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STRENGTH OF MULTILAYER POLYMER PIPE TAKING INTO 

ACCOUNT CHANGE IN PHYSICAL AND MECHANICAL PROPERTIES 

OF THE MATERIAL 

Summary: Strength of a multilayer polymer pipe under the action of the 

system of external loads is studied taking into account the change in physical and 

mechanical properties of the material. Mechanical effect, the dependence of joint 

deformability of several polymer materials on the character of change of their 

physical and chemical properties was established. Occurrence and dependence of 

thrust forces in the layers of the pipe on physical and chemical properties of the 

material and also maximum breaking stresses between the layers determining 

adhesive strength of a layered polymer pipe were established. 

Keywords: Change in physical and mechanical properties of polymer 

materials arising from contact with aggressive liquid; changes in mechanical 

properties of polymers arising from contact with aggressive liquid. 

Problem statement: We study the strength of a rather long layered tube 

taking into account influence of change in physico-chemical properties of polymer 

layers, that arise in contact with aggressive liquid. 

Analysis of last studies and publications 

In the papers [1,2] theory of strength of layered and stiffened constructions 

made of polymer materials taking into account variability of their physical-

chemical properties was developed. To achieve this goal, an experimental-

theoretical method on definition of variability of physical-mechanical properties of 

polymers and composite materials, with taking into account the influence arising 

in contact with aggressive liquid, was suggested. On this base, the generalized 
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Hooke law with taking into account variability of physical-chemical properties of 

a polymer material was offered, the criterion on adhesive strength of layered and 

multi-layered reinforced pipes with taking into account physical-chemical 

variability of the construction’s layer, was suggested; a criterion of stability of 

one-dimensional structural elements with taking into account material swelling, 

was offered. New mechanical effects as variability of polymer’s mass force with 

taking into account the effect of swelling of the material; buckling of bars under 

the action of only the effect of swelling of the material were revealed; mechanical 

effect, dependence of joint deformality of some polymer materials on the character 

of the swelling of layers, was established experimentally and theoretically. 

Highlighting previously unsolved parts of the general problem 

In a number of problems of engineering, in particular, the use of the layered 

pipes made of polymer materials in pumping of aggressive liquid media, in aviation 

and rocket technology when using polymer materials in the works in contact with 

various kind of aggressive liquid and solid fuel media, operational characteristics of 

production structures made from them, usually get worse. This reduces to premature 

loss of their bearing capacity. While we note that to date, in design engineering of 

constructions working in contact with aggressive liquid and gaseous media, there are 

no reliable engineering methods for strength calculation of constructions with  taking 

into account the influence of changes in physical-chemical properties of the material. 

This is connected with the fact that accounting for the influence of diffusion 

processes of aggressive media in polymers on strength characteristics of 

constructions introduce significant difficulties [5-9]. 

In this context, the problem of how physical-mechanical properties of polymers, 

composite materials, an also structural elements made of them depend on physical-

chemical variability of the material, remains open. Today, there are only separate 

experimental studies on this topic [3,4]. 
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Formulation of problem objectives 

We study a problem of strength of a long layered pipe taking into account 

physical-chemical properties of polymer layers that arise in contact with aggressive 

liquid. Each layer is assumed to be piecewise-homogeneous with mechanical properties 

, )( nn  , )( nnG   and physical-chemical changes n , n , )( nn  , ,  . 

Presentation of the main material 

Construction of a physical-mathematical model, definition of numerical 

values of displacements, deformations and also stresses in thickness of the layers 

of the pipe, and also at the contact points depending in physical-chemical 

variability of construction layers. 

Let the pipe consist of )1( N   piecewise-homogeneous layers and )(N    boundary 

surfaces. Let the layered pipe be under the action of axial tensile force P , inner ap   and 

external bp  pressures.

The goal of the problem is to determine magnitude of stresses and deformations in 

layers, and also to determine contact stresses between the layers, that determine 

adhesive strength depending both on external forces and on the degree of change in 

physical-chemical properties of the layers arising from the contact with aggressive 

liquid, i.e. from n , n , )( nn  , )( nn  , )( nn  , and also arising effect of thrust mass 

forces in the layers of the layered pipe from the contact with aggressive liquid. Here 

the parameter 
0

0)(
)(

Q

QtQ
t


   is the function of swelling in time of the polymer 

material in contact with aggressive liquid, ntttt ,...,,, 321  is time; 

)()()()()()()( ttbtattVttQ    and 0000000 )(  baVtQ   are current and initial 

weights of polymer samples in moments 0t  and 0t . The problem is solved under 

the assumption of complete adhesion between the layers [1,2]. 

Let us consider the n -th layer of the binder ( 1 nn rrr ) in a curvilinear cylindrical 

system of coordinates, and stress zz , yy , rr  and deformation zz , yy , rr  components 

corresponding to these layers (fig.1). 

)( nnE  )( nn  )( nn 

IJISET - International Journal of Innovative Science, Engineering & Technology, Vol. 09 Issue 11, November 2022
ISSN (Online) 2348 – 7968 | Impact Factor – 6.72

www.ijiset.com

97



Since the shell structure is symmetric with respect to the axis and its length is 

significantly greater than the sizes of the cross-section, the calculation is based on the 

hypothesis of generalized plane deformation; transverse sections of the pipe plane to 

deformation, remain plane after deformation as well for all the values of the parameter 

of swelling of the n -th polymer layer n , i.e. the axial deformation z  is constant over 

the section constz  ; all deformations and stresses for all the values of the swelling 

parameter n do not depend on the coordinate z, if P , ap , bp  are constant along the 

shell’s length or are slowly changing functions with respect to z. Then for every elastic 

layer we can use the relations: 

dr

dw
rr  ,    

r

w
yy  ,      constzz   ,  0





r

zz
  ,     )(rww   (1)  

Fig.1. A multi-layer pipe made of a polymer material. 
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The generalized Hooke law with taking into account the factor of physical-

chemical variability of a polymer material for the points of each n -th layer ( 1 nn rrr ) 

will be in the form [1,2]: 
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(2) 

Here ij  and ij  are stress and deformation tensors; zzyyrrii    is

volumetric deformation; 
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are Lame coefficients for the n -th layer ignoring swelling, i.e. for 0n ; n is a

swelling parameter of the n -th layer of the polymer material; n  is a linear swelling 

coefficient of the n -th layer; correction factors )( nn  , )( nn  , )( nn  , dependent on 

the swelling parameter of the n - th layer of the pipe n having the form:
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  ,   onnnk   max ,   

on

n
n

E

E
b min ,    max

~  nn  (5) 

nE0  and n0 are elasticity modulus and Poisson ratio for the n -th layer ignoring

swelling, i.e. 0n ; here zzyyrriin  ),(  is the dependence of the 

volumetric stress on total volumetric deformation in the n -th layer ( 1 nn rrr ). 
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The differential equilibrium equation of the elementary volume of the n -th layer 

in the radial direction will be ( 1 nn rrr ): 

rdr

d rryyrr
 

 (6) 

Substituting (2) in (6) and taking (1) and expression 
r

r yy

yy





)( 
  into account, the 

equilibrium equation of the elementary n -th layer is reduced to the differential 

equation with respect to the deflection )(w  of the form: 

)(nc
r

w

dr

dw
 (7)

whose integral will be: 

r

B
Arw )( (8) 

Then, allowing for (8), deformations (1) will accept the form: 

2r

B
A

r

w
yy  ,     

2r

B
A

r

w
rr 




 ,     constzz   (9) 

Constants A  and B  are defined by the boundary conditions for the n -th layer of 

the layered pipe ( 1 nn rrr ): 

nrr  , nww 

1 nrr , 1 nww         (10) 

where nw  and 1nw  are deflections of contour points of the n -th layer. We introduce 

the denotation: 

nrryy nr

w
  | ,           11

|  
 nrryy nr

w
 (11) 

Satisfying the conditions (10), allowing for (8) and (9), the constants А and В will 

be expressed by the contour values of deflections nw  and 1nw  in the form: 
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w
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B (12) 

Then the deformations of the points of the n -th layer (9) ( 1 nn rrr ) will be 

expressed by the contour values of deformations  n  and 1n  in the form: 
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Substituting (13) and (3) in (2), we determine the stresses at the points of the n -th 

layer of the layered pipe in thickness 1 nn rrr  with taking into account the changes in 

physical-mechanical properties of the material of the n -th layer of the pipe n , in the

form:  
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(for 1,........,2,1  Nn ) 
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Then from (14) radial stresses on boundary surfaces 
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(для    n=1,2, ………….,   N-1) 
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(для n=1, 2 ,…….,N-1) 
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Adhesive strength of the layered pipe on the n -th boundary surface with taking 

into account physical-chemical properties of the layers, will be determined in the form 

of equality to zero of difference of radial stresses 

n  and 

n  acting on the n -th 

boundary surface, in the form [1,2] : 

0 

nnn  ,             (for n=1,2,…..,N)     (18) 

From (17), we determine 

n . For that in (17) we replace the index ( 1n ) by n , 
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(for n=2,……….., N-1) 

Using (16) and (19), the contact condition on the n -th boundary surface (18) will 

take the form:  
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 (for 1..,,.........2  Nn ) (20) 

The values of radial stresses of the first 

1  and the last 

N  layers are determined 

from the boundary conditions: 
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From (18), the contact conditions on the 1-st and N -th boundary surfaces will be in 

the following form: 
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(24) 

From (23) and (24), and allowing for (21) and (22), we determine 
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the form: 
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From (16) for 1n  and (25), we obtain a contact condition on the 1-st boundary 
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From (17) for 1 Nn  and (26), we obtain a contact condition on the N -th 

boundary surface, in the form:  
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Longitudinal force P  in the thick-walled layered pipe will be equal to: 
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Substituting (15) in (29), we obtain: 
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We note the following. The system of algebraic equations (27), (20), (28) and 

(30) contain swelling parameters n and 1n corresponding to heterogeneous

polymer materials. Obviously, the character of the change in physical-chemical 

properties of each of polymer materials for the same period of time of their stay in 

aggressive liquid medium will be different. In connection with this phenomena in 

[9] we offer a necessary mathematical condition of connection between these 

swelling parameters. Therefore, when finding the solutions of the algebraic system 

(27), (20), (28) and (30), as a mathematical relation between swelling parameters in 

the n -th and )1( n -th layers of the layered pipe, the following condition should be 

used [1]: 

1

1





 n

n

n
n

q

q
 (31) 

Here nq  and 1nq are linear coefficients in the dependences of the swelling 

parameter n on time t  in the n -th and )1( n -th polymer layers of the layered pipe. 

Thus, the system of equations (27), (20), (28) and (30) represents )1( N linear-

algebraic equation with the same number of unknown tangential 1 , 2 ,..., N  and 

longitudional zz  deformations with taking into account physical-chemical variability 

of the layers of the pipe and the thrust mass force effect arising in layers. If the solution 

of the system of equations (27), (20), (28) and (30)  are found with respect to external 

loads ba ppP ,, and the swelling parameters n , then by formula (14) - (15) one can

easily determine distribution of stresses in thickness of the pipe layers, and also 

adhesive strength, i.e. maximum breaking stress between the layers by the formula: 



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



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
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



n

n

оmр
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
 max)( max (32) 

Special case. When considering a special case of a multilayer pipe only under the 

action of the swelling effect in the algebraic system (27), (20), (28) and (30) it is 

necessary to equal to zero external mechanical loads ba ppP ,, . This case is interesting in 

the sense of study of the character of distribution of stresses and deformations at the 
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expense of influence of physical-chemical change in the material of layers. In this case, 

it is of interest to know maximum breaking stresses on the boundaries between the 

layers (32) depending on the change in physical-chemical properties of the material of 

layers and thrust mass forces arising in the layered pipe. 

Stress-strain state of a two layer pipe under the action of aggressive liquid 

medium and forces. 

We consider a problem on the strength of a two-layer pipe consisting of polymer 

materials, with taking into account changes in physical-chemical properties of layers, 

and also arising thrust forces in the layers of a layered pipe, that arise in contact with 

aggressive liquid  [1]. It is assumed that the layers of the pipe are piecewise-

homogeneous with the following mechanical and physical-chemical properties: 

1-st layer - 01E , 01 , 01G , 01 , 1 , 1 , )( 11  , )( 11  , )( 11   

2-nd layer - 02E , 02 , 02G , 02 , 2 , 2 , )( 22  , )( 22  ,  )( 22   (33) 

We determine stresses and deformations in the layers and maximum breaking 

stresses between the layers, determining the adhesive strength of the layered pipe being 

under the joint action of external loads ap , bp , P  and swelling forces of the material of 

the layers n . The solution of the problem will be determined by means of the general

equations obtained in the previous section. For that, in the system of equations (27), 

(20), (28) and (30) we accept 2n . The problem is reduced to the system of four 

algebraic equations with respect to unknown contour values of tangential 1 , 2 , 3  and 

longitudinal deformations 4 z  of the form: 
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We not the following. By heterogeneity of polymer materials of the 1-st and 2-nd 

layered of the pipe, mathematical relation (31) between the parameters 1 and 2 will

be in the form: 

1

1

2
2 

q

q
  (38) 

where 1q  and 2q  are the coefficients of linear dependences )(t   for each layer of the 

layered pipe. They are determined experimentally. For example, accepting the value 

max11    for the material of the 1-st layer, then the appropriate value for the parameter 

2 will be determined by the relation (38) as follows:

 2max1

1

2
2 

q

q
(39) 

The system of equations (34)-(37) (2.3.2)-(2.3.5) is a linear-algebraic system of 

four equations with respect to 1 , 2 , 3 , z 4 . We write this system in the matrix 

form: 

ijij ba  (40) 
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By the Cramer rule, the deformations ij  will be equal to: 
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Here kA1  are the minors of the determinant 
4ija , and j

ijB


 are the minors of the 

determinant 
4jxD . Given mechanical and physical-chemical properties of the layers of 

the two-layer pipe iE0 , i0 , iG0 , i , i0 , i0

~
 , )( ii  , )( ii  , i0 , )( ii  , and geometrical 

characteristics of the construction 1r , 2r , 3r , deformations 1 , 2 , 3 , z 4  according 

to (42) are determined similarly depending on the external loads ap , bp , P  with taking 
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into account the effect of variability of physical-chemical properties of layers. Having 

determined the numerical values of tangential and longitudinal deformations 1 , 2 , 3 , 

z 4 of the 1-st and 2-nd layers, by formulas (14)-(15) we find distribution of 

stresses in thickness in the form: 

for the 1-st layer: 

























2

1

2

2

2

11

2

22

11

11

01

01

11

11

01

01

1101

]
)(

)(

21

2
1[

)(

)(

21)(2

1

rr

rr

G
zz

rr

yy 
























11

11

11

01

1

2

1

2

2

12

2

~

)(

)(

2

1






Grrr

o






 (43) 

11

11

11

01

01

2

1

2

2

2

11

2

22

11

11

01

01

11

11

01

01

1101

~

)(

)(

2

)(

)(

21

2
]

)(

)(

21
1[

)(2

1









































G

rr

rr

G
zzzz

(44) 

for the 2-nd layer: 
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For 1rr  , 2rr   and 3rr   by formulas (43)-(46) we determine radial deformations 



1 , 

2 , 

2 , 

3  , and similarly, tangential stresses on boundary surfaces, in the form: 
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(47) 
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(50) 

Special case. Let as consider a two-layer pipe consisting of a polymer material, 

only under the action of only the influence of aggressive medium. This case is of great 

interest in the sense of study and knowledge of the quality and quantity character of 

stress and deformations distribution in the layers of the construction due to the 

influence of physical-chemical changes in the layer material. This time, the definition 

of maximum breaking stresses on the boundaries between the layers depending on the 

change in physical-chemical properties in the material of the layers and thrust mass 

forces is of interest. For solving this problem, we use formulas (47)-(50) in which we 

equate to zero the external mechanical loads P , ap  and bp . We carry out numerical 

calculation for the following input data. The internal layer of the two-layer pipe is 

made of polymer material of the brand «low density polyethylene» (LDPE) and the 

external layer of the polymer of the brand «high impact polystyrene» (HIP), with the 

following geometrical sizes, mechanical properties and physical-chemical 

characteristics of layers: 

- geometrical sizes of the construction of the two-layer pipe: 

mr 1,01  ,   mr 13,02  ,    mr 15,03  . 
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- mechanical properties and physical-chemical characteristics of the internal layer 

(of LDPE polymer): 

3452,01  , 0289,0max1  , mPaE 3401  , 4,001  , mPaE 21min0  ,  

435,0max1  , 61765,01 b , 035,01 k , 0104,01 q , 01,0~
max111   ,  

mPaG 2857,242 01  , 5714,4801 a ,  17001  ,  6026,0)(
1

~11
1




 ,  0082,1)(
1

~11
1




 ,   

0274,0)(
1

~11
1




 ,   
31 2,9025

м

н
 . 

- mechanical properties and physical-chemical properties of the external layer (of 

HIP): 

2333,02  , 02,0max2  , mPaE 5,15302  , 33,002  , 37,0max2  , 

mPaE 135min2  , 8795,02 b , 04,02 k , 0072,02 q , 0047,0~
max222   ,  

mPaG 4135,1152 02  , 019,11202 a , 4706,45102  , 8538,0)(
1

~22
2




 , 

2518,1)(
1

~22
2




 ,   023,0)(
1

~22
2




 ,    
32 5,10300

м

н
 . 

In this case, the algebraic system (40), with respect to the contour tangential 

deformations 1 , 2 , 3  and longitudinal deformation zz 4  will be of the form: 





















P

pa

3185,00247,0776,13102,60845,39794,0

0246,0423,14705,186245,140

8146,02574,916245,19186211,18363615,184

0683,011,03462,3029,215977,13

4321

4321

4321

4321









(51) 

The solution of the system (51) for 0 ba ppP  will be: 

0034,01  ,    0064,02  ,   006,03  ,    0057,04      (52) 

In this case, numerical values of displacements of the points of boundary surfaces 

will be equal to: 

ммrw
мrмr

34,0
1,011,0 11




 ,       ммrw
мrмr

832,0
13,0213,0 22




 ,   

ммrw
мrмr

9,0
15,0115,0 33




  (53) 
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Substituting numerical values of tangential and longitudinal deformations in 1 , 2

, 3 , z 4 in (52), by formulas (43)-(46) we find distribution of stresses in the 

thickness of the 1-st and 2-nd layers. They will be of the form: 

for the 1-st layer: 

1741,0

1
0001,04654,0

2
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r

y

r
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for    мrм 13,01,0 1   (54) 

for the 2-nd layer: 
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1
003,02759,0
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r
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r
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

for  мrм 15,013,0 1   (55) 

By formulas (54)-(55) we determine numerical values of radial stresses at the 

points of boundary surfaces: 

mPa
мrr 4754,0

1,01
1




  ,      mPa
мrr 4603,0

13,02
2




   

mPa
мrr 4534,0

13,02
2




  ,       mPa
мrr 4092,0

15,03
3




   (56) 

It is seen from (55) that radial stresses at the points of boundary surfaces of the 

two-layer pipe located only under the influence of aggressive liquid medium, attain 

about 
2

7,4
cm

Kg . In other words, this is a result of a thrust mass force from physical and

chemical changes in polymer layers of the pipe [10]. 

Conclusions from the present study 

1. Formulas (52)-(56) completely determine quality values of displacements,

deformations and also stresses both in the thickness of the layers of the pipe and at the 

contact points depending on physical and chemical variability in the layers of the pipe. 

2. Secondly, the results of this study allow for practical goals to design reliable

constructions intended to work in aggressive liquid media. 
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