresses; ,x x k=σ σ σ  ,y y k=σ σ σ  

i i k=σ σ σ  – reduced bending and ring stresses and stress intensity, respectively; 
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* 0.5= ⋅ ⋅ γ  – reduced half-width of the drum. 
Taking into account the introduced assumptions and designations, we can write down: 

*;w w w′′′′ + =  

at 0 :=ξ  0;w w′ ′′′= =  at * := ξ  ( )1 2 0,r rk w k w′′′− ⋅ + ⋅ = ( )1 2 0.t tk w k w′′ ′− ⋅ − ⋅ =  
 

 

Fig. 2. Screen form of the program for determining stresses in the lined shell. 
 

 

Fig. 3. Screen form of the program for determining stresses in the non-lined shell. 
 
Let us designate 

( ) ( ) ( ) ( )* * * *ch ;  sh ;  cos ;  sin ,Ch Sh Co Si= = = =     
( ) ( ) ( ) ( )11 121 ,  1 ,t t t tp k Sh Si k Ch Si Sh Co p k Ch Co k Ch Si Sh Co= − − ⋅ − ⋅ ⋅ − ⋅ = − ⋅ + ⋅ ⋅ + ⋅  

( ) ( ) ( ) ( )21 221 ,  1 ,t r t rp k Ch Si Sh Co k Ch Co p k Ch Si Sh Co k Sh Si= − − ⋅ ⋅ + ⋅ − ⋅ ⋅ = − − ⋅ ⋅ − ⋅ − ⋅ ⋅  
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( ) ( )
1

211 22 12 21 1 12 2 11
3, ; , .1r rDel p p p p A k p Del A k p Del f v

−= ⋅ − ⋅ = − ⋅ ⋅ = ⋅ ⋅ λ = ⋅ −  

The final expressions for the deflection of the shell and the reduced stress values will 
take the form: 

( ) ( )

( ) ( )
* 1 2 1 2

22
1 2

1 cos sin , sin cos ;

1 cos sin , ,

x

y i y y x y y x

w w A ch A sh  A sh A ch

A ch A sh  v v

ξ ξ ξ ξ σ λ ξ ξ ξ ξ

σ ξ ξ ξ ξ σ σ σ σ σ σ σ

= ⋅ + ⋅ ⋅ + ⋅ ⋅ = ⋅ ⋅ ⋅ + ⋅ ⋅

= − − ⋅ ⋅ − ⋅ ⋅ = + + ⋅ − + ⋅


 

which formed the basis of a simplified model. 
Depending on the influence of the front surface on stresses, shells can be divided into 

long ( * > 2), for which the stresses of uniform ring compression are minimal, and short, 
where the front surface can unload the shell. 

In this case, the minimum values are reached when kt = 0 and kr = 0. For each non-zero 
value of radial stiffness of the front surface there is a range of bending stiffness values at 
which the stress intensity in the shell is several percent lower than with hinged support. For 
values of kt greater than the critical value of the bending stiffness kt

*, the stresses in the 
shell increase sharply. In the lined drum, on the one hand, the total stress level decreases, 
and, on the other hand, the first area expands. 

Fig. 4 presents the results of calculations of the reduced maximum stress intensity in the 
non-lined (f = 1) and lined (f = 2) drums of MHM depending on the reduced radial (kr) and 
bending (kt) stiffnesses of the front surfaces at * > 2: 1) for * = 1 and f = 1 the minimum 
of the stresses, equal to 1.0, is reached at kt = 0 and kr = 0 (Fig. 4, а); 2) for * = 0.12 and 
f = 1 the minimum of stresses, equal to 0.44274, is reached at kt = 0 and kr = 0 (Fig. 4b); 
3) for * = 1 and f = 2 the minimum of stresses, equal to 1, is reached at kt = 0 and kr = 0 
(Fig. 4c). 

 
b 

 

a 

 

c 

 
Fig. 4. Dependence of the maximum stress intensity in the lined shell on the reduced radial kr and 
bending kt stiffnesses of the front surface. 

 
The results of calculations for short shells are shown in Fig. 5 (dimensionless reduced 

length *2 π=l  is introduced here). The figure indicates: 1 – the maximum stress intensity 
in the non-lined shell (f = 1); 3 and 5 – bending and radial stiffness of the front surfaces 
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respectively; 2, 4 and 6 are the same values for the lined shell (f = 2). For a shell of a certain 
length l with a given lining parameter f from Fig. 5, it is possible to choose such values of 
the radial kr and the bending kt  stiffnesses of the front surfaces at which the intensity of the 
stresses in the shell does not exceed the value iσ  displayed on the graph. 

The following algorithm is recommended for choosing rational parameters of a lined drum 
with a helical groove under the rope. For given values of width l and drum diameter db, rope 
tension Pk and deviation angle Ua, cutting depth h, it is necessary to select a rational groove 
cutting step t. To do this, you can use Fig. 6, which shows the dependences obtained in work 
[12]. 

 

  
Fig. 5. Dependence of the maximum stress 
intensity in the lined and non-lined shells, 
as well as the corresponding reduced radial 
and bending stiffnesses of the front surface 
on the value of reduced length of the drum. 

Fig. 6. Dependence of the laying step on the 
diameters of the drum and the rope. 

 
Further, using the formula (8), it is necessary to calculate the parameter γ, and from the 

values of γ and l – to determine which class this shell belongs to. Then, using formulas (9), 
to calculate the bending stiffness of the front surface Ct and the coefficient kt, and from the 
expression (7) find the value of the parameter f of the bending stiffness of the lined shell. 

3 Conclusions 
It has been proved that, depending on the values of the radial and bending stiffnesses of the 
front surface, two zones can be distinguished. If the parameters of the front surface fall into 
the first of them, the stresses in the shell slightly differ from the stresses in the hingedly 
supported shell. The second zone is characterized by a sharp (up to 70%) increase in 
stresses. The use of the lining reduces the danger zone of the parameters of the front surface 
and, secondly, reduces (up to 20%) the voltage in it. 

An algorithm has been developed for selecting rational parameters of a lined drum 
which can significantly reduce the stresses in the shell. 

Authors express gratitude to Yurii Ovchynnikov, the Lead Designer of the Novokramatorskyi 
Mashynobudivnyi Zavod for providing help and consultations during the work performance. 
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