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In this study, the influence of thermomechanical coupling effect - the effect of thermal expansion due to 

dissipation of the energy of plastic deformation, with and without taking into account the stored energy of plastic 
deformation (SEPD) for the distribution of stresses, strains, temperature, the applied pressure and the residual 
stresses is examined. The residual stresses remain in a thick-walled tube (a cylindrical thick-walled tank) after 
removing the internal pressure in the process of purely elastic unloading. The analysis is made on the example of 
an analitycal solution for a  thick-walled tube subjected to a quasistatically increasing internal pressure for the 
case of adiabatic processes (without heat flow). Since the loading with internal pressure is quasi-static 
(monotonic), then neglecting the process of heat flow can lead to some different results in calculated stresses, 
deformations, temperature, internal pressure and residual stresses. The calculations for isothermal type of 
processes of deformations (without heat or ideal cooling) are also performed for the estimation of these 
differences. The results calculated for the process with heat flow should be intermediate between the values 
obtained for isothermal and adiabatic processes. 
 
Key words: thick-walled tube, thermomechanical coupling, actual and residual stresses, strain, pressure. 

 
1. Introduction 

 
 The analysis was performed on the example of an analytical solution for a thick-walled tube (a 

cylindrical thick-walled tank) loaded by quasi-statically increasing internal pressure for the case of a locally 
adiabatic process (without heat flow). For the case of a locally adiabatic process the obtained results of 
internal pressure should be smaller in comparison with the solutions obtained in the case of the process with 
heat flow. For the case of isothermal processes (ideal cooling), the results should be in the upper limit of the 
solution obtained in the case of heat flow processes. These two estimations do not differ significantly. The 
precise calculations, taking into consideration heat flow are very complicated (and most of  them have to be 
solved by numerical methods) and sometimes  this type of solutions are not necessary from the practical 
point if view.  

 The constitutive equations of elastic-plastic material with linear hardening without taking into 
account the influence of temperature on plastic yield stress and the coefficient of linear hardening were 
applied, since the maximum temperature increases are of the order of 40K. Results presented in , e.g. (Bland, 
[1]; Koiter, [2]; Mendelson, [3]; Nied and Batterman, [4]; Sokołowski, [5]; Śloderbach et al., [6], [7]; 
Życzkowski and Kordas [8]) were used in the derivation of basic relations for the case of a thick-walled tube 
and thick-walled hollow sphere and their solution. However, in comparison with the important work (Nied 
and Batterman, [4]), we take additionally into consideration the efect of the stored energy of plastic 



752  Z.Śloderbach 

deformation (SEPD), see e.g. (Bever et al., [9]; Śloderbach et al., [10], Śloderbach and Pajak, [11]) on the 
process of adiabatic thermo-elastic-plastic deformation. 

 In order to simplify the calculations, it is assumed that all the material constants of a thermo-elastic-
plastic body model are independent of temperature. This simplification can be justified by a relatively small 
rise of temperature (tens degrees Kelvin), caused by energy dissipation of plastic deformation. It seems 
worth noting that for soft steel, for example, the changes of Young's modulus and yield stress are of the order 
~ 16% for temperatures of about 700 K (Sawczuk et al., [12]). In the analysis of the problem of thermo-
mechanical coupling the theory of thermo-plastic small deformations is used, which is considered to be 
correct for a relatively large load range.  

 In some technological and engineering problems sometimes we have situations in which the velocity 

of propagation of plastic deformations  p 1 110 s    is comparable with the velocity of propagation of the 

heat flow. In such cases the solution for locally adiabatic process is the same as the solution obtained for the 
case taking into account the heat flow process (in our case through the wall of a thick-walled tube). The 
results of calculations are presented in the form of appropriate diagrams and in the table.  

 
2. The solution for a thick-walled tube 
 
2.1. Introduction 

 
 Let us consider the thick tube made of metal, hollow inside and loaded with monotonically 

(quasistatically) increasing internal pressure. This pressure increases until a half of the tube wall becomes 
plastic, see Fig.1.  

 

 
 

Fig.1. The thick-walled tube, loaded with monotonically (quasistatically) increasing internal pressure p 
which is in plane states of deformations (PSD). 

 
 We assume that the thick-walled tube is in a in plane state of strains. 
 The material of the tube is assumed to be elastic-plastic with isotropic hardening satisfying the 

Tresca condition of plasticity and its associated flow rule.  
For solutions the cylindrical system of coordinates (r,  and z) is applied. 
 The yield strength and the hardening parameter do not depend on the temperature field. Constitutive 

equations of plastic deformation are incremental equations of the Prandtl-Reuss type (Mendelson, [3]), which 
in the case of quasistatic loading, by integrating become the equations of deformation type (Koiter, [2]; 
Mendelson, [3]; Nied and Batterman, [4]; Hill, [13]). In order to solve the problem, the description with the 
use of cylindrical coordinates is applied. In this paper, in comparison e.g. with papers (Bland, [1]; Koiter, 
[2]; Mendelson, [3]; Sokołowski, [5]; Życzkowski and Kordas [8]), the distributions of internal pressure, 
depending on the location of the elastic-plastic zone, and residual stress distributions were determined. In 
this paper, three problems are examined: thermomechanically coupled with and without (SEPD) and also an 
uncoupled one. 
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 Calculations were performed with the use of a computer program. The obtained results of 
calculations are presented in the form of appropriate diagrams and in the table. 

 
2.2. Basic initial equations 

 
 The equilibrium equation, the condition of continuity of strain and geometric relations for the case of 

cylindrical symmetry and  for the plane state of deformations have the following formulae (Bland, [1]; 
Koiter, [2]; Mendelson, [3]; Sokołowski, [5]; Życzkowski and Kordas [8]; Hill, [13]) 
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where: u - the displacement along radius r. 

 The relations between stress and deformation are as follows 
 

  

 

 

 

ν ,

ν ,

ν .

p
r r z r

p
r z

p
z z r

1
T

E

1
T

E

1
T 0

E



  

 

            

            

             

 (2.4) 

 
 The condition of plastic incompressibility is the following 
 

  .pp p
r z 0       (2.5) 

 
 As we assumed the Tresca yield criterion and its associated flow rule will be used, since in this case 

it offers some simplifications. For this purpose, it will be assumed that  z r     . It is shown by Koiter 

[2] that this is true for a large range of conditions. 
 Stress intensity for the Tresca condition of plasticity is as follows (Mendelson [3]) 
 
  e r    . (2.6) 

 
then the condition of initial plastic flow is as follows 
 
  e 0   .  (2.7) 

 
 From the Tresca yield criterion and its associated flow rule it follows, that 
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  .p
z 0   (2.8) 

 
 From the condition of plastic incompressibility (2.5) it follows that 
 

  pp
r    . (2.9) 

 
 For the case of cylindrical symmetry and the condition of plastic incompressibility (2.8) and (2.9), 

the increment of replacement of plastic deformation is  
 

  p p
r

2

3
   . (2.10) 

 
From expression (2.4)3 and after using in Eq.(2.8) we can obtain 
 
   z r E T        . (2.11) 

 

 
 

Fig.2. Curve stress-plastic strain for linear hardening. 
 

 The constitutive equation for the elastic-plastic material with linear hardening, see Fig.2, can be 
written in the following form (Mendelson, [3]; Nied and Batterman, [4]; Śloderbach et al., [6], [7])  

 

  pT
e 0

T

E E

E E
    


. (2.12) 

 
2.3. Derivation of basic relations 
 

2.3.1. Plastic zone – (1    c), see Fig.1 
 

 Using Eqs (2.4), (2.8), (2.9) and (2.10) and taking into account the fact that in the case of internal 
pressure load, the stress   is always positive and the stress r  is always negative (Bland, [1]; Koiter, [2]; 

Mendelson, [3]), hence: r 0   . After some transformations we obtain 
 



The influence of thermomechanical coupling on the behaviour ... 755 

   

   

,

.

r r z 0 r
T

r z 0 r
T

1 3 1 1
T

E 2 E E

1 3 1 1
T

E 2 E E

 

  

 
                      

 

 
                     

 

 (2.13) 

 
 Since the process of deformation in the plastic zone is adiabatic, then the effects of thermo-

mechanical coupling in the elastic zone can be neglected. 
 Equations for the temperature field of the adiabatic process and for stored energy of plastic 

deformation (SEPD) we can write as Śloderbach and Pająk, [7]; Raniecki, [14]; Śloderbach, [15] 
 

  p
0 0 sc T W E       

and   (2.14) 

   2 2
0 s 0 e 0E B     

 

where: pW - power of plastic deformations, sE - power of energy stored. 
 Expression (2.14)1 is obtained from the general equation on the temperature field for the case of the 

adiabatic process and after neglecting the piezocaloric effect (Śloderbach and Pająk, [7]; Raniecki, [14]; 
Śloderbach, [15], [16]). 

 Substituting constitutive Eqs (2.13) into the equation of inseparability of deformation (2.2) and using 
the equation of equilibrium (2.1) and expressions (2.11), (2.12), (2.13), after transformations we obtain the 
following differential equation of 2nd order 

 

  Br
2

2 r r
2

T
r 3r a

r rr

   
  

 
, (2.15) 

where  

  
 

 
/T 0

T T

2 3 1 E E
A

E E
2 1 3 1

E E


 


     
 

, 

and 

  
 

 
T

T T

2 1 E
B

E E
2 1 3 1

E E


  


     
 

. 

 
 Substituting the relationship (2.14)2 and (2.8) to Eq.(2.14)1 and also taking into account the 

properties of axial symmetry, after transformations we obtain the following differential equation of 1st order 
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 Equations (2.15) and (2.16) are apparently reciprocally coupled thermomechanical equations, which 
means physically that a stress field depends on the temperature field and the temperature field depends on the 
stress field. These are two basic equations employed to calculate the stress r and temperature T field in the 
plastic zone.  

 Similarly as in Nied and Batterman, [4]; Śloderbach et al., [6]; Śloderbach and Pająk, [7], let us 
introduce the following dimensionless quantities 
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 After taking into account dimensionless quantities (2.17) in differential Eqs (2.15) and (2.16), these 

equations take the following form 
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 (2.20) 

 
 Parameters   and  represents thermochemical coupling related to dissipation of work of plastic 

deformation and to stored energy of plastic deformation (SEPD). It results from Eq.(2.20.)2, that parameter  
is a function of parameter , which has a physical explanation. For the majority of metallic materials, the 
parameter of thermomechanical coupling  is of order 10-3, see Nied and Batterman [4] and parameter  is 
smaller since it represents the part of work of plastic deformation which is stored in a material. When 
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parameter  is equal to zero (  = 0), then the solution to the problem becomes non-coupled and we deal with 
the non-coupled theory of elastoplasticity.  

 Proceeding similarly as in papers (Nied and Batterman [4]; Śloderbach and Pająk, [7]) and using the 
following initial-boundary conditions in differential Eqs (2.18) and (2.19) 
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and solving the differential Eq.(2.19), we get the equation for the temperature field * which has the 
following form 
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 Introducing Eq.(2.19) into Eq.(2.18) after transformation we obtain the following differential 

equation of the 2nd order  
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 Taking into account initial-boundary conditions (2.21) and the fact that on the border of the elastic-

plastic zone stress, strain, displacement and temperature are continous, respectively, and proceeding 
similarly as in the Appendix to the paper by Nied and Batterman [4], after tedious transformations we obtain 
from Eq.(2.23) the following expression 
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 Equation (2.24) represents the dependence of radial strain  on radius  in the plastic deformation 

zone for given quantity c.  
 The stress  at the border of the elastic-plastic zone for c, see (Bland, [1]; Koiter, [2]; Mendelson, 

[3]; Nied and Batterman, [4]; Śloderbach and Pajak, [7]) is 
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 To determine the stress for a non-conjugated thermomechanically problem, when  ,0 0    , it is 

necessary to apply the L’Hospital rule to Eq.(2.24). After appropriate transformations the following 
expression is obtained  

 

  0 ln
2 2
c c
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 This equation is in agreement with that obtained in papers (Bland, [1]; Koiter, [2]; Mendelson, [3]; 
Nied and Batterman, [4]), however, it is expressed in another form and with the use of other, independent 
parameters. 

 Equations (2.22), (2.24)-(2.26) and basic equations presented in subsection 2.2 form the system of 
equations which can be used to calculate the searched quantities in the plastic deformation zone. Stress 
distribution   is determined from expressions (2.24) and (2.26) but stresses   and 3  are next determined 
from the equilibrium Eq.(2.1) and expression (2.11) after taking into account the appropriate dimensionless 
quantities (2.17). Temperature distribution in the plastic zone is determined from Eq.(2.22) and distribution 
of deformations ( and  ) is determined from Eq.(2.23) after taking into account dimensionless quantities 
(2.17). The loaded dimensionless inner pressure, dependent on the elastic-plastic zone  c is determined from 
Eqs (2.24) and (2.26) for radius ( = 1), after taking into consideration the boundary condition (2.21)1 and for 
the assumed geometric sphere parameter z .  

 The distribution of residual stresses  ' , ' and 3    after the process of elastic unloading is 

calculated from the following equations (Bland, [1]; Koiter, [2]; Mendelson, [3]; Nied and Batterman, [4]; 
Śloderbach and Pajak, [7]; Sawczuk et al., [12]) 
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 The derived equations can also be used to solve the problem of hollow sphere with radius ( = 1) 

located in infinite space. Then ( z   ) should be substituted into appropriate equations.  
 We can obtain the equations for the material without hardening when in corresponding expressions 

we go to the border of ET  (ET  = 0) or (m = ET /E =0). 
 

2.3.2. Elastic zone – (c    z ), see Fig.1 
 

 In this zone the problem of non-coupled thermoelasticity at constant temperature (* = const) is 
considered. The equations of this type are in standard textbooks (Mendelson, [3]; Boley and Weiner [17]; 
Nowacki, [18]) and in papers (Bland, [1]; Koiter, [2]; Mendelson, [3]; Nied and Batterman, [4]; Sokołowski, 
[5]; Śloderbach and Pajak, [7]). 

 The equation analogous to (2.18) in the elastic zone has the following form 
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 Parameter  e represents thermochemical coupling related to dissipation of work of elastic 

deformation in the elastic zone. 
 If we assume that (* = const = 0), then from Eq.(2.28) after its integration and taking into account 

border conditions (2.21)1 and (2.25), we have that 
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 The distribution of dimensionless stress  is determined from Eq.(2.29) and equilibrium Eq.(2.1) 

and stresses ( and 3 ) from equilibrium Eqs (2.1) and (2.11) after considering appropriate expresions 

from Eq.(2.17). From Eqs (2.4)1, 2 the distribution of deformations ( and  ) can be calculated taking into 

acoount that in the elastic zone  pp p
r z 0       and that dimensionless temperature increment ( * =0). It 

is important to remember that at the border of the elastic-plastic zone there is a continuity of stresses, 
deformations and displacements. 

 The distribution of residual stresses after the process of pure elastic unloading can be determined from 
Eqs (2.27) and the stresses ,   and 3  of the unloading process should be taken from the elastic zone.  

 
3. Analysis and discussion of results 

 
 The results are obtained on the basis of analitycal forms of basic equations and fundamental relations 

derivated in section 2. Calculations were performed with the use of a computer program. 
 Figure 3 presents the results of calculations of radial, circumferential and axial stresses ( ,   and 

3 ) for the thermomechanically coupled problem without taking into account (   = 1,   =  0) and with taking 

into account ( = 1,  =0.15) the stored energy of plastic deformation (SEPD) and for the thermomechanically 
uncoupled (  = 0,   = 0) problem. Calculations were performed for the case when the radius of the elasic-
plastic zone c is in half of wall of the thick-walled tube, then (c = 1.5). The geometrical parameter of the 
tube is ( z  = 2), the hardening linear modulus is (m = ET/E = 0.4) and Poisson’s coeficient is ( = 0.3).  

 Figure 4 shows the distributions of dimensionless temperatures in the plastic deformations zone with 
and without taking into account SEPD. 

 Distributions of radial and circumferential deformations ( εandε ) in the elastic and plastic zone for 
the  thermomechanically coupled problem with and without taking into account the stored energy of plastic 
deformations and for the thermomechanically uncoupled problem are accordingly presented in Fig.5. 

 The changes of the applied internal pressure in dependence on the position of the radius of the elasic-
plastic zone c until its maximal value (c = 1.5) are presented in Fig.6. Figure 7 presents calculated curves 
of residual stresses after pure elastic unloading for the case of maximal value of internal pressure p for (c = 
1.5); see points A, B and C on curves in Fig.6. 

 The condition of the purely elastic unloading process is the following, see (Mendelson, [3]; Sawczuk 
et al., [12]) 

 

  ' '      (3.1) 
 

where ' and '   are the stresses determined by the relations (2.27). 
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 Assuming after papers Bland, [1]; Koiter, [2]; Mendelson, [3]; Nied and Batterman, [4]; Śloderbach 
and Pajak, [7]) that during elastic unloading the first new local plastic deformations can occur on the inner 
surface of the thick-walled tube and  using expressions (2.27), the condition (3.1) can be transformed to find 
the critical internal pressure. After this transformation we obtain the following relations for the critical value 
of internal pressure pcr 

 

   
2

cr 2 1
z 1

p p
z




      (3.2) 

 

where: pcr - is the maximal value of the internal pressure which can be applied during purely elastic 
unloading without a new plastic deformation that can locally occur on the inner surface of the thick-walled 
tube. 
 

 
 

Fig.3.  Curves of dimensionless radial , circumferential   and  axial 3  stresses versus current radius of 

thick-walled tube . 
 

 
 

Fig.4. Curves of dimensionless temperature  * versus radius of the location of elastic-plastic zone c. 
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Fig.5. Distributions of dimensionless radial and circumferential total deformations ε and ε  versus current 

radius of thick-walled tube . 
 
 

 
 

Fig.6. Curves of changes of dimensionless internal pressure p versus of the location of elastic-plastic zone  c. 
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Fig.7.  Curves of residual stresses ', '   and 3  after the process of purely elastic unloading for the case of 

maximal value of internal pressure, suitable to radius (c = 1.5), versus current radius of thick-walled 
tube . 

 
 In the analysis of the thick-walled tube one full cycle of internal pressure loading from zero to 

maximal and to zero value is made. We assumed that the maximal value of the radius of the elastic-plastic 
zone in this cycle is equal to half the thickness  of the sphere wall and that the unloading process is purely 
elastic. 
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 As it is seen in Figs 3-5, on the border of the elastic-plastic zone (when c  ) the stresses, strains 
(and adequate displacements) and also temperature are continous, respectively. 

 As we can see in Figs 3-7, the maximal values of calculated quantities: internal pressures, active and 
residual stresses (besides radial stresses), deformations and temperature are located on the inner surface of 
the thick-walled tube. It is possible that in these locations the first micro- and macro-crackings in the case of 
quasistatic (monotonic) or varying internal pressure load p can occur (Bland, [1]; Koiter, [2]; Mendelson, 
[3]; Nied and Batterman, [4]; Śloderbach and Pajak, [7]; Hill, [13]). 

 In Tab.1 the calculated examples of pressures pcr from Eq.(3.2) and p from Eq.(2.21)1, for three 
problems, namely: two thermomechanically coupled problems with and without taking into account the 
stored energy of plastic deformation (SEPD), respectively, and one thermomechanically uncoupled problem, 
are presented. The calculations were made for appropriately chosen parameters z , , m and c . 
 
Table 1. Critical values of pressure pcr  and of active internal pressure p. 
 

z  = 2,  = 0.3, m = ET/E = 0.4, c = 1.5 
  pcr p 

 = 0  = 0.00 1.143 0.716 
 = 1  = 0.00 0.843 0.649 
 = 1  = 0.15 0.855 0.652 

 
 Based on the results shown in Tab.1 it can be concluded, that for choosen: geometry z  of the tube, 

linear hardening moduli m, Poisson’s coefficient  and radius of elestic-plastic zone c  parameters, an 
unloading process is purely elastic (without plastic deformations) in all three cases under analysis, because 
(pcr  p), see expression (3.2). 

 The values of internal pressure P, see relation (2.17)6, which corresponds to points A, B and C 
shown in Fig.6, are as follows 

 
P 286.4 MPa for point A and for (  = 0,  = 0.00), 

 
P 259.4 MPa for point B and for (  = 1,  = 0.00), 

 
P 260.8 MPa for point C and for (  = 1,  = 0.15). 

 
These calculations were performed for 0 = 400 MPa. 

 
 The values of absolute temperature T increment corresponding to dimensionless temperatures  * 

measured on the internal surface of the thick-walled tube, see relation (2.17)3, are the following 
 
  T  40.96 K      for      (  = 1,  = 0.00), 
 
  T  39.46 K     for      (  = 0,  = 0.15). 
 
 The calculations were made for the following parameters: E = 210 GPa, 0 = 400 MPa and  = 

1110-6 1/K. 
 
3. Remarks and conclusions 

 
1.  It can be concluded that the thermomechanical effect (the effect of thermal expansion due to dissipation 

of the energy of plastic deformation) is represented by the parameter . For the majority of metallic 



764  Z.Śloderbach 

materials the value of the parameter  is of the order of 10-3 and is very small (Nied and Batterman [4]). 
For the effective calculations we assumed that  = 1 (Dillon [19]). This value of the parameter  has a 
considerable influence on the distributions of: active stresses, deformations, acting internal pressure, 
temperatures and residual stresses after purely elastic unloading, see Figs 3-7. The maximal increase of 
temperature on the internal surface of the tube is about 40K. 

2.  Mechanical and thermomechanical loads and stresses induced by them can cause a lot of failures, 
defects, damages and destructions in installations working in many industrial branches and in power 
industry, see (Sokołowski, [5]; Śloderbach and Pajak, [6], [7]; Kocańda, [20], [21]; Macha, [22]; Neimitz 
et al., [23]; Łagoda [24]; Okrajni et al. [25], [26], [27]; Ziaja, [28]; Śloderbach and Pajak [29]). 

3.  A distribution of residual stresses, which arise in the thick-walled tube after a purely elastic unloading, 
was determined, see Fig.7. Analyzing the curves shown in Fig.7 we can see  high values of residual 
stresses, which can reduce (shorten) the service life of those constructions during changing mechanical 
(Kocańda, [20], [21]; Macha, [22]) and thermomechanical loads (Bland, [1]; Neimitz et al., [23]; Łagoda 
[24]; Okrajni et al., [25], [26], [27]; Ziaja, [28]; Śloderbach and Pajak [29]). 

4.  An analysis of the influence of the stored energy of plastic deformation (SEPD) on the distribution of 
stresses, deformations, internal pressure, temperatures and residual stresses (Bever et al., [9]; Śloderbach 
et al., [10]; Śloderbach and Pająk, [11]; Raniecki, [14]; Śloderbach, [15]) was made. Maximal values of 
these calculated quantities (without radial residual stresses) occur on the internal surface of the thick-
walled tube, see curves in Figs 3-7. The average value of ( = 0.15) - parameter of thermomechanical 
coupling related to the stored energy of plastic deformation (SEPD) - was assumed in calculations. This 
physically means that about 15% of plastic work is stored  in material in the plastic zone of the thick-
walled tube.  

5.  In a future, the analysis of the thick-walled tube can be extended by adding a thermal load in the form of 
temperature gradient (Bland, [1]; Mendelson, [3]; Śloderbach and Pająk, [7]) and also an external 
pressure. It is also possible to take into account a new expression for the stored energy of plastic 
deformation (SEPD) derived in paper (Śloderbach and Rechul, [30]). The extended analysis may be 
performed for the cases when new plastic zones on the external surface and in the wall of the tube appear 
and when the whole wall becomes plastic. For higher temperatures it should be assumed that all the 
material constants of the thermo-elastic-plastic body model are dependent on temperature. These new 
ideas have to be solved with the help of numerical methods such as FEM, FDM, BEM or other methods. 

 
Nomenclature 
 
 A, B, D   coefficients in differential equations 
 a, b   dimensionless coefficients in differential equations 
 c   specific heat measured at constant stress 
 E   Young's modulus [Pa] 
 Es   energy stored 
 ET   tangent modulus of linear plastic hardening in [Pa] 
 m   parameter of linear hardening of material: m = ET/E 
 P   internal pressure in the thick-walled tube [Pa] 
 p  – internal pressure 
 R  – current radius of the thick-walled tube 
 Rw and Rz   the inner and outer radius of the thick-walled tube 
 rc   radius of the location of the elastic-plastic zone 
 (SEPD)   stored energy of plastic deformation 
 T and T0   current and ambient temperature in [K], T = T - T0 
 Wp   work of plastic deformation 
 z    ratio of the outer radius to the inner radius ( z /1) 
    parameter of thermomechanical coupling related to the stored energy of plastic deformation 
     parameter of thermomechanical coupling related to the plastic zone 
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  e    parameter of thermomechanical coupling related to the elastic zone 
 and     components of the strain tensor: radial and circumferential 

 r and     components of radial and circumferential deformation 
 *    temperature,  - time 
  c   radius of the location of the elastic-plastic zone 
  and  z  – current radius and outer radius of the thick-walled tube 
 ,   and 3    radial, circumferential and axial stresses 

 e and 0  – equivalent stress and initial plastic stress 
 r,  and z   components of radial, circumferential and axial stresses 
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