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Abstract
Rubber seals for closing devices operating in cold climates degrade quickly in aggressive environments at very low tem-

peratures. As a result, leaks and failures occur in the closure devices. Therefore, there is a great need to develop a new model of 
rubber seals and develop their scientific basis.

The article is devoted to increasing the sealing effect of rubber seals of machines and equipment, including closures, by 
introducing the anisotropy of the rubber matrix into its structure with control of the characteristics of hard closures obtained from 
rubber. For this purpose, new models of the gate valve design were obtained and new models of two-layer panel seals based on a 
modified rubber elastomer matrix are applied to these structures.

For this, a test program is carried out in the form of an analytical trajectory of large, medium and small constant curves 
in two closed forms based on characteristic deformations to study the anisotropy of matrix deformations. It is found that the ei-
genvector of the deformation anisotropy of the matrix is not in the load trajectory before it collapses, it arises with a delay. This 
delay slows down the rate of destruction.

This property of deceleration of the main eigenvector of the deformation anisotropy of the matrix is subjected to a very 
complex loading of the initial fields, in the latter sections it is also observed in samples No. 2, 3, tested along the trajectory of 
linear loading. This delay slows down the destruction rate.

Thus, the direction of the deceleration property of the main eigenvector can be considered quite common. This leads to an 
increase in its resistance to wear in a highly aggressive environment.
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1. Introduction
There is a need to develop new types of sealing elements that can reliably operate on ma-

chines and equipment in various weather conditions around the world (–55 °C and +55 °C). Even 
if to add the aggressiveness of the environment, the problem becomes even more complex. There 
is a great need for frost-resistant and heat-resistant rubber seals used primarily in equipment. This 
task requires the preparation of modern composite seals that work for mechanical wear (abrasive, 
water-jet and flammable) in highly corrosive environments.

When solving design problems and problems associated with changing the characteristics of 
the rigidity of rubber seals, rigid closures are often introduced into the rubber seal of the matrix, the 
deformation of which can be protected in comparison with the deformation of the matrix.

For this purpose, a new matrix model has been proposed for use in covering structures [1–3]. 
Therefore, by double matrixing, new rubber structural seals were used based on existing elastomer 
matrices based on the “Honeycomb Panel matrisi” model. High-quality modified rubber elasto-
meric matrices of V-14 grade, 7130 grade, 7455 grade (Russian Federation) were subjected to the 
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“Honeycomb Panel matrisi” model and new two-layer matrix panel seals were obtained [4–6]. 
Based on a two-layer matrix model, modern composite seals are resistant to freezing, heat, and 
wear in highly corrosive environments. These seals are adopted by the seals of the newly invented 
valve and can be applied to various types of closure devices.

As a real material, rubber can be viewed as the surface effect of the magnitude of anisotropy 
caused by inhomogeneous structure and diffusion microdamages, as well as the surface effects of 
the concentration of unavoidable stresses, considered in advance.

Information on the behavior of rubber seals in the matrix should be taken into account both 
when constructing a computational model for the destruction of a seal (rubber) and in the structural 
and technological improvement of rubber seals. When solving structural problems and problems 
with changing the characteristics of the rigidity of rubber seals, the deformation of the rigid closing 
elements of the rubber sealing matrix can maintain its resistance compared to the deformation of 
the matrix. When calculating the state of deformation of the rubber matrix, the boundary condi-
tions of immobility and motion of coatings are taken into account. Therefore, only those coatings 
should be considered which are loose to a certain extent and their condition is determined by the 
deformation state of the rubber matrix. From this point of view, for example, hardening of solid 
binders is carried out by the method of fiber reinforcement [7–10].

Predicting the performance of high-quality modified rubber elastomeric matrices B-14 [5], 
exposed in the model “Honeycomb Panel matrisi” (Greece) to new two-matrix panel seals, by 
studying the deformation under stress [6].

The performance of the modified rubber elastomeric matrices of the B-14 brand was con-
firmed in an aggressive environment at a temperature (–55 °C) [5]. The aim of research is to ensure 
an increase in the resistance of the new matrix to mechanical forces by introducing rigid cover 
plates into the matrix [6]. Therefore, the tests carried out in the study (–10 °C) were also carried out 
inside the petroleum product.

2. Materials and methods of research
The prediction of the stress fracture of rubber reinforcement by fiber-loaded solid gates 

assumes information about the breaking stresses and limiting deformations of all individual fibers. 
Since rubber seals with reinforced ceilings are characterized by the same limiting stresses and de-
formations, some of the characteristic features of the behavior of rubber seals, which are well con-
firmed by experiment, can be realized. In addition, the influence of the characteristics of the matrix 
and the conditions under which the fibers actually strengthen the matrix are considered. This state 
is more easily taken into account if one of them has limiting deformations. And the strength of the 
reinforcement is determined by the fibers as the maximum stress, i. e. the maximum load is related 
to the initial cross-sectional area of the seal specimen.

Real materials are never homogeneous, and rubber with different overlaps already has a 
certain level of strain anisotropy matrix. Anisotropy is caused by both structural heterogeneity 
and diffuse microdestruction [7–10]. In this case, using variations of ways to minimize potential 
energy, the latter is defined as the sum of the corresponding energy-deformation of the rubber mat- 
rix (seal) Π [8, 9], counted within the volume and compression energy of the inclusion of filaments:
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where k – the number of fibers,  Lk – the length of the fiber; “uk” – offset along the fiber; Ek – elastic 
modulus of the fiber.

In this formulation, applying the Ritz method [8], the total displacement field “uk” in “uk” 
is determined and the simple value “u” of the fiber coordinates is determined. On trajectories of 
constant curvature, the dependence of the elastic constants included in eq. (1) and the strain anisot-
ropy matrix at the arc length S0 and curvature, and the load trajectory χ is studied experimentally. 
Improved accuracy is achieved by combining fiber trajectories with element connections and espe-
cially with fiber ends with knot points. The experiments were carried out along a trajectory in the 
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form of two-section dashed lines, where a series of samples is displayed. For each of the 8 series, 
one natural sample was prepared and tested. These patterns are numbered from 1 to 8.

Deactivation of rubber occurs by compression of the seal in the leading cylindrical shells. 
Compression occurred until those deformations, after which the further program of trajectories 
was studied. The trajectory consists of straight lines of various slopes (signs of the seal deforma-
tion), the dependence of the elastic constants, and the deformation of the matrix anisotropy along 
the arc length σσ and the inclined angle θ of the trajectories.

Partial unloading was carried out during tests at different points of each loading trajectory. 
Unloading is carried out in two different directions of the same trajectory to the next unloading 
point. Thus, measurements were obtained separately for each sample during unloading at different 
points of the trajectory, which makes it possible to reliably compare the data obtained.

In particular, two samples were tested on the following trajectories: the trajectory of con-
stant curvature, accompanied by compression until the depletion of the delay sign [5], after which 
the trajectories differed at an angle of 75° relative to the stress vector. As a result, experimental 
data were obtained for constructing the deformation anisotropy of the matrix for indicating load 
trajectory recorders.

In this case, based on the instructions, stress components σ1, σ3 were calculated on 
strain-gauge recorders (devices) of complex loading σ1 – El1 and [8, 9] σ3 – El3, and strains com-
ponents σ1, σ3, and deformation El1, El3 and vector components of stress increments corresponding 
to the unloading process were determined. In all cases, during unloading, a compaction matrix is 
formed, which has only the initial values of the elastic modulus.

The elastic modulus or the coefficients of the strain anisotropy matrix Emn were determined 
for the plane stress condition, i. e. with constant curvature and in the form of two-link broken lines, 
based on the fact that curvatures are constant; and – the number of elastic constants is three. The 
three coefficients of the strain anisotropy matrix Emn are expressed as three elastic constants *

IJS  
(where *

IJS is the function of hydrostatic stress).
The strain anisotropy matrix coefficients Emn are expressed in the form of two elastic con-

stants: Pk, Nk or S, S11 (the components of the hydrostatic stress function are in vector form). Hence, 
determined experimentally, these two elastic constants are calculated for the elastic anisotropy 
parameter. Therefore, in this case, based on Hooke’s law, any elastoplastic load will be as follows:

( ) ( ) ( )
1 11 1 13 3 ,P P PE El E El∆s = ∆ + ∆

                                             
( ) ( )

3 13 1 33 3 .q qE El E El∆d = ∆ + ∆ 			   (2)

The strain anisotropy matrix coefficients E11, E22, E33 are determined directly. Here P=1.2 
and q=1 or 2 (or vice versa q=1.2 and P=1 or 2), depending on which component prevails during 
unloading.

Since the increments ∆σ1, ∆σ3 and, ∆El3 are directly measured on a device (tensometer), and 
then the coefficients of the strain anisotropy matrix will be determined with the accuracy of the 
experiment [8, 9].

It should be noted that the coefficient of the deformation anisotropy matrix for any charac-
teristic trajectories will be determined by systems of equations (2) in the future by the formulas
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where *∆ – determinant of the system, *
1∆  are the determinants obtained by *∆ replacing the ele-

ments with the corresponding free terms.

3. Research results
Table 1 shows the values of the coefficients for samples No. 1–3, calculated by the formu-

la (2). These samples (rubber seals with reinforced inclusions), relatively, along the trajectories of 
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small (χ=148)), medium (χ=250) and large (χ=500) curvatures χ. Table 1 shows that the coefficient 
E3 essentially depends on the curvature, while the coefficient E11 is independent or in any case 
depends on it less weakly. Using the indicated data, the approximating straight lines are chosen by 
the method of less squares:

                                            ( ) 6
33 02.548 12.2 10 .E S= − ⋅ ⋅ 			   (4)

For sample No. 1 (χ=148 – small curvature trajectory);

                                            ( ) 6
33 02.949 18.8 10 .E S= − ⋅ ⋅  			    (5)

For sample No. 2 (χ=250 – medium curvature trajectory);

                                            ( ) 6
33 03.377 52.7 10 .E S= − ⋅ ⋅ 		  (6)

For sample No. 3 (χ=500) – large curvature trajectory), where the coefficient E33 has the 
size (MPa).

It should be noted that the approximation of the experimental points for sample No. 2 must 
be performed with respect to a square polynomial. But it should be borne in mind that the exper-
imental points for samples No. 1 and No. 3 are located near a straight line, and allowing a certain 
error associated with the implementation of the program along a trajectory of large curvature, the 
approximating curve is drawn along a straight line.

As can be seen from dependence (4)–(6), free terms (a0) and coefficients for S0 (a1) essential-
ly depend on the curvature. Thus, in this case, there are approximating lines.

                                              33 0 1 0 ,q qE a a s= −  1, 2, 3,q = 		  (7)

where ( )0 0a a= χ  and ( )1 1a a= χ  i. e. are functions of curvature and load trajectory.

                                        ( )2 6
0 1.734 64.3 625 10 ,a = − χ − χ ⋅ 			   (8)

                                       ( )2 6
1 0.937 10.9 1,940 10 .a = − χ + χ ⋅ 			   (9)

Table 1
The values of the coefficients for samples No. 1–3, calculated by the formula (2)

Sample No., tester type Unloading arc length S0, 10-4 E11·105 MPa E13·105 MPa E33·105 MPa

No. 1

48.8 2.02 –0.037 2.54

78.9 2.07 –0.018 2.42

106.1 2.01 –0.088 2.42

180.4 1.92 –0.056 2.43

No. 2

21.1 2.03 –0.171 2.84

40.4 2.29 –0.109 2.93

58.5 1.98 0.108 2.81

118.2 2.03 0.067 2.28

No. 3

22.1 2.46 –0.084 3.66

36.7 2.18 0.137 2.84

75.2 1.89 –0.023 2.88

88.6 2.13 0.236 2.74

118.1 1.36 0.343 2.98
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The coefficients of the least squares matrix for the curvature values χ are equal to 148, 
250, 500. Thus, the coefficient of the strain anisotropy matrix E33 is a function of the curvature χ 
and the arc length S0 is the load trajectory:

                                               ( ) ( )33 0 1 0 ,E a a S= χ − χ ⋅ 				   (10)

where α1 and (χ) are respectively determined by formulas (8) and (9).
The retarding properties of the main eigenvector of the deformation-anisotropy-compaction ma-

trix are determined by stops. Strain anisotropy matrices (square matrix of the second order) E=(Emn) 
define a linear map of a two-dimensional vector plane over a real field or complex numbers in itself.

Fig. 1 shows the second order approximating polynomials.

Fig. 1. Dependence of a0 on curvature:  
1 – sample No. 1 (χ=148); 2 – sample No. 2 (χ=150); 3 – sample No. 3 (χ=500)

In the plane El1, El3, relatively, a certain specified mapping is associated with a vector El  
with vector coordinates El1, El3 with coordinates σ1, σ3 by means of relations [8, 9].

A relatively definite image shown in the plane El1, El3 is associated with a vector ,El  vector 
coordinates El1, El3 and coordinates σ1, σ3 i. e. is associated with the given relations in formula (7).

                                               1 . ,i j jE Els =  ( , 1,3),i j = 			   (11)

which can be written as vector-matrix symbology

                                                            .EEls = 				    (12)

For a square matrix of the second order E=(Emn) the problem can be solved to find nonzero 
vectors El and Eln, which are collinear in the image E. The problem is reduced to finding a vector 
El so that,

                                                           EEl El= λ 			   (13)

or

                                                       ( ) 0.E J El− λ = 			   (14)

For this equation to have a nonzero solution, it is necessary and sufficient that the matrix 
E–λJ is unique. For this λ must be the root of the characteristic equation.

                                                              f(λ)=0,		   (15)

where f(λ) is the characteristic polynomial:
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( ) 11 13

13 33

,
E E

f
E E

− λ
λ =

− λ
 			    (16)

so that

                                    ( ) ( )2 2
11 33 11 33 13.f E E E E Eλ = λ − − λ + − 		  (17)

If λ is any zeros of this polynomial, then the equation will be

                                                       ( ) 0E J El− λ = 				    (18)

have nonzero matrix solutions El, the root of the characteristic equation is called the characteristic 
numbers of the matrix E, the corresponding solutions El are correct solutions and the vectors are ei-
genvectors. It is known that the characteristic polynomial is invariant with respect to coordinate trans-
formation. Consequently, the roots of the characteristic equation are invariant under linear transfor-
mations. Using equation (15), the characteristic roots λ1, λ of the strain anisotropy matrix are found:

                                  ( )2 2
1,2 11 13 11 33 13

1 ( ) 4 .
2

E E E E Eλ = + + − + 		   (19)

Solving the equation,

                         ( )11 1 13 3 0,E El E El− λ + ⋅ =  ( )11 1 33 3 0.E El E El+ − λ = 	 (20)

Two eigenvectors of the matrix (Emn) are found for λ=λ1 and λ=λ2. For λ =λ1 and λ=λ2, the 
determinant of system (20) disappears, and in this case one of the coordinates, for example, El3, 
takes arbitrary values:

                                   13
1 3

11

,
E

El El
E

= − ⋅
− λ

 33
1 3

13

.
E

El El
E

− λ
= − ⋅  		  (21)

For λ=λ1 and λ=λ2 21), a pair of orthogonal eigenvectors of the matrix (Emn) is determined.  
In Fig. 2, 3, for samples No. 4–8, tested for s0=1.2 and 2.14, respectively, measurements of the 
proper location of the deformation anisotropy matrix of a seal with inclusions are shown relative 
to the load trajectory.

Fig. 2. The change in the eigenvector relative to the loading trajectory is 1.2 %:  
1 – sample No. 4; 2 – sample No. 5

In these graphs, a value *τ  equal to arccos ( , )k p  is plotted along the ordinates that de-
termine the inclination angle of the eigenvector to the load trajectory. Here k  is the unit vector 
directed along the trajectory (Fig. 4) and p  is the unit vector characterizing the direction of the 
eigenvector of the anisotropy matrix of the compaction deformation with stops.
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Fig. 3. Change in the correct loading trajectory by 2.1 %:  
1 – samples No. 6; 2 – samples No. 7; 3 – samples No. 8

Fig. 4. Change the correct loading trajectory to slow down:  
1 – samples No. 2; 2 – samples No. 3

From Fig. 4 it can be seen that with an increase in the arc length δs, the direction of the 
eigenvector of the strain anisotropy matrix tends to the direction of the load trajectory, i. e. in this 
case there is a deceleration property.

After processing the results obtained, it is determined that the eigenvector of the deforma-
tion anisotropy of the matrix is not found immediately after fractures on the loading trajectory, 
it appears with a delay. This property of deceleration of the main eigenvector of the deformation 
anisotropy of the matrix is subjected to a very complex loading of the initial fields, in the latter sec-
tions it was also observed in samples No. 2, 3, tested along the trajectory of linear loading (Fig. 5). 
This delay slows down the rate of destruction.

Thus, the direction of the deceleration property of the main eigenvector can be considered 
quite common. This leads to an increase in its resistance to wear in a highly aggressive environment.

4. Discussion of research results
Based on expressions (3)–(7), from those calculated in Table 1 values, it is possible to say 

that “the introduction of rigid closures into the rubber matrix creates a retarding property of the 
main special vector of the matrix deformation during its loading.

From expression (21) and Fig. 4, 5 it can be seen that with an increase in the length of the 
axis, the direction of the special anisotropy vector of the matrix deformation tends to the direction 
of the loading trajectory. In this case, the deceleration property proves its existence.

When solving the problem, a special pair of orthogonal matrix vectors was defined.  
In Fig. 2, 3, for samples No. 4–8, respectively, tested at s0=1.2 and 2.14, the deformation anisotro-
py of the seal matrix along the load trajectory was measured. Based on these measurements, in the 
graphs, the exponent τ*, which is equal to arccos ( , ) ,k p a−  is plotted on the length of the ordinate, 
which determines the angle of curvature in the load trajectory of the special vector.

The results show that with an increase in the axis length δs, the direction of the special 
anisotropy vector of the matrix deformation tends to the direction of the loading trajectory. That 
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is, in this case, the deceleration property appears. This deceleration is accompanied by load re-
sistance (Fig. 5).

Based on this property, it is possible to say that indeed «by introducing rigid closures into 
the rubber matrix, it is possible to increase its load stability».

Fig. 5. The change in the eigenvector relative to the loading trajectory is 1.2 %:  
1 – sample No. 4; 2 – sample No. 5

The research is based on theoretical and experimental study of the reaction of the new model 
of rubber seals with a double matrix to stress deformation. The main approach of the study is to 
determine the pattern of change with computer simulation of the degree of deformation depending 
on the force, which is one of the important issues when choosing a seal cell.

The processing of the research results shows that there are limiting stresses and defor-
mations in reinforced coated rubber seals. In addition, the condition that the fibers actually 
strengthen the matrix characterizes that one of the fibers has a limiting deformation. This re-
inforced strength is defined as the maximum stress in the fibers, that is, the maximum load is 
related to the initial cross-sectional area of the seal sample. This relationship is shown in Fig. 6. 
Real materials are never homogeneous, and various coated rubbers already have a certain matrix 
level of deformation anisotropy.

Fig. 6. Dependence a1 on thickness: 
1 – sample No. 1 (χ=148); 2 – sample No. 2 (χ=150); 3 – sample No. 3 (χ=500)

The results obtained show that the new model of two-layer matrix seals is stable in the pro-
cess of obtaining and uniform distribution of force and in the process of deformation against the 
force relative to existing seals. It can be used in all machines and equipment where it is necessary 
to prevent leakage between metal-to-metal surfaces. New valves provided by these seals have been 
developed and tested within the framework of the project of the Azerbaijan State University of Oil 
and Industry.

In the future, research will be carried out to determine the change in the regularity of the 
degree of deformation depending on the force using computer simulations, the choice of the seal 
cell depending on the deformation.
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5. Conclusions
Studies have shown that the prediction of failure of fiber-loaded rigid binders depends on the 

breaking stresses and ultimate deformations of all other fibers. The condition that the introduced 
fibers actually strengthen the matrix is taken into account as its characteristic in the event that one 
of them has a limiting deformation, and the strength of the reinforcement σc in the fibers is deter-
mined as the maximum stress.

The experiments were carried out with a trajectory consisting of two-section broken lines. 
Here is a series of examples. For each of the 8 series, one natural sample was prepared and tested. 
The tests were carried out on each sample.

The anisotropy strain coefficients Emn of the matrix are expressed by two elastic coeffi-
cients Pk, Nk or S, S11 (the components of the hydrostatic stress of the function are in the form of 
a vector). And also on the basis of the elastic-plastic load for the parameters of elastic anisotropy, 
the coefficients of deformation anisotropy E11, E13, E33 for samples No. 1– 3 were calculated and the 
data obtained are given in Table 1.

In the tested samples of the seal No. 2, 3, the deceleration property of the main special vector of 
the deformation anisotropy of the matrix was revealed. Although the sections were subjected to very 
complex loading in the beginning, a linear loading trajectory was observed in the end sections. This 
delayed linear load slows down the rate of destruction. As a result, the stability of the seal is increased.

Expressions (19) and (21) were obtained to determine a special pair of orthogonal matrix 
vectors. Based on this special pair of vectors, experiments were carried out for samples 4–8. Ac-
cordingly, these samples were used to measure the anisotropy of the deformation of the sealant 
matrix along the loading trajectory and the dependence was established (Fig. 2, 3).

It can be seen from the graphs that with an increase in the length of the δs axis, the direction 
of the special anisotropy vector of the matrix deformation tends to the direction of the loading tra-
jectory, i. e. in this case, the deceleration property is formed.
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