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Abstract. There considered the approach of the 

linear econometric dependences parameters esti-

mating for the case of combining a set of special 

conditions arising in the simulation process. These 

conditions address the most important problems 

met in practice when implementing a series of 

classes of mathematical models, for the construc-

tion of which the matrix of explanatory variables 

can be used. In most cases the vectors that make up 

the matrix have a close correlation relationship; 

this leads to the need of performing calculations 

using a rank deficient matrix. There are also take 

place violations of the Gauss-Markov theorem 

condition. The list of above mentioned special 

conditions is augmented by the additional model 

parameters constraints. Cobb-Douglas's production 

function and the Solow model are known econom-

ic problems of this type. In this research the need 

to impose additional constraints on the model pa-

rameters is extended to a wider range of tasks. In 

general, the economic formulation of the problem 

with the specified features is presented. 

Known ways to solve these tasks are discussed. 

The authors’ approach proposed takes into account 

the whole spectrum of these features. This ap-

proach is based on the application of pseudoran-

dom matrices and the use of singular matrix de-

composition. The use of proposed mathematical 

tools makes it possible to improve the quality of 

estimating model parameters while using real eco-

nomic processes data. The analytical definition is 

found for the parameter evaluating vector of a line-

ar econometric model with all the above mentioned 

features. Analysis of the used definition provides 

determination of the conditions that the matrix 

must satisfy; this describes additional model pa-

rameters constraints. The term was also obtained to 

estimate the variance of a linear econometric mod-

el parameters vector. 

The results obtained can be used in machine 

learning systems in the implementation of prob-

lems of econometric dependencies or discriminant 

models. 
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FORMULATION OF THE PROBLEM 

 

The current state of society as a whole and 

the economy in particular is characterized by a 

digital information drastic increase. Therefore, 

in recent decades, the most urgent issue has 

been the search for adequate methods of vast 

data sets analysis and processing. Generalizing 

existing data analysis developments has led to 

the creation of Data Mining techniques. In 

most cases, Data Mining refers to a set of pro-

cedures for finding useful, non-trivial infor-

mation that is understandable and can be ap-

plied in decision-making processes. There are 

several conditional options for Data Mining 

tasks classifying. As a rule, among the basic 

Data Mining tasks classes are the regression 

construction and the classification of economic 

objects. The tasks of regression constructing 

establish a relation between a continuous vari-

able, which describes the behavior of an eco-

nomic indicator, depending on the selected list 

of factors influence. The classification tasks 

also determine the dependence of a particular 

variable on the selected list of factors. Howev-

er, unlike regressions, the dependent variable 

accepts only discrete values and can describe, 

for example, some characteristics of economic 

objects. For both specified task classes, the 

initial data is a dimension matrix 
 
con-

sisting of values for the 
 
explanatory varia-

bles for each 
 
object. Therefore, the imple-

mentation of methods for constructing mathe-

matical models of both classes of problems has 

a common problem that is associated with the 

requirements for the initial data array. The 

problem is that there is a strong correlation 

between two or more explanatory variables 

(the multicollinearity phenomenon). Construc-

tion of mathematical models if such connec-

tion is neglected leads to significant negative 

consequences, that is why special algorithms 

have been developed to check for multicollin-

earity. In most cases, if there are close correla-

tion relationships between the explanatory var-

iables, some variables are removed from the 

initial data matrix so as to eliminate multicol-

linearity. However, maintaining a complete list 

of factors when constructing a model can pro-

vide more valuable information, so very im-

portant are the approaches that allow an arbi-

trary matrix of explanatory variables to be 

used to construct mathematical models. This 

research describes the approach of construct-

ing linear econometric models for the case 

where the matrix of explanatory variables is a 

deficient one. 

Let there be a linear relationship between 

the variable 
 

explaining variables 

 
- the number of explana-

tory variables and 
 
perturbation. Suppose that 

there is a sample  of observations for the var-

iables 
 
and  that each ob-

servation for each explanatory variable corre-

sponds 
 
 - the value for i observa-

tion of j variable. 

Then the linear relationship between  and 

 
can be represented as: 

 

1
, 1,2,..., .

m

i ij j ij
y x i n


   

 
(1) 

 

Expression (1) in matrix form has the form: 

 

Y X     (2) 

 

where  

1

2

n

y

y
Y

y

 
 
 
 
 
 

,

11 12 1

21 22 2

1 1

m

m

n n nm

x x x

x x x
X

x x x

 
 
 
 
 
   

 

1 1

2 2
,

m n

    
   
       
   
   
      

 

Denote also the and  matrices trans-

posed to and , respectively. 

Let the following conditions be met: 
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1. (ε) 0M      (3) 

2. 2( ) ,M E      
is a single matrix, (4) 

3. –  is a matrix whose elements are de-

termined numbers,    (5) 

4. rang X m  (where matrix 
 
is a full 

rank matrix).     (6) 

 

ANALYSIS OF THE RECENT RE-

SEARCHES AND PUBLICATIONS 

 

There is virtually no doubt that only a slight 

modification of the already known numerical 

methods is required to solve the system of 

general contravention (6). These modifications 

are based on the following idea. 

Let us solve system (1), (2) by any direct 

method, let it be the Gauss method with the 

choice of the principal element. If the matrix 
 

has an incomplete rank, then in the process of 

real transformations we obtain a system in 

which all the elements of the last rows will be 

minor. We reject these equations and find the 

solutions of the resulting system. They will 

serve as an approximation, good enough to the 

exact system. 

On the basis of this idea a considerable 

number of works was published [1-4]. All their 

differences are related only to the use of vari-

ous transformations of the initial system and 

the use of various criteria for the replacement 

of "small" elements of the transformed zero 

system. However, this idea did not immediate-

ly lead to the effective solution of systems of 

algebraic equations linear of general form. 

Moreover, the issue of the possibility of con-

structing a stable process of solving systems 

with incomplete matrices in the conditions of 

perturbation of the input data and the influence 

of rounding errors has not been finally re-

solved recently. A positive result was obtained 

only after a thorough study of the instability 

mechanism and finding guaranteed means of 

reducing its impact [3]. 

It is advisable to use unitary transfor-

mations of the initial system to find a normal 

pseudo solution. But, unlike full-rank matrices 

systems, the application of these transfor-

mations will no longer entail overall stability. 

Thus, if the exact system matrix is incom-

plete, then the small values of the input data 

perturbations and rounding errors will not nec-

essarily lead to the appearance in the system 

transformation process of any rows or col-

umns, which consist entirely of the same small 

elements. This is the main, but not the only, 

difficulty in developing numerical methods for 

solving systems with rank deficient matrices, 

built on equivalent transformations of the orig-

inal system. 

Another obstacle is the reasoning for fur-

ther transformations of those systems whose 

matrices have rows or columns with small el-

ements. 

If the system input data with a rank defi-

cient matrix is given with errors, no increase in 

the accuracy of calculations and no transfor-

mations will guarantee the desired accuracy of 

a normal pseudo-solution [3]. This requires the 

involvement of additional information on the 

exact task. But suppose, after the unitary trans-

formations, a system with small rows or col-

umns is obtained. Replacing these rows and 

columns with zero is equivalent to a small per-

turbation of the initial system matrix. If we can 

accurately find the normal pseudo-solution of 

the resulting system, it will mean that the pro-

jection of the normal pseudo-solution of the 

exact system on one of the subspaces drawn on 

singular vectors will be calculated sufficiently 

accurately. There is no reason to expect a bet-

ter result without additional information. 

The need to use additional information to 

solve unstable systems is interconnected with 

some difficulties in designing the appropriate 

computational algorithms. 

 

TASK SETTING 

 

When solving certain economic problems 

on the basis of econometric models, it is nec-

essary to consider conditions that impose addi-

tional regression coefficients constraints. 

 

Let us have an enterprise that produces 

goods and uses m  types of resources. The en-

terprise is characterized by a technological set 
nZ R  that describes all the possible sets of 

resources needed to produce a given product. 
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For example, the plural 
 
may be condi-

tioned by 

1 1 10, , 1,2,i i ix a x x b x i m     

 

where ,i ia b  – are given numbers 0 i ia b  , 

that is, the proportions of resources must be 

within certain limits. 

Let's have a production function 

 

  1( ) im

i iY X x


    (7) 

 

where 0  , 
 

…, are unknown 

parameters for which . 

Suppose 
 
- the amount of goods pro-

duced by the enterprise in the set of resources 

. One can consider the 

task of determining , …,  

 
2

1
,

( ( ) ) minim

i i

X M Z

Y X x



 

 

      

 

2

,
1

(ln ( ) ln ln ) min
m

i i

X M Z i

Y X y x
 

  

      

 

with additional conditions 

 

   

1

2

1

1

1

1

1

1

2

1

1

1 2

,

,

,

1.

m

m

m

m

k

i

i

k

i

i k

k

i k

i k

k

z

z

z

z z z









 

 


 




 





 

    







 

 

For example, [1] when applying the classi-

cal Cobb-Douglas production function of a 

form 

 

0Y b L K     (8) 

 

where 
 

– production volumes,  – labor 

costs, 
 
– capital costs,  , ,  – model pa-

rameters, the need that considers the constant 

production scale feedback is realized by intro-

ducing a 1   constraint type. 

 

PRESENTING THE MAIN CONTENT 

 

There are two ways of considering such 

limitations [1]. The first is to solve the prob-

lem without additional constraints. For the re-

sult obtained, we test the hypothesis that the 

estimated coefficients satisfy the required con-

ditions. 

 

The hypothesis is formulated as follows: for 

the true values of the coefficients of the model, 

a condition TC r  is fulfilled, where  is a 

vector of constants, which allows to describe 

the existing additional conditions,   - the es-

timates of the model parameters found without 

taking into account additional conditions, 
 
- 

the constant is given by the condition. 

Using model parameter estimates, the value 
TC   for which the value is checked is calcu-

lated 

 

1( )

T T

T T

C C
t

s C X X C

 
   (9) 

 

where 
 
is the standard error of the model per-

turbation. 

To test the hypothesis in (9),  is substituted 

instead of TC  . The obtained value is com-

pared to the critical -distribution value with 

 
degrees of freedom. 

The second way is to take into account the 

additional constraint directly in the model pa-

rameter estimation process. In the simplest 

cases, the regression equation can be trans-

formed so that an additional constraint will be 

taken into account in the model structure itself. 

 

Consider the case [1] of estimating the pa-

rameters (8) provided by 1  . 

Logarithm (8) leads down to a linear de-

pendence of the form: 
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0 1 2y b X X    , 

 

where 1 2ln , ln , lny Y X L X K   . 

 

Limitation 1   can be represented in 

the form and directly included in the model: 

 

0 1 2(1 )y b X X      (10) 

 

For (10), we find the estimates of the pa-

rameters 
 
and  provided that the sum of the 

squares of deviations is minimized [1]. 

 

  2

0 1 21
( (1 ) )

n

ii
y b X X


     (11) 

 

If any of the methods does not provide the 

necessary accuracy for solving a system of lin-

ear algebraic equations, there is no reason to 

expect that another method will produce better 

results for the same system. Most likely, such 

a system should be considered unstable. It is 

known [1-4] that the redefined system pseudo-

solution (2) with a full rank matrix is the usual 

solution of the system 

 
T TX X X Y   

 

with a square non-degenerate TX X order ma-

trix . Normal System Solution (1-2) 

 
1( )T TX X X Y   

 

It should be required 2

1
min

n

ii
  . 

 

Definition 1. The matrix 
 

) is 

called the Moore-Penrose pseudorandom for a 

matrix 
 
if it satisfies the following four con-

ditions: 

 

1. X XX X      (12) 

2. XX X X     (13) 

3. XX 
 – symmetric  (14) 

4. X X  – symmetric  (15) 

 

It follows from condition (12) 

X XX X X XX X X X         if 

1X X P  , then 2

1 1P P . From condition (15) 

1P  is symmetric. So 1P  is an orthoprojector. 

Similarly 
2XX P   – orthoprojector. In addi-

tion, with , 

. And from that 

1 2,XX X X XP X P X X     , one can 

prove that such a matrix X  always exists and 

is unique [2]. If  is a non-degenerate square 

matrix, then 1X X  obviously satisfies the 

conditions (12-15). If X is rectangular and has 

full rank, then 1( )T TX X X X  . One can 

check that pseudo-inverse of the diagonal ma-

trix 































000

0

000

0

00

00

2

1















m





 

    

 

is a diagonal 
 
matrix 





























0000

0000

0000

2

1









m





,

 

 

where 

1
, 0

0, 0

i

i

i

i


 


  

  


 

 

Next, we use a singular matrix arrangement 
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where  is an orthogonal 
 
matrix, 

TV is 

an orthogonal 
 
matrix, and  is a diago-

nal 
 
matrix which has 0ij  , if , 

0ii  . The columns of the 
 
matrix are ei-

genvectors of the TXX matrix and the columns 

of the 
 
matrix are eigenvectors TX X . Using 

(13)  we obtain 

 

 

 

The least squares estimates of the parameter 

 in (2) are defined as the values 1 2, , , m   , 

minimizing  

 

1 1 1

1

( )(

) min

n n m

i ij j ki k j

m

kj j ikj

L y x y

x

  



   

  

  


 (16) 

 

where the matrix ikA    is a symmetric pos-

itively definite matrix. The solution (16) 

1 2, , , m    will be called the pseudo-solution 

of problem (1), (2). The solution will be linear 

with respect to . In addition, provided (3) 1P  

is an unbiased estimate 1P in (1). That is 

1 1( )  M P P   . 

The solution, generally speaking, will not 

be the only one. We will require that the min-

imum amount be 2

1

m

jj
 . Then the solution 

(16) is unique. Generally speaking, when con-

dition (4) is violated, unbiased estimates 

 cannot be obtained.  

The case where for problem (1-2), without 

taking into account the linear constraints, con-

dition (3) is not fulfilled is considered in [9] 

for ( ) 0M   . Some compromise was found 

between the bias value  and the value ( )D  . 

The case where (2) is not fulfilled was consid-

ered by Aitken [10], who proposed the use of 

the generalized least squares method, provided 

that the matrix X is of complete rank. In this 

work, Aitken's method extends to problem (1-

2), provided that there are linear constraints, as 

well as that (6) is not fulfilled, but takes place 

rangX t m  and simultaneously 

 
2( )TM D W    ,  (17) 

 

where 
2  is an unknown parameter, D , W are 

known symmetric positive definite order ma-

trices n n . Then D makes it possible a repre-

sentation where the matrix 
 
is non-

degenerate positively defined. So, TD PP , so 

that 1 1P DP E    and 1 1 1P P D   . Let us 

denote 1P B  . The matrix D  commutes 

with B . From (17) it follows that 
1 1 2W D   , 

1 2W BB BB    . 

Hence the covariance matrix 

 
2

1 1 2 12 1 1

2

1 2 12 2 2 2

2

1 1 2 2

2

( )

,

n n

T n n

n n n n n

M

W

       
 
         
 
 
        

 

 

where 2 2( ) ( )i i iM D y    is the dispersion 

( ) covi j ij i j i jM y y       , W is the known 

weight matrix. 

In this article we consider the general case 

of linear constraints for problem (1), (2) in the 

form: 

 

r R     (18) 

 

where r is a known vector column consisting 

of g m elements, g rangR   
 

R is a known order matrix g m . 

 

It is important that the matrix 
 

should 

have the following property: 

 

1,RK K R RP R     

where 1P K K  – orthoprojector, 
TK X BBX . 
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It is necessary to find Y X e  model pa-

rameter estimates such that the constraints (18) 

to be satisfied. To do this, it is necessary to 

minimize the expression: 

 

( ) ( ) ( ) 2T TL Y X BB Y X R r         
 

where   – is a vector column of  Lagrange 

multipliers. 

 

( ) ( ) ( )

( ) 2

( ) 2

T T

T T T T T T

T T T T T

T

L Y X BB Y X R r

Y BBY Y BBX X BBY X BBX

R r Y BBY Y BBX X BBX

R r

       

   

    

 

since TY BBX  - the number transposed to 

T TX BBY , the second and third additions co-

incide. 

Since 

 

2

2

T T T

T T T

dL Y BBXd d X BBX

X BBXd R d

    

     

 

( )T T T T Td X BBX X BBXd      (19) 

From (19) we have: 

 

2( ( ) ) 0T TXBBY X BBX R      

 

Let us denote ( ) ( )TL Y X BB Y X     . 

Then the condition of minimization will be 

 

( )T TX BBX X BBY    (20) 

 

Then 

 

( )T TX BBX X BBY    (21) 

 

Using 
 
Lagrange multipliers, let us con-

sider 

2( )TL L R r     

 

We estimate the vector  so that the condi-

tion ( ) 0R r  be satisfied. To do this, select 

 in such a way as to minimize L  under con-

dition R r  .  

The condition min L will be 

0 2 2( )

2 0

T T

T

dL X BBY X BBX

R

    

 
(22) 

 

From (20), (21), (22) we obtain: 

 

( )TR K     (23) 

 

where K XBBX . 

Multiply on the left on  

 

( )TRK R RK K RK K

RK K

  



    



 

(24) 

 

Solve (24) pertaining to , using the pseu-

dorandom matrix, we have: 

 

( ) ( )TRK R RK K RK K         (25) 

 

Substitute the resulting expression for   

(25) into (23): 

 

( ) ( )

( )

T TR RK R RK K RK K

K

     



 

 

Solve for ( ) : 

 

( ) ( ) (

)

T TK R RK R RK K

RK K

   



  


 (26) 

 

Since 1K K P 
 
– orthoprojector [20] and 

1RK K RP R r       , then 
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( ) ( )

( )

( ) ( ) ( )

T T

T T

T T T T

K R RK R RK K

K R RK R r

K R RK R R K R RK R r

   

  

     

    

 

 

(27) 

 

The second supplement is independent of 

 , therefore ( ( ) ) 0T TD K R RK R r    . 

Besides, it is known that [20] 

 

( )D K      (28) 

 

Applying (28) and (27) we get 

 

( ) ( ) ( )

( ( ) )

( ) ( )

T T

T T T T

T T T

D K K R RK R RD

K R RK R R K K R

RK R RK R RK R RK

   

    

     

   

 

 

(29) 

 

Using the Moore-Penrose conditions (12) - 

(15), we have: 

 

( ) ( )( )

( )

T T T T

T T

K R RK R RK R RK R RK

K R RK R RK

      

   


 

 

So 

( ) ( ) ( )T TD D K R RK R RK        

 ( ) ( )T TD K K R RK R RK        
 

In addition 

 
1 1

1 1

1 1 1 1

1 1 1

1 1

1 1 1

1

( ) ( )

( ) ( )

2

( 2 );

(

2 ( )

T T

T T T T

T T T T T T

T T T T T

T T T

T T T T

T

e D e Y X D Y X

Y X D Y X Y D Y

X D X Y D X X D Y Y D Y

X D Y X D X Y D Y

X D X X D Y

e D e Y D Y X D X

X D X e

 

 

   

  

 

  



     

    

    

    

 

  

 1) .T TY D Y K  

    

Since 0( )Y Y , 0( )  are values with 

zero mathematical expectations, then the 

residual sum of squares in the presence of 

additional conditions for the model parame-

ters have the form: 

 
2 1 1( ( ) ( )( ))T T T

RH e W e X W X       

 

Where 

0

( )

( )R

R R

X Y e

M H n t g

H H H

 

  

 

, 

 

where 0H
 
is the residual sum of squares in the 

absence of a relation between the parameters 

and is equal. 

We can prove that 

 

( ) ( ) ( )T T

RH r R RK R r R        

2 1( ) ( ( ) ) ( )T T T

RH r R R X W X R r R         

 

Indeed, according to (25), (26) 

 

( ) ( ) ( )

( ) ( ) ( )

( ) ( ) ( )

( ) ( ) ( )

( )( ) ( )

T

T T T

T T T T

R

T T T

T T T T

K R RK R r R

r R RK R RK

H K r R

RK R RK R RK R r R

r R RK R r R

 

  

    

 

   

   

    

  

  

 

 

Hence we will be able to evaluate the hy-

pothesis of the relationship between the pa-

rameters   by the criterion 0

0 0

R R
H H H

H H


  

where 
0

RH

H
 distributed as ,g n t

g
F

n t



. 

 

CONCLUSIONS FROM THIS STUDY 

AND PROSPECTS FOR FURTHER EX-

PLORATION IN THIS AREA 

 

The complexity of real economic processes 

requires the continuous improvement of exist-

ing mathematical tools to enable the construc-
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tion of adequate mathematical models. It is 

necessary to constantly search for new ap-

proaches in mathematical modeling, which 

will allow expanding the possibilities of con-

structing models of real economic processes. 

Known methods may have quite limited appli-

cations. Thus, a detailed method of estimating 

the parameters of linear econometric models 

may be unsuitable in some cases for its appli-

cation in modeling real economic processes. 

The classical least-squares method gives stable 

and effective evaluation only if the conditions 

of the Gauss-Markov theorem are fulfilled, 

whereas in most studies such conditions are 

not fulfilled. Therefore, developments that al-

low the adaptation of existing mathematical 

modeling approaches to a wider range of prob-

lems are important. In addition, the modern 

dissemination of digital information necessi-

tates its automated processing. Machine learn-

ing technology to build mathematical models 

is becoming more commonplace, and so ap-

proaches that can be used to solve common 

problem classes are becoming more relevant. 

The approach considered in this paper meets 

these requirements. It extends the ability to 

solve the problem of evaluating parameters of 

linear econometric models for cases of a num-

ber of problematic issues that may arise in the 

construction of models and can be convenient-

ly implemented in machine learning systems. 
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Оценивание параметров эконометрических 

моделей с линейными ограничениями и 

матрицей наблюдений неполного ранга 

 

Анна Грищенко, Александр Кутовой, 

Олег Шутовский 

 

Аннотация. Рассмотрен подход оценивания 

параметров линейных эконометрических зави-

симостей для случая совмещения  ряда особых 

условий, возникающих в процессе моделирова-

ния. Эти условия касаются наиболее важных 

проблем, возникающих на практике при реали-

зации ряда классов математических моделей, 

для построения которых используется матрица 

объясняющих переменных. В большинстве 

случаев векторы, из которых составляется мат-

рица, имеют тесную корреляционную связь, что 

приводит к необходимости выполнять вычис-

ления с использованием матрицы неполного 

ранга. Также имеют место нарушения условия 

теоремы Гаусса-Маркова. В перечень указан-

ных особых условий добавляется наличие до-

полнительных ограничений на параметры мо-

дели. К известным экономическим постановкам 

задач данного типа относятся производственная 

функция Кобба-Дугласа и модель Солоу. В ра-

боте необходимость наложения дополнитель-

ных ограничений на параметры модели распро-

странено для более широкого спектра задач. В 

общем виде приведено экономическую поста-

новку задачи с указанными особенностями. 

Рассмотрены известные способы решения 

таких задач. Предложен авторский подход, 

учитывающий весь перечень указанных осо-

бенностей. Подход основывается на примене-

нии псевдообратных матриц и использовании 

сингулярного разложения матриц. Применение 

такого математического инструментария поз-

воляет повысить качество оценки параметров 

моделей при использовании данных реальных 

экономических процессов. Найдено аналитиче-

ское выражение для вектора оценок параметров 

линейной эконометрической модели с учетом 

всех указанных особенностей. Анализ полу-

ченного выражения позволил определить усло-

вия, которым должна удовлетворять матрица, 

описывающая дополнительные ограничения на 

параметры модели. Также получено выражение 

для оценки дисперсии вектора параметров ли-

нейной эконометрической модели. 

Полученные результаты могут быть исполь-

зованы в системах машинного обучения при 

реализации задач построения эконометриче-

ских зависимостей или дискриминантных мо-

делей. 

Ключевые слова: эконометрические моде-

ли, матрица неполного ранга, мультиколинеар-

нисть, условия Гаусса-Маркова, псевдообрат-

ная матрица. 
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Abstract. A lot of research in the field of ar-

tificial intelligence cannot be completed, or 

carried out at all, due to the lack of at the mo-

ment a correct theory of the human brain func-

tioning associated with its intellectual activity, 

at least at a conceptual level. So far, there are 

no comprehensive proposals by researchers on 

what principles should be based on models of 

elementary and structured meanings processed 

by the brain in the course of human life, not to 

mention formal languages and their grammars, 

or, especially, formal theories designed for 

these purposes. The purpose of this article is to 

fill the gap in scientific knowledge about the 

human brain. Academician P.K. Anokhin in 

1984 proposed the concept of a model for or-

ganizing and regulating a behavioral act, in 

which there is a place for all basic processes 

and conditions. It was called the functional 

system model. With such a model, it becomes 

possible in the same vein, using axiomatic 

statements, to create a logical-dialectical mod-

el of the functioning process at the physiologi-

cal level of any of the higher mental functions. 

The dialectical logic of controlling any human 

body functional systems follows from the con-

ceptual knowledge of the vital functions of 

these functional systems, obtained exclusively 

by natural experimenting. Therefore, the con-

ceptual knowledge of the vital functions of 

each studied functional system of a person 

should precede the description of the logic es-

sence of its control. The human psyche is one  

 

of the most important functional systems of 

the human body. The article presents the fun-

damental concepts of the vital functions of this 

system, which allow revealing the essence of 

the dialectical logic of life-supporting func-

tions control and a formal model of the dialec-

tic logic of the human psyche functional sys-

tem control. 
Keywords: axiomatic modeling, artificial intel-

ligence, mathematical logic, thinking, formaliza-

tion. 

 

INTRODUCTION 

 

Relevance of the topic. The existence of a 

living matter, including complexly organized 

animals having nervous system (COAHNS) 

[1,2,3,4], in a state of continuous and perpetual 

motion, caused not only the appearance of the 

psyche in the matter of these COAHNS, but 

also the possibility of creating various mental 

images based on this matter. 

Mental images are used as reflections in the 

minds of an interacting pair of COAHNS indi-

viduals. 
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The psyche is defined as the feature of 

highly organized matter of a particular subject 

to reflect the objective reality of the universe 

and, based on the mental image of this reality 

formed at the same time, to carry out not only 

operational, but also current and long-term 

management of the activity of this subject and 

its behavior. Reflection fixes in the memory of 

its consciousness the mental image formed by 

it (reflection) of the environmental impacts on 

it, which certainly agrees (image) with the 

worldview of the reflecting subject. The form 

of reflection depends on the form of existence 

of matter. In nature, there are three main forms 

of reflection. The lower life organization level 

corresponds to the physical form of reflection, 

characteristic of the interaction of inanimate 

nature objects. 

Physiological form of reflection corre-

sponds to the living matter. 

The highest level of reflection in living 

matter takes the form of the most complex and 

perfect reflection - mental reflection. 

The consciousness of a particular person in-

tegrates the diverse phenomena of human real-

ity, transforming them into a truly holistic way 

of life of this person. 

Consciousness is an integrated complex 

(system!) of higher mental functions (HMF) 

[4, 5, 6, 7], in which there are no fundamental 

and secondary functions. This is a set of 40-60 

pcs equally important functions, implementing 

the highest level of the human psyche. Psy-

chology professionals attribute them to artifi-

cial, instrumental, arbitrarily functions, con-

trolled by a person, that have a social for-

mation. But professionals in the area of neu-

rophysiology, neuropsychology and biochem-

istry argue that HMF are implemented: 

• Either on the genetic foundation of the 

neural networks fragments stereotypical archi-

tecture specifically designed for these purpos-

es. 

• Or, the human brain has a genetic neural 

structure loaded with the functions of a Uni-

versal Biological Architect, capable, in the 

space of its own population of neural stem 

cells by differentiating these cells, to create 

arbitrary neural network architectures designed 

to implement each of the HMFs. 

The last two statements have yet to be clari-

fied by natural scientists in the near future. 

The vital activity of consciousness and 

HMF ceases with the death of a person. 

For newborns, the process of HMF for-

mation and consciousness begins from the 

moment they are born. 

The approximate HMF list is as follows: 

 reflection 

 physical reflection 

 physiological reflection, 

 mental reflection, 

 perception, 

 presentation 

 arbitrary attention, 

 arbitrary memory, 

 rational activity (extrapolation reflex), 

 speech, 

 writing 

 logical thinking, 

 imagination 

 consciousness 

 nine gnostic functions, 

 twenty to forty intellectual functions. 

It should be noted that the given approxi-

mate HMF list of is very far from perfect, due 

to the fact that so far psychologists, specialists 

in normal physiology, neurophysiologists, neu-

ropsychologists, biochemists and cognitive 

specialists have no consensus and, moreover, a 

consensus: 

• on the leading role of one of the HMF; 

• on the classification of these functions and 

the algorithm of their interactions; 

• about the tasks solved by each of them; 

• about physiological processes that realize 

them; 

• on the cerebral globe of the brain and spi-

nal cord, fragments of which realize the func-

tion of the substrates of each of the HMF; 

• on the unity of the mental, material and 

information functions in each of the substrates 

of living matter. 

We will consider this phenomenon tempo-

rary, and that very soon it will be qualified by 

natural scientists. In the meantime, all profes-

sionals mentioned in the context attribute the 

leading role to consciousness, in spite of the 

HMF of logical thinking, not being embar-
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rassed by the fact that consciousness combines 

dozens of HMF. 

If, yet, adhere to the rules of the protocol of 

agreements already reached in the field of re-

flection of knowledge about living matter in 

textbooks for biological and medical universi-

ties, then logical thinking, both of a mentor 

and a student, suggests the need to recognize 

the leading role of the HMF rational activity of 

a person. Although if only because it has, by 

universal admission of natural scientists, a ge-

netic beginning and was first discovered ex-

perimentally as a sign of a psychic beginning 

in a person. 

The discussions activity on the topics men-

tioned above has not subsided for at least the 

last three decades, but no noticeable progress 

in cognition of the human psyche has been ob-

served. 

The purpose of the article is to focus the 

attention of natural biologists on the lack of 

necessary knowledge in the field of dialectic 

logic of controlling the functional system of 

the human psyche, which, due to their funda-

mental nature, inhibits the knowledge of the 

neurophysiological processes secrets that real-

ize his (person's) mental life. In particular, the 

knowledge formalization process in the field 

of theoretical medicine concerning the life of 

the functional system of the human psyche 

suffers to the maximum extent. It is these spe-

cialists who, like no one better, can see what 

knowledge and in what way can be obtained in 

a minimum amount of time. The article is de-

voted to the coverage of these problems. 

The dialectical logic of controlling any 

functional systems of the human body follows 

from the conceptual knowledge of the vital 

functions of these functional systems, obtained 

exclusively through field experimentation. 

Therefore, the conceptual knowledge of the 

vital functions of each studied functional sys-

tem of a person should precede the description 

of the essence of the management logic. 

The problem formulation. The human 

psyche is one of the most important functional 

systems of the body, therefore, we will present 

the fundamental concepts of the vital activity 

of this system, which will allow us to identify 

the essence of the dialectical managing of life-

supporting functions logic [8 – 11]. 

 

Human psyche life concepts 

 

Concept No 1. The psyche essence and the 

HMF role in human life. 

The psyche (mental (from Greek)) is a ge-

netically determined property of highly orga-

nized matter of the human body, consisting in 

its (matter) ability to reflect (subjectively re-

produce!) using its own sensory organs and to 

fix a mental image in the memory of its nerv-

ous system (scene + scenario)), interacting 

with it the objective reality of the environment. 

The adjective “mental” focuses on the fact that 

the image (scene + script) is formed in the per-

ception environment, due to the complex of 

knowledge about this environment, called the 

worldview of the reflector. 

The mental images accumulated by the sub-

ject about the life of the universe are used 

throughout his life, both for the operational 

and for the current and long-term management 

of his own life and his behavior. 

The HMF control algorithm as a part of a 

functional system called the psyche is not yet 

known to natural scientists. And according to 

my ideas, no one has yet studied this topic in 

the international scientific community, since 

publications on it have not yet been encoun-

tered in international scientific journals. 

As well as the list of HMF specific func-

tional capabilities of human rational activity is 

thoroughly known to no one. Although for the 

leading role among all HMF, it is objectively 

the number one contender. 

It remains nothing but hope that this publi-

cation will arouse interest in the announced 

research topics and the results will not be long 

in coming. 

In the meantime, in addition to the HMF 

presented above, it is possible to reveal gener-

alized names of Gnostic and intellectual func-

tions. 

 

Gnostic (underlying) functions of natural 

phenomena cognition: 

• purpose of functioning; 

• motivation for functioning; 
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• morphology of a cognizable phenomenon; 

• assessment of operation accuracy and reli-

ability; 

• identification of energy sources necessary 

for functioning; 

• assessment of energy required for opera-

tion; 

• physical forces that ensure the functioning 

process; 

• types of movements of matter on which 

functioning is based; 

• relation between physical variables that 

are functionally fully characterizing the func-

tioning of the phenomenon under study. 

 

Smart features 

 

Intelligence (from the Latin intellectus – 

understanding, cognition) is the main form of 

human cognition of reality. In a broad sense, 

this is the totality of all individual cognitive 

mental functions: from sensation and percep-

tion to thinking and imagination; in a narrower 

sense, it is thinking. This definition of intelli-

gence is accepted in modern national psychol-

ogy. 

The basic HMF list (higher mental func-

tions) that make up the intellect is as follows: 

• consciousness; 

• perception; 

• memory; 

• thinking; 

• speech; 

• writing; 

• score; 

• arbitrary movements; 

• understanding of relative movements; 

• understanding of rhythms in movement 

and in sensory perceptions; 

• imagination; 

• recognition of familiar sensory images; 

• recognition of familiar compositions 

(scenes) of sensory images; 

• understanding the structure of sign sys-

tems (solving the problems of semiology); 

• solving logical problems; 

• solving problems of spatial geometric 

constructions; 

• solving game problems with the antago-

nistic warring goals; 

• reproduction of graphic or pictorial copies 

of the observed phenomena; 

• fine art, literary and musical creativity; 

• scientific creativity; 

• substantial evidence of predictive logical 

statements; 

• control and management of the autonomic 

nervous system. 

However, you must admit that without the 

HMF control algorithm, which is part of the 

human body psyche functional system 

(HBPFS), known only through HBPFS full-

scale experimentation, it is fundamentally im-

possible to understand the control logic of it 

(the psyche) by life-supporting functions. 

Therefore, based on the knowledge of the 

human psyche set forth in this concept, we 

formulate the following axiom: 

Axiom No.1. The human psyche as a 

whole, with all its HMF, from the point of 

view of a natural scientist-neurophysiologist, 

is a script generator, reflected in the format 

of the second signal system symbols, all ad-

missible states of its nervous system, and, at 

the same time, the director of the implementa-

tion of these scenarios, guided by: environ-

mental influences, interactions with the envi-

ronment and a mental imitation of the “self” 

interaction with its own psyche. 

This generator and director provides the so-

lution to the following human life support 

tasks: 

• active, but at the same time subjective re-

flection by this real universe individual; 

• adaptive regulation of the one's own body 

state in accordance with the current environ-

mental influences and current interactions; 

• adaptive operational behavior manage-

ment and reactions in accordance with the cur-

rent environmental impacts and current inter-

actions; 

• the possibility of a mental imitation of the 

“self” interaction with his own psyche. 

 

Guided by the ultimate goal of knowing the 

human psyche, and knowing the real state of 

this knowledge from the point of view of the 

psyche integrity as a functional system of the 

human body, I believe that we stay without 

answers to two questions: 
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 constructing (on the basis of the facts of 

full-scale experimentation with the func-

tional system of the psyche) a HMF net-

work management model of this system 

when solving the tasks just listed for the life 

support of the human body; 

 on the basis of the HMF network model of 

management to identify the dialectic logic 

of its management (psyche) of life-

supporting functions; 
the psyche cognition cannot be considered 

successful. Such a level of cognition cannot be 

called failure otherwise. And, of course, there 

is a need for its urgent completion, but accord-

ing to the program proposed in the article. 

Such actions determine the purpose of publish-

ing the article. However, we must not forget 

that the psyche functional system, of course, 

being the most important in the environment 

of many other functional systems of the human 

body, continuously interacts with these other 

systems, and the quality of its functioning di-

rectly depends on this interaction. This will be 

discussed in the following concepts about 

some related HMF functional systems and the 

features [12, 13-18]. 

Concept No 2. The HMF leading role of ra-

tional activity in the sphere of the functional 

system action of the human psyche can be rec-

ognized only after exhaustive scientific 

knowledge of the biological tools that imple-

ment it. Including its functional capabilities, an 

algorithm for implementing these capabilities, 

plus the architecture of fragments of a neural 

network in the brain globe of the brain and 

spinal cord, which implement the full HMF 

functionality of rational activity. We identify 

this concept as Axiom No.2. 

Concept No.3. Human evolution of the 

second signal system (speech, writing, read-

ing) in addition to the first signal system (sen-

sory), led to the generation in the body of the 

psyche as a separate body functional system, 

the material carrier (substrate) of which is the 

central nervous system (CNS). The psyche 

provides: 

• interpretation of the universe phenomena 

reflected by it in human memory, in the format 

of functional information about this phenome-

non, but not related to the substrate and its 

properties; 
• interpretation of any functionality of the 

human body in the format of a controlled in-

formation process of movement and pro-

cessing of the following types of information: 

1) stored in its memory; 2) outgoing from the 

external environment (sensory); 3) coming 

from the analytical and associative centers of 

the cerebral cortex and its centers of motiva-

tion, will and emotions; 4) as well as coming 

from all feedback sources. 

 

We identify this concept as Axiom No 3. 

Concept No 4. The basis of the human 

body vital functions are the unconditioned re-

flex reactions of the organism to disturbances 

in the living environment, or disturbances in 

the internal environment of the organism. We 

identify this concept as Axiom No 4. 

Concept No 5. The conditioned human 

body reflex activity is based on unconditioned 

reflex activity. We identify this concept as Ax-

iom No 5. 
Concept No 6. The human cerebral cortex 

activity has the most developed ability to ana-

lyze and synthesize signals from the surround-

ing and internal environment of the body. The 

analytical activity of the cortex is: a subtle dis-

tinction (differentiation) in the nature and in-

tensity of the action of many stimuli acting on 

the body and reaching in the form of nerve 

impulses to the cerebral cortex. Due to internal 

inhibition in the cortex, differentiation of 

stimuli by the degree of their biological signif-

icance is carried out. This differentiation is 

analogous to the logical summation operation 

performed by the processor of the analytical 

zone. 

The synthetic cortex activity is manifested 

in the binding, association of excitations that 

arise in different zones of the cortex, which 

forms complex forms of human behavior. This 

binding is an analogue of the logical multipli-

cation operation, which is performed by the 

processor of the associative zone in the cere-

bral cortex. The neurons of the associative 

zone are not connected with the sensory or-

gans or muscles, they communicate between 

different areas of the cortex, integrating, com-
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bining all the impulses entering the cortex into 

integral acts of learning (reading, speech, writ-

ing), logical thinking, memory and providing 

the possibility of appropriate behavior reac-

tions. We identify this concept as Axiom No.6. 

Concept No 7. All anatomical components 

of the human body, external and internal, are 

permeated with various types of receptors, 

which are designed to control and regulate the 

permissible states of these components. We 

identify this concept as Axiom No 7. 

Concept No 8. Conscious human activity is 

realized solely by the functional system of the 

human psyche, which includes the central and 

peripheral nervous system of a person. In this 

case, it is carried out: 

• coding of processed information (en-

grams); 

• associative information retrieval (en-

gram); 

• addressing of engrams during writing and 

reading; 

• synchronization of writing and reading 

engrams; 

• transformation of complex multimodal 

perceptions formats (unconscious memory) 

into conscious information formats (glosses, 

meanings); 

• logical analysis of engrams performed in 

the analytical zone of the cortex; 

• logical synthesis of engrams performed in 

the associative zone of the cortex. 

We identify this concept as Axiom No 8. 

Concept No 9. HMF of consciousness im-

plements the list of functional capabilities 

identified in the process of exclusively full-

scale experimentation [19 – 22]: 

Model (in the form of sensory, speech, writ-

ten, graphic, and engineering-graphic images) 

of subjective reflection in a person’s memory 

of his interaction with environmental realities, 

which are the components of the universe. 

Model subjective reflection in human 

memory of the accumulative knowledge re-

sults of the universe new fragments. 

Providing the generating based on the ac-

cumulated knowledge of behavioral functions 

that allow a person to: 

adequately navigate in space and time of 

the universe; 

adequately assess the personal status in the 

environment; 

adequately be guided by the laws of life in 

the environment; 

ensure in time the systematic and integrity 

of the laws of life; 

make the work socially useful, associated 

with the production of goods necessary for the 

life of society; 

carry out an internal mental dialogue, which 

is the basis of the fruitful thinking of this per-

son. 

We identify this concept as Axiom No 9. 

Axiom No 10. The spiritual life of a person 

is mediated by the dialectical logic of control-

ling his psyche functional system. 

 

A formal model of the human psyche life-

supporting functions dialectic logic control. 

If axioms A1  A9 and their causal rela-

tions between themselves and axiom A10, 

which reflects one of the psyche modeling 

goals, are described in the formal language of 

first-order predicate logic, then we get the de-

sired model of the dialectic logic of controlling 

the psyche functional system. 

We proceed to the process of describing the 

first-order predicate logic the dialectic logic of 

controlling the functional system of the psy-

che, reflected in the context of the article using 

the axiomatic text A1  A10. 

Replace the axiom Аz with a logical func-

tion called the predicate: 

А1 ≡ p1(X), in which the predicate symbol 

p1 is loaded with the meaning of the axiom 

A1, and the object variable X identifies the 

person in question. 

А10 ≡ p10(X), in which the predicate sym-

bol p10 is loaded with the meaning of the axi-

om A10, and the objective variable X identi-

fies the person concerning the psyche. 

Based on the axioms A1  A10, one can 

formulate the following target theorem: 

The logical product of the axiom premises 

A1 - A9 provides an adequate spiritual life of a 

person. 

This theorem formally looks like this: 

А1ɅА2Ʌ…ɅА9═˃А10. 

What is reflected in the predicate form: 
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(X) ((p1(X) Ʌ p2(X)Ʌ … Ʌ p9(X)) ═˃ 

p10(X))    (1) 

Understanding the physiological meaning 

of logical operations used to reflect physiolog-

ical phenomena, for example, in formula (1), is 

achieved by combining this formula with the 

help of an implication operation with one of its 

interpretations [6–8], but obtained by natural 

experimentation, always with the knowledge 

of the person for whom the formula is applied 

(1). 

As a result, the formal model of the dialec-

tic logic of controlling the psyche functional 

system will have the following form: 

 

((X) ((p1(X) Ʌ p2(X) Ʌ … Ʌ p9(X)) ═˃ 

p10(X))) ═˃ ((X) ((p1(X) Ʌ p2(X) Ʌ … Ʌ 

p9(X)) ═˃ p10(X)))  (2) 

 

Transformation of the model of the theorem 

to the canonical form 

If in the formula (2) the expression: 

 

((p1(X) Ʌ p2(X) Ʌ … Ʌ p9(X)) ≡ F1(X) 

 

will be replaced by the formula F1 (X), then 

the formula (2) will take the following form: 

 

(X)     F1 X p10 X     

(X)    (F1 X p10 X )  (3) 

 

In the theory of theorems automatic proof, 

in order to reduce logical formulas to a canon-

ical format containing only axioms and three 

logical operations (conjunctions, disjunctions, 

and negations), 27 formal rules of equivalent 

transformations of first-order predicate logic 

formulas are defined and proved. 

Two of them look like this: 

 

(F1(X) => F2(X)) ≡ (ΊF1(X) V F2(X)) 

(F1(X) => F2(X)) ≡ (F1(X) Λ ΊF2(X)) 

 

One of the rules sets 

 

Ί ≡  

 

One of the rules prescribes to free a formula 

from all quantifiers of generality if there are no 

other quantifiers in the formula. 
If you use these four last rules, then the 

formula (3) in the first step will take the fol-

lowing form: 

 

(X)    (ΊF1 X  V p10 X )=>( X ) 

   (ΊF1 X  V p10 X ) .  (4) 

 

And at the next step (4) it is converted to: 

 

(ΊF1(X) Vp10(X))Λ Ί(ΊF1(X)Vp10(X)) (5) 

 

Proof of the theorem 

Formula (5) is a conjunction of only two 

counter-components. 

This indicates its inconsistency, but also 

testifies to the truth of the theorem as a whole, 

since the methodology for the automatic proof 

of theorems is based on the conclusion that the 

formula of the theorem as a whole is incon-

sistent. 

Therefore, the theorem is successfully 

proved. 

 

CONCLUSION 

 

The created model can be transformed, de-

pending on the set goal of the human psyche 

cognition, it can be considered as an example 

of modeling and a demonstration of the model-

ing methodology used. As researchers gain 

new knowledge in various fields of science 

about the psyche functioning, the model can be 

supplemented with concepts, axioms, refined, 

etc. It is important that the resulting model 

preserves the knowledge heritability of the 

human psyche and, in the case of formal 

proofs, the truth of the statement of the theo-

rem will be proved analytically and mathemat-

ically accurately. 
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Формальная модель диалектической логики 

управления жизнеобеспечивающими функ-

циями психики человека 

 

Виктория Кондратенко 

 

Аннотация. Множество исследований в об-

ласти искусственного интеллекта не могут быть 

завершены, или проведены вообще, из-за от-

сутствия на текущий момент корректной тео-

рии функционирования человеческого мозга, 

связанного с его интеллектуальной деятельно-

стью, хотя бы на концептуальном уровне. Нет 
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пока комплексных предложений исследовате-

лей, на каких принципах должны основываться 

модели элементарных и структурированных 

смыслов, обрабатываемых мозгом в процессе 

жизнедеятельности человека, не говоря уже о 

формальных языках и их грамматиках, или, тем 

более, о формальных теориях, предназначен-

ных для этих целей. Цель статьи заключается в 

восполнении отмеченного пробела в научных 

знаниях о человеческом мозге. Академик П.К. 

Анохин в 1984 году предложил концепцию мо-

дели организации и регулирования поведенче-

ского акта, в которой есть место для всех ос-

новных процессов и состояний. Она получила 

название модели функциональной системы. 

При наличии такой модели появляется возмож-

ность в том же ключе, с помощью аксиомати-

ческих утверждений, создать логико-диалекти-

ческую модель процесса функционирования на 

физиологическом уровне любой из высших 

психических функций. Диалектическая логика 

управления любыми функциональными систе-

мами организма человека вытекает из концеп-

туальных знаний о жизнедеятельности этих 

функциональных систем, добытых исключи-

тельно путём натурного экспериментирования 

с ними. Поэтому концептуальные знания о 

жизнедеятельности каждой исследуемой функ-

циональной системы человека должны предше-

ствовать описанию сущности логики управле-

ния ею. Психика человека является одной из 

важнейших функциональных систем организма 

человека. В статье представлены основопола-

гающие концепты жизнедеятельности этой си-

стемы, которые позволяют выявить сущность 

диалектической логики управления её жизне-

обеспечивающими функциями, и формальная 

модель диалектической логики управления 

функциональной системой психики человека. 

Ключевые слова: аксиоматическое модели-

рование, искусственный интеллект, математи-

ческая логика, мышление, формализация. 
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Аннотация. В условиях резания грунта в 

глубине массива при ограничении оттока грун-

та по боковым сторонам широкого ножа эпюра 

давлений на его переднюю грань имеет при-

ближенно треугольную форму. При малых уг-

лах резания деформирование и выдавливание 

грунта происходит, в основном, в своды щели в 

вертикальном направлении. Ранее автором бы-

ли получены аналитические зависимости дав-

ления гранта на верхнюю кромку прямого 

плоского ножа. При образовании щели широ-

ким острым ножом, установленным под неко-

торым углом в плане относительно направле-

ния его движения (в случае отсутствия боково-

го выпора), определены зависимости сил реза-

ния грунта от величины его пористости и зоны 

деформации. 

Целью исследования является установление 

силовых зависимостей щелевого резания грун-

та широким косоугольным ножом при возмож-

ности свободного выхода грунта в боковые 

технологические прорези. В рассматриваемой 

работе, как и в модели, предполагается, что 

процесс резания грунта – квазистатический. 

Осуществляется он косоугольным широким 

плоским ножом с достаточно малым углом ре-

зания, как правило, не превышающем 20. Счи-

таем, что весь объем грунта расходуется на его 

перемещение вдоль поверхности ножа без об-

разования ядра уплотнения или пластической 

зоны на лобовой грани. 

Отличием настоящей модели является то, 

что грунт, двигаясь по ножу, может свободно 

перемещаться в боковые прорези (как минимум 

равные его высоте), образованные технологи-

ческой оснасткой предварительно пробуренных 

скважин, вдоль которых движется нож. То есть,  

 

 

боковые стороны ножа свободны для пропуска 

избыточного грунта, перемещающегося вдоль 

его поверхности. 

Ключевые слова: щелевое резание, бульдо-

зерный отвал, геостатическое давление, дефор-

мация грунта, свободный боковой отток. 

 

 

МОДЕЛЬ РЕЗАНИЯ ГРУНТА 

 

Постановка задачи 

 

Рассмотрим схему косоугольного реза-

ния грунта широким плоским ножом [1, 3, 

5, 9, 16] (Рис.1). Здесь полоса II AKKA  – 

открытая боковая поверхность грунта на 

передней грани ножа, через которую будет 

уходить стружка. Отсутствие нароста (ядра 

уплотнения) и выпирающего вперед за ли-

нию IBB  пластической зоны приводит к 

тому, что стружка будет уходить в прорезь 

в области треугольника BBA II  [2, 11, 12]. 

Изучим пирамиду сдвига грунта 
III BDBA  

(найдем углы, размеры, давления). Запи-
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шем условие, когда IIII CADA    то есть 

ширина ножа b не меньше той граничной 

величины, при которой весь грунт перед 

ножом уходит в прорезь, без уплотнения 

вверх [4, 6, 17]. И в этом случае найдем все 

составляющие силы, действующие на нож. 

 

Силы, действующие на пирамиду 

сдвига 
 

Скольжение по поверхности ножа про-

исходит параллельно DAAD II //  для 

стружки. Сдвиг грунта (грунт по грунту) 

происходит под углом, обозначенным β, к 

свободной поверхности, то есть 
III ABD  (сдвиг BDDB II //// ). Высо-

та пирамиды в проекции на плоскость АВС 

(Рис.2) равна IIDDH п   высоте стружки 

[7, 8, 13 – 15]. Вычисляя АВ, можно напи-

сать 

 

   cosctgtgп lH   (1) 

 

Площади граней пирамиды сдвига грун-

та (см. Рис.1, 2): 

 

 2sin
4

cossin
2

1 2l
llS II BBA

 (2) 

– это основание пирамиды; 

пcos
2

1
HlSBAD      (3) 

 

– площадь, равная площади боковой грани 

пирамиды III DAB
S , на которой происходит 

сдвиг грунта по грунту; 

 






sin
sin

2

1
sin

2

1

sin
2

1

пH
lBDl

DBlS II

DBB II

  (4) 

 

– площадь грани сдвига грунта по грунту. 

Аналогично зависимости (19), взятой из 

[10], находим площадь контакта пирамиды 

с ножом: 

 

п

п

             
cos

1 1
cos  ,

2 cos cos 2 cos

I I

ABD

A BD
z

S
S

Hf
l H lf




  

 

 

 (5) 

 

где z  – угол нормали (направления со-

ставляющей общего давления грунта на 

нож) с осью OZ;  22 cossin1f ;   

угол поворота ножа в плане;   угол реза-

ния. 

C

I



IA

B II
D

I
B



D

I
D

C
l

K

b

XI
K

Z Y

 OA

zФ

yФ

xФ



 
 

Рис.1. Схема косоугольного резания грунта в глубине массива 

при открытой боковой поверхности ножа 

Fig. 1. Diagram of oblique cutting of soil in the depths of the array 

with the open side surface of the knife 
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Давление в точке DI максимально, обо-

значим его в , аналогично верхнему дав-

лению в работе [10]. На свободной поверх-

ности (грани II ABB ) 0 ; считаем, что в 

пределах пирамиды давление меняется ли-

нейно от 0 до в . При вычислениях сил F, 

действующих на треугольники пирамиды, 

основываясь на линейности и интегральной 

формуле Симпсона, считаем, что среднее 

давление 
 

3

321
ср


 ;   SF ср , (6) 

 

где 1…1  давления в вершинах пирами-

ды. 

Находим касательные силы вдоль боко-

вых граней пирамиды сдвига, используя 

формулы (3  5). 

Для грани II BDA  среднее давление 
 

33

00 вв
ср





 , 

 

а касательная сила трения 

 








 

cos
tg

32
tg

3

впв
1

flH
SF DBA . (7) 

 

Для грани II DBB  тоже 
3

в
ср


 , а ка-

сательная сила по закону Кулона-Мора 

 
















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









 

sin2

sin
tg

3

tg
3

пв

в
2

lH
c

ScF DBB

.  (8) 

 

Для грани DAB II  аналогично 

 












 cos

2
tg

3

пв
3

lH
cF .  (9) 

 

Учитывая направление сдвигов, описан-

ное в начале статьи, находим суммарную 

составляющую этих сил Фу, перпендику-

лярную основанию II BBA  (вдоль оси OY, 

как в работе [10]): 

 

 
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sincossin
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
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cflH

FFFФy

 (10) 

 

Находим суммарную составляющую сил 

давления yN  на боковые грани пирамиды 

сдвига (тоже вдоль оси OY). Для треуголь-

ника это будет 

 

српрср cos  SS y , 

 

где y  – угол нормали (составляющей дав-

ления) с осью OY; прS  – площадь проекции 

треугольника на плоскость BBA II . 

Алгебраическая сумма проекций боко-

вых граней пирамиды сдвига (с учетом зна-

ков направляющих косинусов нормалей) 

дает основание BBA II , а 
3

в
ср


  для 

любой боковой грани. Значит 

 







  2sin
433

2
вв l

SN BBAy .  (11) 
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Рис.2. Проекция призмы грунта 

на плоскость резания 

Fig. 2. Soil prism projection to the 

cutting plane 
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Уравнения для геометрических 

параметров пирамиды сдвига 

 

Из условия равенства yy ФN   получаем 

уравнения для высоты призмы пН  и угла 

сдвига грунта β: 
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.2sin
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sincossintg
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
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Деля это равенство на 


2sin
32

впlH
 с 

учетом зависимости (1) получим уравнение 

для β: 

 

 tgctgsin11 CM , (12) 

 

где 









sin

tg
tg

3

в
1

fc
M ; 

 





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





 tg

3
ctg

в
1

c
C .  (13) 

 

Найдем оптимальное приближенное ре-

шение для уравнения (12). При  55  ра-

венство (12) превращается в равенство 

(с точностью до сотых) 

 

 tg7,082,0 11 MC . 

 

При  35  и  12555  можно при-

нять 9,0sin   (с ошибкой   10 %), а угол 

 не может принимать значения 

 90125  (Рис.2). 

Итак, запишем условие (12) в виде 

 

 tg7,082,0 11 MC .  (14) 

 

Из монотонности по β левой и правой 

частей равенства (12) следует, что нет кор-

ней уравнения (12)  55 . Из выше ска-

занного получаем, что 

119,0tgctg MC  ,   (15) 

 

где 9,0sin   (с точностью до 10 %). 

Тогда высота призмы будет 

 

11
п

9,0

cos

MC

l
H






,

   (16) 

 

где М1 и С1 определяются из равенств (13). 

Если условие (14) не выполняется, то 

корень  55  и тогда 

 











tg7,0

cos

tgctg

cos
п

ll
H . 

 

То есть, высота призмы Нп сравнима по 

величине с АВ и по предположению о срав-

нительных размерах АВ и ВС (поскольку 

ширина ножа гораздо больше его длины) 

величиной Нп можно пренебречь. 

Итак, при условии (14) параметры пира-

миды сдвига ищем из равенств (15) и (16), а 

при нарушении его  пирамидой сдвига 

пренебрегаем. Отметим, что угол сдвига 

грунта β можно вычислять и при  35 , 

исключая при этом посторонние корни 

уравнения (12). 

Как сказано вначале, призма не пере-

крывает в продольном направлении весь 

нож (то есть IIII CADA  ): b
H


cos

п  или, 

что следует из соотношения (16), 

 

 119,0coscos MCbl  ,  (17) 

 

где М1 и С1 вычисляются по формулам (13). 

 

Определение сил, действующих 

на нож 

 

Найдем боковую составляющую Фу сум-

марной силы резания на передней грани 

ножа. 

В работе [10] эта боковая составляющая 

для закрытого резания (при отсутствии вы-

хода грунта в боковые прорези) определя-

ется как 
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2
sinsin в lbFy .  (18) 

 

Теперь мы должны вычесть часть yF  

вдоль треугольника II BDA  (см. Рис.1), со-

ответствующую падению давления σср от 

величины 
3

2 в  до 
3

в  на этом треугольни-

ке и добавить появившуюся составляющую 

силы трения (поскольку теперь присутству-

ет пирамида, смещающаяся в сторону). Эта 

первая часть равна 

 

6
sinsin

cos

вп
1







H
lФy . 

 

Здесь вместо значения IICAb   будет 




cos

пH
DA II ; появляется 

2

1
, так как паде-

ние давления происходит на треугольнике. 

Вторая часть (по трению) равна 

 








 










 costg

3

2

cos2

1 вп
2

f
H

lФy . 

 

В скобках здесь соответственно площадь 
II BDA  и среднее напряжение σср; значение 

(  cos ) соответствует направлению силы 

трения относительно оси OY. 

В результате имеем 

 

1 2 в

п

п

1
        

6

sin sin 3 2 tg .
cos

y y y yФ F Ф Ф l

H
b fH



  


    

  
    

  

 (19) 

 

Находим вертикальную составляющую 

(направленную вниз) zФ : 

 

21 zzzz ФФFФ  , 

 

где (см. работу [10]): 

 

TlbFz
2

cos в  

 значение составляющей закрытого реза-

ния без пирамиды сдвига (здесь 

 tgtgcos fT ). 

 

Аналогично: 

 







 cos
6

cos
cos

вп
1

lH
Фz  

 

 уменьшение σср на II BDA  без учета тре-

ния; 

 

2

п в2
 tg sin

cos 2 3
z

lH f
Ф


 



  
    

  
 

 

 часть составляющей трения в zF , соот-

ветствующая треугольнику II BDA , кото-

рой теперь (для треугольника II BDA ) не 

будет. Составляющая по оси OZ для трения 

при возникшем боковом сдвиге будет равна 

нулю. 

Итак, 

 

 


































cos

2
3tgsin

cos3cos

6 п

п

в
H

bf

Hb

lФz . (20) 

 

Находим горизонтальную составляю-

щую xФ  (направлена противоположно оси 

OX), равную силе резания: 

 

321 xxxxx ФФФFФ  ,  (21) 

 

где  


 cossintgcos
2

в flbFx  – такая 

же составляющая для закрытого резания 

(см. работу [10]). Аналогично предыдущим 

рассуждениям: 

 





 cossin

6cos

вп
1

lH
Фx  

 

– аналог yФ , только вдоль горизонтали OX; 
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



 costg

cos3

пв
2

lH
Фx  

 

 это сила трения грунта вдоль плоскости 
II BDA , которая есть в составляющей за-

крытого резания xF , но отсутствует при 

открытом резании (свободном выходе 

грунта в боковые прорези); 

 





 sintg

cos3

пв
3

f
lH

Фx  

 

– составляющая по оси ОX силы трения бо-

кового сдвига на II BDA , возникшая при 

открытом резании. 

Подставляя все эти слагаемые в равен-

ство (21), получим горизонтальную состав-

ляющую (силу резания грунта): 

 

 

,

costgcossin3

sin
cos

cos
tgtg2

6

пв

















































fb

fHl
Фx

(22) 

 

где  22 cossin1f ; 

 
























sin

tg
tg

3
tg

3
ctg9,0

cos

вв

п
fcc

l
H  

 

 из формул (16) и (13); 

 

   
aT

c

aT

00
в

1tg2,3cos1tgtg8,1 





 

  из формулы (26) работы [10]; 

 

 tgtgcos fT . 

 

 

ВЫВОДЫ 

 

1. Разработана математическая модель 

процесса косоугольного резания в глубине 

массива широким острым ножом при дви-

жении грунта по лобовой грани при откры-

той боковой поверхности (возможности 

выхода грунта в технологические прорези 

по сторонам ножа). 

2. Модель позволяет определить сопро-

тивление резанию и тяговое усилие на ра-

бочем органе в зависимости от геометриче-

ских параметров процесса, угла трения 

грунта по ножу и прочностных характери-

стик грунта. 
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Crevice cutting soil with free 

lateral outflow 

 

Mykhailo Sukach 

 

Abstract. Under conditions of cutting the soil 

in the depths of the array, with limited soil outflow 

on the sides of the wide knife, the pressure plot on 

its front face has an approximately triangular 

shape. At small cutting angles, deformation and 

extrusion of soil occurs mainly in the crevices of 

the slit in the vertical direction. Earlier, the author 

obtained analytical dependencies of the grant pres-

sure on the upper edge of a straight flat knife have 

been established. With the formation of a slit with 

a wide sharp knife installed at a certain angle in the 

plane relative to the direction of its movement (in 

the absence of lateral outflow), dependences of the 
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cutting forces of the soil on the magnitude of its 

porosity and deformation zone were obtained. 

The aim of the study is to establish the force 

dependences of slotted soil cutting with a wide 

oblique knife with the possibility of free exit of 

soil into the side technological slots. 

In this work, as in the model, it is assumed that 

the process of cutting the soil is quasistatic. It is 

carried out by an oblique wide flat knife with a 

sufficiently small cutting angle, usually not ex-

ceeding 20. We assume that the entire volume of 

soil is spent on its movement along the surface of 

the knife without forming a compaction core or a 

plastic zone on the frontal face. 

The difference of this model is that the soil, 

moving along the knife, can freely move into the 

side slots (at least equal to its height), formed by 

the technological equipment of pre-drilled wells 

along which the knife moves. That is, the sides of 

the knife are free to pass excess soil moving along 

its surface. 

Keywords: slot cutting, dozer blade, geostatic 

pressure, soil deformation, free lateral outburst. 
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Abstract. The aquatic environment has a sig-

nificant impact on the efficiency of heat input to 

the base metal, significantly reducing the effi-

ciency of the arc. As a result, in wet underwater 

welding, the penetration of the base metal is re-

duced compared to welding in the air with the 

same mode parameters. The purpose of the re-

search was to determine the effectiveness of the 

influence of the parameters of the process of un-

derwater wet welding with rutile-type flux-cored 

wire on the geometric parameters of the weld 

metal – its width and penetration depth of the 

base metal. In this case, the shape coefficient of 

the weld was determined - the ratio of width to 

penetration depth (W/P). It was found that the 

welding speed, wire feed speed and the amplitude 

of the welding torch oscillations have a signifi-

cant impact on the ratio of the width to the pene-

tration depth of the welds. The W/P ratio of welds 

decreases significantly with increasing welding 

speed without oscillation of the welding torch. So, 

when welding with transverse oscillations of the 

welding torch with an increase in the wire feed 

speed, it decreased from 7.14 to 3.85. And it line-

arly increased with increasing amplitude 

 

of the torch oscillations. It was found that the os-

cillation velocity, elongation of the flux-cored 

wire, and arc voltage have an insignificant effect 

on the W/P ratio. 

Keywords: flux-cored wire, underwater wet 

welding, width-to – penetration depth ratio. 
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INTRODUCTION 

 

Underwater welding can be divided into 

three categories according to the operating 

environment, namely, wet, dry, and local dry 

welding [1, 2]. Wet welding is the simplest 

one in the three methods and has the most 

widely engineering adaptability [3]. It can 

work directly in the water without any special 

drainage facilities. The advantages of wet 

welding are simple equipment, low cost, 

flexible operation, and strong adaptability 

and so on [4, 5]. At present the most com-

monly used method is underwater shielded 

metal arc welding (SMAW) [6]. However, it 

needs divers to dive for welding. The time of 

each dive welder working in the water is very 

limited and it decreases with the increase of 

water depth. In addition, restricted by the 

length of the electrode, it needs to replace 

electrode frequently in the welding process, 

which extends the underwater construction 

time and leads to low production efficiency. 

And the quality is also difficult to guarantee 

[7]. The arc will be unstable when working in 

the water more than 80 m with solid wire gas 

shielded welding such as GMAW [8]. The 

main problems of this method are arc break-

ing and metal particles splashing [9]. Com-

pared with solid wire, the metal and powder 

in flux-cored wire can interact more effec-

tively in the heat distribution. And it can im-

prove the arc ionization conditions efficiently 

and promote the stability of the transition 

metal thanks to the addition of the solder flux 

[10]. So the advantages of flux-cored wire 

are more prominent when used for welding in 

the deep water [11, 12]. Of course, the weld-

ing efficiency of flux-cored wire is signifi-

cantly improved compared with SMAW. The 

emergence of flux-cored wire will promote 

the underwater welding production to the 

development of high-efficiency, low-cost, 

high-quality, automation, and intelligence 

[13]. 

The basic research of flux-cored wire 

underwater wet welding involves a large 

number of objects. There is no special 

flux-cored wire for underwater wet welding 

in China. So this paper mainly studied the 

effects of process parameters on the W/P ra-

tio of rutile type flux-cored wire underwater 

wet welding with a flux-cored wire manu-

factured in the Institute of Oceanographic 

Instrumentation, Shandong Academy of Sci-

ences, Qingdao. Due to the penetration and 

melting width are important parameters for 

weld formation, the W/P ratio of welds can 

reflect to some extent the characteristics of 

the method and the qualified degree of weld 

size. 

 

EXPERIMENTAL METHODS 

AND MATERIALS 

 

The base metal used in this paper is ship-

building steel plate CCSE40 (T = 390 МПа) 

and the size of specimen is 200×100×14 mm. 

Its chemical composition is given in Table 1. 

The diameter of flux-cored wire is 1.6 mm. 

The wire is made with low carbon steel strip 

of which the size is 8×0.3 mm. The welding 

type used in this paper is D.C. plate welding. 

The torch is designed for reciprocating oscil-

lating in the perpendicular direction of the 

forward 

Table 1. Chemical composition of CCSE40 steel plate (wt.﹪) 

 

C Mn Si S P Mo Ni Cr V 

≤0.18 1.2 ≤0.5 ≤0.035 ≤0.035 ≤0.08 ≤0.4 ≤0.20 0.06 
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direction. There is no dwell time on both 

sides of the torch oscillating. The amplitude 

and speed of oscillating can be changed indi-

vidually. The test is carried out in a glass tank, 

of which the size is 900×450×400 mm. And 

the tank is filled with fresh water, the depth 

of which is 0.3 m. The temperature of water 

used in this paper is 20℃ and the main 

equipment’s are showed in Fig.1. It needs to 

remove the rust on the specimen with the 

method of mechanical grinding before weld-

ing. Vernier caliper is used to measure the 

penetration and width of welds to research 

the effect of different parameters on the W/P 

ratio after cutting the specimens transversely. 

 

 

a 

 

b 

Fig.1. Welding equipment: a – welding tank and control system, b – power source 

 

a 

 

b 

Fig.2. Formation and macro morphology of welds appear quite visible: 

a – formation of welds, b – macro morphology of weld 
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RESULT AND DISCUSSION 

 

Formation and macro morphology 

of welds 

 

Fig.2a shows the formation of weld that 

welded with the homemade flux-cored wire. 

As seen in the figure, it exhibits an excellent 

appearance on the specimen. There are no 

obvious defects on the surface of welds, ex-

cept a little spatter. Fig.2b shows the macro 

morphology of cross section surface on the 

weld. As shown in the figure, there is no slag 

or crack in the weld. The welding material 

combines closely with the base metal and the 

boundaries of each area. 

 

The effect of welding speed on the 

W/P ratio of welds 

 

In this paper, W1 and P1 stands for the 

width and penetration depth of welds that 

welded without torch oscillating, meanwhile, 

W2 and P2 stands for the width and penetra-

tion depth of welds that welded with torch 

oscillating. 

The effect of welding speed on the W/P 

ratio of welds is showed in Fig.3a. And the 

experimental result is obtained with welding 

voltage of 31 V, wire feeding speed of 3.3 

m/min, wire extension of 20 mm and without 

torch oscillating. As showed in Fig.3a, the 

W/P ratio of welds decreases with the in-

creasing of welding speed. The W/P ratio of 

weld increases significantly with the increas-

ing of welding speed when the welding speed 

increases from 125 mm/min to 250 mm/min. 

It also decreases with the increase of the 

welding speed when the welding speed in-

creases from 250 mm/min to 350 mm/min, 

but the trend of decreasing slows down ap-

parently. This is because the width of welds 

decreases rapidly with the increase of weld-

ing speed, while the penetration depth of 

welds maintains within a small range of 

fluctuation. This trend is showed clearly in 

Fig.3b. 

Another line in Fig.3a shows the effect of 

welding speed on the W/P ratio of welds 

when the oscillating amplitude is 5 mm and 

the oscillating speed is 1000 mm/min. It 

changes within a small range when the weld-

ing speed increases from 125 mm/min to 350 

mm/min. The trend is not as obvious as that 

without the torch oscillating. It can accelerate 

the heat dissipating to the water when the 

torch oscillates actively, resulting in reducing 

the heat input to the base material. So the 

W/P ratio of welds is larger than that when 

the torch does not oscillate. 
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Fig.3. Effect of welding speed on W/P ratio: a – D/W ratio of welds, 

b – penetration depth and width of welds 
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The effect of torch oscillating amplitude 

on the W/P ratio of welds 

 

The effect of torch oscillating amplitude 

on the penetration depth-to-width ratio of 

welds is showed in Fig.4a. The experimental 

conditions of this part are as follows. The 

welding voltage is 31V, the wire feeding 

speed is 3.3 m/min, the wire extension is 

20mm, the welding speed is 175 mm/min and 

the torch oscillating speed is 1000 mm/min. 

It can be seen from Fig.4a that the W/P ratio 

of welds increases linearly with the increase 

of torch oscillating amplitude. It is obvious 

that the width of welds would increase with 

the increase of torch oscillating amplitude, 

just as shown in Fig.4b. In the case of other 

parameters remains unchanged and the heat 

input remains all the same, the depth of pen-

etration would not change apparently, how-

ever, the width of welds would increase, 

which could cause the increase of W/P ratio 

of welds. 

 

The effect of torch oscillating speed 

on the W/P ratio of welds 
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Fig.4. Effect of torch oscillating amplitude on W/P ratio: a– W/P ratio of welds; 

b – Penetration depth and width of welds 
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Fig.5. Effect of torch oscillating speed on W/P ratio: a – W/P ratio of welds; 

b – penetration depth and width of welds 
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The effect of torch oscillating speed on the 

W/P ratio of welds is showed in Fig.5a. The 

experimental conditions of this part are as 

follows. The welding voltage is 31 V, the 

wire feeding speed is 3.3 m/min, the wire ex-

tension is 20 mm, the welding speed is 175 

mm/min and the torch oscillating amplitude 

is 5 mm. As can be seen from the figure, 

there is no clear trend for the W/P ratio in 

pace with the increase of the torch oscillating 

speed. The W/P ratio is maintained within a 

small range (5.26 – 6.67) of fluctuation. In 

other words, the effect of the torch oscillating 

speed to W/P is not obvious and the changing 

of the torch oscillating speed could not cause 

bad weld formation. Fig.5b shows that the 

depth and width of welds also maintains 

within a small range. 

 

Effect of wire extension on the 

W/P ratio of welds 

 

The effect of wire extension on the W/P 

ratio of welds without torch oscillating is 

conditions of this part are as follows. The 

welding voltage is 31 V, the wire feeding 

speed is 3.3 m/min and the welding speed is 

175 mm/min. As can be seen from the figure, 

the W/P ratio first decreases with the increase 

of wire extension (from 10 mm to 20 mm) 

and then increases showed in Fig.6a. And the 

experimental with the increase of wire exten-

sion (from 20 mm to 25 mm). But the varia-

tion range of the W/P ratio is not great. 

Namely, the minimum value is 4,76, and the 

maximum value is only 5,56. The penetration 

depth and the width of welds change in a 

small range with the increase of wire exten-

sion, just as been showed in Fig.6b. 

The effect of wire extension on the W/P 

ratio of welds with torch oscillating is 

showed in Fig.6a. All the other parameters of 

this part are the same as above except the 

followings. The torch oscillating amplitude is 

5 mm and its oscillating speed is 1000 

mm/min. As been showed in Fig.6a, the W/P 

ratio of welds changes in a small range (from 

5,26 to 5,88) with the increase of wire exten-

sion. Thus, regardless of whether the welding 

torch oscillates, the effect of wire extension 

on the penetration depth-to-width ratio of 

welds is not significant. 

 

Effect of welding voltage 

on the W/P ratio of welds 

 

The effect of welding voltage on the W/P 

ratio of welds without torch oscillating is 
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Fig.6. Effect of wire extension on W/P ratio: a – W/P ratio of welds; 

b –  depth and width of welds 
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showed in Fig.7a. The parameters of this part 

are as follows. The wire feeding speed is 3.3 

m/min and the welding speed is 175 mm/min. 

As can be seen from Fig.7a, the W/P ratio of 

welds decreases smoothly with the increase 

of welding voltage and its changing range is 

not large, only from 5,56 to 7,14. This is be-

cause the penetration depth and width of 

welds changed smoothly with the increase of 

welding voltage, just as been showed in 

Fig.7b. 

The effect of welding voltage on the W/P 

ratio of welds with torch oscillating is also 

showed in Fig.7a. All the other parameters of 

this part are the same as above except the 

followings. The torch oscillating amplitude is 

5 mm and its oscillating speed is 1000 

mm/min. It is showed in Fig.7a that the W/P 

ratio of 

welds first decreases and then increases with 

the increase of welding voltage. However, the 

changing range of the W/P ratio of welds is 

not large. Namely, the minimum value is 6,25 

and the maximum is just 8,33. In a word, no 

matter whether the welding torch oscillate, 

the effect of welding voltage on the penetra-
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Fig.7. Effect of welding voltage on W/P ratio: a – W/P ratio of welds; 

b –  Penetration depth and width of welds 
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Fig.8. Effect of wire feeding speed on W/P ratio: a – W/P ratio of welds; 

b –  Penetration depth and width of welds 
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tion depth-to-width ratio of welds is not great. 

The W/P ratio of welds is not sensitive to the 

change of welding voltage within the scope 

of this paper. 

 

The effect of wire feeding speed 

on the W/P ratio of welds 

 

The effect of wire feeding speed on the 

W/P ratio of welds is showed in Fig.8a. The 

parameters of this part are as follows. The 

welding voltage is 31 V, the wire extension is 

20 mm, the welding speed is 175 mm/min, 

the torch oscillating amplitude is 5 mm and 

its oscillating speed is 1000 mm/min. As seen 

from Fig.8a, the W/P ratio of welds decreases 

(from 3,85 to 7,14) with the increase of wire 

feeding speed. 

The reasons for this phenomenon are as 

follows. In the flux-cored wire welding, in-

creasing the wire feeding speed will cause 

increasing the welding current. In the case of 

other conditions remain unchanged, the in-

creasing of welding current means that the 

increasing of heat input to the base metal, 

which will lead to the increasing of penetra-

tion depth and width of welds, Fig.8b. 

Therefore, the W/P ratio of welds decreases 

with the increase of wire feeding speed. It is 

obviously showed in Fig.8a. But if increase 

the wire feeding speed continually, the weld-

ing process would not be stable and a bad 

formation of welds can be got. So the W/P 

ratio of welds is not showed in this paper 

when the wire feeding speed increased great-

er than 6m/min. 

 

CONCLUSIONS 

 

1. Under the condition that without weld-

ing torch oscillating, the W/P ratio of welds 

increases significantly with the increase of 

welding speed. And it increases (from 3,85 to 

7,14) with the increase of wire feeding speed. 

2. The W/P ratio of welds changes within 

a small range in pace with the increase of 

welding speed while the welding torch oscil-

lating. It increases linearly with the increase 

of torch oscillating amplitude. But the effect 

of torch oscillating speed to the W/P ratio of 

welds is not obvious and the changing of the 

torch oscillating speed would not cause bad 

weld formation. 

3. Regardless of whether the welding torch 

oscillating, the effect of wire extension on the 

W/P ratio of welds is not significant. And the 

W/P ratio of welds is not sensitive to the 

changing of welding voltage within the scope 

of this paper. 
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Контроль геометрических параметров 

сварного шва при мокрой подводной сварке 

 

Хан Яанфей, Гуо Нинг, Фенг Чісай 

 

Аннотация. Водная среда оказывает зна-

чительное влияние на эффективность тепло-

вложения в основной металл, значительно 

снижая коэффициент полезного действия дуги. 

В результате, при подводной мокрой сварке 

проплавление основного металла уменьшает-

ся по сравнению со сваркой на воздухе при 

одинаковых параметрах режима. Целью про-

веденных исследований было определить эф-

фективность влияния параметров процесса 

подводной мокрой сварки порошковой прово-

локой рутилового типа на геометрические па-

раметры металла шва – его ширину и глубину 

проплавления основного металла. При этом 

определяли коэффициент формы шва – отно-

шение ширины к глубине проплавления (W/P). 

Установлено, что скорость сварки, скорость 

подачи проволоки и амплитуда колебаний 

сварочной горелки оказывают существенное 

влияние на отношение ширины к глубине 

проплавления сварных швов. Отношение W/P 

сварных швов значительно уменьшается с 

увеличением скорости сварки без колебаний 

сварочной горелки. Так, при сварке с попе-

речными колебаниями сварочной горелки с 

увеличением скорости подачи проволоки оно 

уменьшилось с 7,14 до 3,85. И оно линейно 

возрастало с увеличением амплитуды колеба-

ний горелки. Установлено, что скорость коле-

баний, удлинение вылета порошковой прово-

локи и напряжение дуги оказывают несуще-

ственное влияние на отношение W/P. 

Ключевые слова: порошковая проволока, 

подводная мокрая сварка, отношение ширины 

к глубине проплавленияения. 
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Abstract. Creation of a radio communication 

device for underwater objects for the exchange of 

voice messages and for the transmission of digital 

data. The relevance of this problem is determined 

by the fact that the currently existing samples of 

equipment for underwater radio communications 

are excessively powerful, dimensional and with 

low bandwidth. An analysis of developments in 

this area showed that underwater radio communi-

cations can be organized on longitudinal electro-

magnetic waves or by using only the magnetic 

component of the electromagnetic wave. 

The principle of operation of the device is 

based on the use of only the magnetic component 

of the electromagnetic wave. It is known that an 

electromagnetic wave consists of two components: 

electrical and magnetic. Water is an electrically 

conductive medium where the skin effect acts, 

according to which the deeper, the weaker the sig-

nal. But this is for the electrical component. Water 

has weak magnetic properties, so water is not a 

hindrance to the magnetic component of an elec-

tromagnetic wave. 

Such a device, depending on its power, can be 

used both for individual communication of swim-

mers, and for the organization of radio communi-

cation between beacons and even for communica-

tion with submarines. It is possible to isolate the 

magnetic component of an electromagnetic wave 

according to two principles: to strengthen the mag-

netic component or to weaken the electrical com-

ponent. 

The separation of the magnetic component of 

the electromagnetic wave is carried out in the so-

called magnetic antennas, which can be built in the 

form of coils with a ferrite core, can be of a frame 

type of a certain size or in the form of a coil in a 

screen made of non-magnetic metal. 

 

 

When upgrading conventional radio communi-

cation devices to the underwater version of their 

use, only the antenna-feeder path is subject to 

change, while other components of the communi-

cation channel remain unchanged. Application of 

such principles of radio communication organiza-

tion will allow building submarine communication 

systems for an almost unlimited distance. 

Keywords: radio communication, antenna, 

electromagnetic wave, electromagnetic field, mag-

netic component, electromotive force, submarine. 

 

INTRODUCTION 

 

It is known that the water of the oceans and 

seas has conductivity and significantly absorbs 

radio waves. In this environment, the radio 

wave almost attenuates in the thickness of the 

skin layer. In addition, the absorption coeffi-

cient increases with increasing frequency. 
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Therefore, long and ultra-long waves are 

commonly used to organize underwater radio 

communication, and optical [1] and acoustic 

[21, 22] waves can also be used. Specific fea-

tures of the aquatic environment for the propa-

gation of electromagnetic waves [3] are bias 

currents are much smaller compared to con-

duction currents, at the skin-layer distance the 

resistive and inductive properties of the medi-

um are comparable, and capacitive are not 

affected, there is no wave zone: at any distance 

from the radiation source the pointing point is 

much less than Joule losses, impossible for-

mation of narrow radiation patterns, etc. 

Therefore, to organize long-distance commu-

nication requires powerful equipment with 

antennas [6], the length of which is several 

kilometers, and this connection is quite slow, 

the bandwidth of such a communication chan-

nel reaches hundreds of bits per second. Obvi-

ously, other principles, one of which is sug-

gested in this article, need to be used to organ-

ize a high-speed communication channel and 

over long distances underwater. 

 

ANALYSIS OF RECENT RESEARCH 

AND PUBLICATIONS 

 

The history of communication with subma-

rines [1] defines the basic principles that have 

guided the last 100 years. Long and ultra-long 

waves for long-distance communication (kil-

ometers) are commonly used for underwater 

radio communication, and optical and acoustic 

waves can be used for short-distance commu-

nication (meters). According to the results of 

research of underground and underwater radio 

communication [3], the peculiarities of the 

aquatic environment for the propagation of the 

electromagnetic wave are clarified and it is 

determined that it is not effective to use Hertz 

radio waves in the aquatic environment. The 

article [4] discusses the issue of still insuffi-

ciently studied radiation of a rotating magnet, 

which can penetrate through the aqueous me-

dium. Article [6] states that the existing system 

of communication with submarines involves 

high-power equipment, which also has large 

dimensions for almost submarines. Such 

equipment may not be used for individual 

communication of scuba divers. In [9] the 

connection between the longitudinal electro-

magnetic wave and the known system of 

Maxwell's equations is proved, where the vec-

tor of the longitudinal wave component of the 

electric field strength is found as an exact solu-

tion of Maxwell's standard equation with a 

specific case of gradient type of electric cur-

rent and charge density. That is, it is possible 

to use longitudinal electromagnetic waves for 

underwater radio communication, which prop-

agate under water almost without restrictions. 

 

THE AIM OF THE STUDY 

 

The urgency of this problem is determined 

by the fact that the current models of underwa-

ter radio equipment are excessively powerful, 

large and with low bandwidth. The results of 

the analysis are: alternative types of underwa-

ter radio communication are longitudinal elec-

tromagnetic waves and radio communication 

using the magnetic component of the electro-

magnetic wave. The purpose of the study, 

which is conducted in this article, is to deter-

mine the design features of equipment for the 

organization of radio communication using the 

magnetic component of the electromagnetic 

wave. The tasks that will be solved: to deter-

mine the principles of separation of the mag-

netic component from the electromagnetic 

wave and to determine the features of the con-

struction of the communication channel for 

underwater radio devices. 

 

RESULTS OF THE RESEARCH 

 

Of course, the electromagnetic wave con-

sists of two components: electric and magnet-

ic. Water is a conducive medium where the 

skin effect acts, which is deeper, the weaker. 

But this is for the electrical component. For 

the magnetic component, water is not an ob-

stacle. It is possible to distinguish the magnetic 

component of an electromagnetic wave ac-

cording to two principles: 

- amplify the magnetic component (the so-

called magnetic antenna); 

- weaken the electrical component (so-

called HZ-antenna). 
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The type of antennas that respond to the 

magnetic component of the electromagnetic 

field (EMF) has been widely used in any in-

dustry due to its small size and transceiver 

properties. The main advantage of magnetic 

antennas – immunity to electrical interference 

[11]. The latter fact allows them to be used in 

any city where there is a high concentration of 

electrical signals [12, 13]. Their design is often 

really very simple. The magnetic antenna is 

made in the form of a closed coil, frame or coil 

(Fig.1). The simplest magnetic antenna con-

sists of: a core; inductor; coil frame. A frame 

is provided on the core, and an inductor is 

wound on the frame. The core of such an an-

tenna is made of magnetic material. Most often 

made of ferrite, which has good magnetic 

properties. The core can be made of a longitu-

dinal piece of ferromagnetic, but it is more 

effective to give this material the shape of a 

frame. In such a design, the magnetic field will 

also create an electromotive force (EMF), but 

variable. 

The antenna will turn into an inductor, 

which converts the energy of the EMF into 

electrical energy (this is the main task of the 

antenna). The magnitude of the induced EMF 

in the frame depends on the position of the 

structure relative to the plane of the field. The 

EMF is maximum if the plane of the turns of 

the structure is directed to the transmitting 

station. If you rotate the antenna around the 

vertical axis (top view), then for one revolu-

tion it will have two highs and two lows (zero 

values) EMF. 

EMF in it is given in accordance with the 

law of electromagnetic induction of M. Fara-

day [18]: 

t
Ν




ελ , 

 

where Ν  - the number of turns, 

  – the magnetic flux that permeates the 

turns and is equal, in turn, 

 

SΗ0μμ , 

 

where Η  – the magnetic field strength of 

the wave; 

S  – cross-sectional area of the coil, frame 

or coil; 

μ  – current (effective) magnetic permeabil-

ity of the core. For ferrite antennas μ  is de-

termined by the size and magnetic permeabil-

ity of the core. Its approximate values for 

widespread ferrite rods are in the range from 

160 (ferrite 1000HH) to 130 (ferrite 400HH); 

0μ  – magnetic permeability of vacuum 

( 7104  πμ0 H/m). 

Just like an electric, a magnetic antenna is 

characterized by an active height. Given the 

relationship between E and H, we can deduce 

[19]: 

 

λ

πμ ΝS
hd

2
 . 

 

Now the EMF developed by the antenna is 

determined by the formula: 

 

dhε . 

 

Magnetic antennas also include frame-type 

antennas. In addition to the Hertz electric di-

pole, there is a Hertz magnetic dipole, some-

times called a "frame antenna". The basis of 

the design of such antennas is a loop of cable 

 
Fig.2. Frame antenna 

 
Fig.1. The magnetic antenna 
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connected to a capacitor of variable capacity 

[20]. The perimeter of the loop is usually in 

the range from to and has the shape of a circle. 

A circle-shaped antenna is considered a classic 

loop antenna. Such an antenna can work with 

many frequency bands, including with 

shortwave (HF) – band. 

This range is interesting because the waves 

of this range are still propagating in the water. 

The larger the area of the loop (better if it is 

round), the greater the signal coverage. Also in 

the circuit sometimes include a matching 

transformer. But a frame antenna with a frame 

perimeter less than 0.1 wavelength is called a 

"magnetic loop". To further reduce its sensitiv-

ity to the electrical component and make a 

minimum of the pattern deeper and sharper, 

the frame itself is also shielded (Fig.2). 

The pattern of such an antenna will have 

the shape of infinity or figure eight (Fig.3). 

Radio communication on the so-called EH-

antennas [2] is a new unknown direction. This 

radio communication was born by the efforts 

of radio amateurs relatively recently (decades 

ago), but it seems promising, in particular, 

because this radio communication can work 

underwater. The prospect of research (both 

theoretical and experimental) work in this area 

is quite broad, as the principle of operation and 

theoretical foundations of communication on 

EH-antennas have not yet been established [8]. 

The reason is that EH-antennas operate on a 

new, virtually unknown electromagnetic prin-

ciple, using a previously unknown type of 

electromagnetic radiation [15 – 16]. The de-

sign of EH-antennas consists of two cylinders  

 

 
 

Fig.3. Azimuth Radiation Patterns for Magnetic Loop Antenna modeled for 14, 21 and 28 MHz at 5 feet 

above Average Ground [14]. As the radiation frequency increases, the antenna efficiency (Fig.4) 

and the gain (Fig.5) increase, but, unfortunately, the resistance of the aqueous medium increases 
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made of non-magnetic material and is made in 

such a way that the electric charges in its cyl-

inder have a dominant rotational (spin) mo-

tion. High voltage is created by a resonant 

tuning coil, which ends with cylinders (Fig.6). 

This creates an intense field E between the 

cylinders. And this, in turn, creates a very 

large voltage between the ends of each cylin-

der, which creates a linear movement of 

charge on the surface of the cylinders, as in a 

conventional antenna. These streams allow the 

EH-antenna to generate the same type of radia-

tion as any conventional Hertz antenna, even 

though the antenna is very small compared to 

the wavelength (less than 2% of the wave-

length) [17]. 

The differential voltage across each cylin-

der creates a large current and, as a result, a 

magnetic field. The differential voltage on 

each cylinder is high, the resistance of the cyl-

inders is low, and therefore the current is large 

and creates a large magnetic field, despite the 

small size of the antenna. The ratio of the am-

plitude between the fields E and H is set auto-

matically, forming a very high resistance to 

radiation. Here is the fundamental difference

 
 

Fig4. Plot of calculated Magnetic Loop Antenna Free Space Efficiency vs. Frequency 

 
 

Fig.5. Plot of calculatated Magnetic Loop Antenna Free Space Gain vs. Frequenc 
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between EH-antennas and all conventional 

antennas. Thus, conventional antennas operate 

on the translational motion of electric charges, 

and the EH-antenna is assumed to operate on 

the rotational (spin) motion of electric charges. 

In the radio communication line, the EH-

antenna works much better with the EH-

antenna than with the usual one. 

In the study [2] it was determined that the 

motion of dynamic electrons can have two 

components – translational and rotational. If 

so, the resulting electromagnetic field from the 

motion of these dynamic electrons consists of 

two complex components, i.e. two separate 

and distinct electromagnetic fields. The prop-

erties of these two electromagnetic fields are 

very different from each other. In ordinary 

Hertz antennas there is a translational motion 

of electrons that form a known electromagnet-

ic field. The peculiarity of En-antennas is that 

in the cylinders there is also a translational 

(linear) motion of electrons, but the rotational 

motions of electrons are dominant. 

This situation is created by magnetic fluxes 

in the tuning coils of the EH-antennas. The 

magnetic field from the tuning coil penetrates 

through the cylinders in antiphase to the field 

caused by currents in the antenna from the 

phasing coil. Six equations are the result of the 

application of Maxwell's main two equations, 

which determine electric and magnetic fields, 

and supplemented with the assumption of rota-

tion, their application in three dimensions, in 

comparison with the rectilinear motion of elec-

trons used by Maxwell: 

 

 zti
x

HH x γω
λ

π

π

λγ

x

x 

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π
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x

x0  expsin0
 ; 

0zE , 

 

From these equations we see that even in 

the simplest wave representation there are two 

orthogonal magnetic vectors, one of which 

describes Hertz waves and the other the others. 

In the general case, it can be represented as 

 

βαγ i , 

 

where α  characterizes the wave attenuation 

along the Oz axis and can be is called the 

damping coefficient; 

β  characterizes the phase change along ax-

is Oz and can be called the phase coefficient. 

From the relation 
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we obtain for the region xλ , yλ : 
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we obtain   0
2
γ  and γ  – is a real number, 

i.e. αγ   and 0β . This case corresponds to 

a damped wave. 

 

 

 
Fig.6. EH-frame antenna 
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we obtain   0
2
γ  and γ  – is a imaginary 

number, i.e. βγ i  and 0α . In this case, 

we obtain a wave propagating along the axis 

Oz without attenuation. Wherein in the re-

gion xλ , yλ , created by the electron (mass-

charge) corresponds to the critical frequency, 

determined from the condition 0γ  expres-

sion: 
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At frequencies below 0ω  the waves are 

damped. At frequencies above 0ω  the waves 

are undamped. 

The distance over which an electromagnetic 

wave propagates during one period of its 

change, as you know, is called the wavelength  

 

vTλ , 

 

Where 

 

ω

2π

εεμμ 00

 Tv ,
1

. 

 

Therefore, the critical frequency 0ω  corre-

sponds to the critical wavelength 0λ  in space: 
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The quantities 0ω  and 0λ  are interrelated 

with the numbers m  and n , which determine 

the nature of the wave. In our case yx λλ  , 

therefore the smallest critical frequency is ob-

tained for 1m  and 0n . It turns out to be 

equal to: 

 

x00

0
λ

π

εεμμ

1
ω   

 

and, therefore, the longest critical wavelength 

is x0 λλ 2 . Since for 0ωω   we have 

βγ i  and  

 
ztizti ee βωγω    

 

to obtain expressions for real instantaneous 

values of xH , yH , zH , xE  and yE  it is nec-

essary in expressions for their complexes, re-

place the factor ztie γω  with )sin( zt βω  . 

The quantity 

 

v
β

ω
 

 

is the phase velocity of the wave. 

The wavelength   along the Oz axis is ob-

tained from the relation  

 

πβ 2 . 

 

Replacing in the relation (1)  2γ  by 
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Then we have 
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This shows that the wavelength   along 

the Oz axis is greater than the wavelength λ  in 

the Oxy plane at the same frequency. This 

difference is the greater, the more λ  ap-

proaches the critical wavelength 0λ , and for 

0λλ   we get  . Phase velocity can be 

represented as: 

 

λλεεμμ

1

2π

ω

β

ω

00





 vv . 

 

Therefore, the phase velocity v  of the elec-

tromagnetic waves along the Oz axis is greater 

than the speed of electromagnetic waves in the 

Oxy plane. This, of course, does not mean that 

the electromagnetic field changes with a speed 

of 10 greater than v , since v  is the speed with 

which the steady-state phase distribution along 

the Oz axis changes. In the physical sense this 

means, that for any violation of the existing 

mass distribution of the charge the coefficients 

m  and n  change, which change the phase 

distribution along the Oz axis with a speed v . 

In other words, with this speed, the coeffi-

cients m  and n  change, which determine the 

frequency filling of the mass-charge wave, i.e. 

spectrum, which can also be represented by the 

trigonometric Fourier series whose member 

numbers correspond to the coefficients m  and 

n . 

In this case, along the Oz axis there is a 

non-zero component of only the magnetic field 

strength. In this connection, it is of interest that 

 

0B  

 

always (the absence of magnetic charges, 

and the lines of the magnetic field are closed) 

and magnetic induction is a complex quantity. 

The magnetic component along the Oz axis of 

the critical electron wave (mass charge) is 

closed at infinity. According to this magnetic 

wave, the electron (mass-charge) considered in 

a particular place can be controlled instantly 

everywhere in the Universe. He constitutes 

with her one whole, infinitely closed space, 

where any changes in the phase distribution of 

his waves are realized instantly in the entire 

Universe. 

The considered properties of the electron 

component zH  (mass-charge) fully corre-

spond to the same component of our Earth 

(mass-charge). It is tempting to influence in-

formation on a component zH  near the Earth. 

This is the instant passage of information on 

the universe! Of course, the usual techniques 

used in conventional radio communications 

are not applicable here. 

The obtained complex expressions of the 

instantaneous values of the components of the 

strengths of the magnetic and electric fields 

xH , yH , zH , xE , yE  and zE  electron (mass-

charge) are fully applicable to electrons in the 

shell of an atom. It also follows from the fore-

going that the orbit of an electron (mass 

charge) in an atom is an epicycloid, and not a 

distorted circle-ellipse. These complex expres-

sions already in finished form are a kind of 

periodic wave function of the electron shell of 

the hydrogen atom 1H . The region yx λ,λ  de-

termines the external dimensions of the hydro-

gen atom 1H . The periodic wave function for 

electrons in an atom may turn out to be more 

convenient than transformations of the Schrö-

dinger equation, from which the probability of 

an electron being at a given point in time at a 

given point in the orbit is obtained. 

EH-antennas are already sufficiently tested 

in the world and are produced almost industri-

ally [7]. The design of the antenna for this 

principle is almost patented [10]. 

A special case of EH-antennas are the so-

called HZ-antennas. The device of the HZ-

antenna is quite simple (Fig.7). The antenna 

consists of two coils arranged coaxially at 

 

 
Fig.7. HZ-antenna [7] 
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some distance from each other. The coils are 

included so that their magnetic fields are di-

rected opposite to each other, in other words, 

there is an anti-phase inclusion of these induc-

tors. To increase the sensitivity, the capacitor 

is included, which together with the inductors 

forms a circuit. 

This circuit is tuned to the frequency of the 

received signal. The coils are placed in a cop-

per cylinder or in a copper screen. The mag-

netic fields of the frame are directed in oppo-

site directions. The field in the far radiation 

zone, when the distance from the antenna sig-

nificantly exceeds the diameter of the loop 

antennas and the distance between them, can 

be defined as the sum of the fields from each 

of the loop antennas. This type of antenna is 

called Hz antennas and belongs to the class of 

EH-antennas. Particular attention is drawn to 

the fact of shielding the antenna. For conven-

tional antennas, such a screen does not allow 

the antenna to receive a signal from the sur-

rounding space or emit it into space. However, 

in this case, as studies have shown, the screen 

not only does not suppress, but also improves 

the performance of the antenna. Between the 

same coils, included in antiphase, there is a 

space of some thickness in which the electric 

and magnetic fields are zero. The wires that 

are connected to the coil are also placed in the 

screen and there is no radiation from them. 

Another feature of the HZ-antenna, which 

was predicted by theory and confirmed in 

practice, is the high penetrating power of the 

vector [2]. The field emitted by the HZ-

antenna can penetrate water. This was experi-

mentally established when a small transmitter 

and an EH antenna enclosed in a plastic sealed 

housing were placed under water. Both con-

ventional antenna and EH-antenna were used 

as receiving antennas. Only the EH-antenna 

was able to receive a signal from a transmitter 

located under water. 

 

DISCUSSION OF THE RESULTS 

OF THE STUDY 

 

Thus, there is a theoretical possibility of or-

ganizing underwater radio communication on 

the principle of using only one component of 

the electromagnetic wave (magnetic). The use 

of such radio communication will allow to 

build communication systems for almost un-

limited distance. Issues of energy supply of 

such systems are subject to further study. 

In 2018, a message appeared on the Internet 

[5] that the Russian Federation has developed 

technology for the transmission of information 

and voice data in sea and fresh water, as well 

as across the border of the environment (wa-

ter-air). The device provides uninterrupted 

communication between underwater and sur-

face subscribers. The solution is based on the 

magnetic component. According to Fig.8, this 

is a frame magnetic antenna of the HF band, 

which is described above. 

In order to test and develop the theory, it is 

necessary to conduct further theoretical and 

experimental research in the following areas: it 

is necessary to make sure that we are not deal-

ing with an instantaneous, but with a wave 

process; it is necessary to determine the speed 

of propagation of the emitted wave. This speed 

can differ significantly from the speed of light 

in vacuum and does not depend on μ and ε, but 

on other parameters of the medium. This is 

qualitatively evidenced by experiments on the 

good passage of a new type of waves through 

water and reinforced concrete buildings in 

comparison with electromagnetic waves; it is 

necessary to study the polarization of these 

waves. Personal experience (especially the 

pattern) identifies the moments that indicate 

the longitudinal nature of these waves; it is 

also necessary to study the phenomena of re-

flection from different media, interference of 

these waves and diffraction. 

 

CONCLUSIONS 

 

Thus, the following conclusions are possi-

ble from the above: 

- underwater radio communication can be 

organized on the principle of separation of the 

magnetic component of the electromagnetic 

wave; 

- the release of the magnetic component of 

the electromagnetic wave is carried out in the 

so-called magnetic antennas; 
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- the magnetic antenna can be built frame, 

for example [5], or according to the patent 

[10]; 

- for the organization of underwater com-

munication, only the antenna-feeder path is 

subject to change, and other components of the 

communication channel remain unchanged. 
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Устройство подводной радиосвязи 

 

Юрий Хлапонин, Александр Селюков 

 

Аннотация. Создание устройства радиосвя-

зи для подводных объектов для обмена голосо-

выми сообщениями и для передачи цифровых 

данных. Актуальность этой проблемы опреде-

лена тем, что существующие на сегодня образ-

цы оборудования подводного радиосвязи явля-

ется чрезмерно мощными, габаритными и с 

низкою пропускной способностью. Анализ 

разработок в этой области показал, что подвод-

ную радиосвязь можно организовать на про-

дольных электромагнитных волнах или с по-

мощью использования только магнитной со-

ставляющей электромагнитной волны. 

Принцип работы устройства основан на ис-

пользовании только магнитной составляющей 

электромагнитной волны. Известно, что элек-

тромагнитная волна состоит из двух составля-

ющих: электрической и магнитной. Вода - это 

электропроводящая среда, где действует скин-

эффект, по которому чем глубже, тем сигнал 

слабее. Но это для электрической составляю-

щей. Вода имеет слабые магнитные свойства, 

поэтому для магнитной составляющей элек-

тромагнитной волны вода - не помеха. 

Такое устройство в зависимости от его 

мощности может быть использовано как для 

индивидуальной связи пловцов, так и для орга-

низации радиосвязи между радиобуями и даже 

для связи с подводными лодками. Выделить 

магнитную составляющую электромагнитной 

волны возможно за двумя принципами: усилить 

магнитную составляющую или ослабить элек-

трическую составляющую. 

Выделение магнитной составляющей элек-

тромагнитной волны осуществляется в так 

называемых магнитных антеннах, которые мо-

гут быть построены в виде катушек с феррито-

вым сердечником, могут быть рамочного типа 

определенного размера или в виде катушки в 

экране из немагнитного металла. 

При модернизации устройств обычной ра-

диосвязи в подводный вариант их использова-

ния изменениям подлежит только антенно-

фидерный тракт, а другие составляющие канала 

связи остаются без изменений. Применение 

таких принципов организации радиосвязи поз-

волит строить системы подводной связи для 

практически неограниченного расстояния. 

Ключевые слова: радиосвязь, антенна, 

электромагнитная волна, электромагнитное 

поле, магнитная составляющая, электродвижу-

щая сила, подводная лодка. 
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Abstract. The basic provisions for the analyti-

cal calculation of vertical cylindrical capacities are 

provided in this article. The submitted data is the 

result of a global study accomplished by the au-

thors in recent years. The simplified procedure of 

mathematical calculations, which is used in the 

formulation of these dependencies, can character-

ize the outlined aspects in line with the engineering 

method and be recommended for practical applica-

tion. In the given research the problem of the influ-

ence of profiling of the wall of the vessel on the 

radial movements of the case under the action of 

axially asymmetric and asymmetric loading is ana-

lyzed. The basic calculation formulas are given for 

determination of internal forces (ring normal 

stresses, running bending moments and running 

transverse forces) and displacements of the no-

gauge storage capacity under load, which is de-

scribed by the exponential law characteristic of the 

pressure of the loose material. A brief description 

of the influence of vertical ribs on the rigidity 

characteristics of silo tanks, as well as the expres-

sions for estimating longitudinal forces in the ribs 

at a certain altitude level is given. Particular atten-

tion is given to the calculation of cylindrical capac-

ities under conditions of asymmetrical radial load-

ing. 

In this case, the problem is considered for two 

variants of the simplified procedure, in accordance 

with the instantaneous theory and a more precise 

analytical solution in applying the equilibrium 

equations of the moment theory, which allows tak-

ing into account the effect of internal bending mo-

ments in the sections. In both cases, the simplifica-

tion of the computational procedure is accom- 

 

 

plished by decomposing an asymmetric load into a 

finite trigonometric series and conducting a calcu-

lation for each component separately. The internal 

forces arising in the edges of the conical roofs 

from the action of the most probable loads own 

weight, weight of technological equipment, wind 

pressure and snow load are also calculated. In this 

case, only the simplest construction of the roof was 

considered, characteristic of small diameter con-

tainers, which consist exclusively of the main radi-

al edges. The article provides the formulas for 

finding the internal forces in this element and the 

maximum compressive force and maximum bend-

ing moment in a dangerous section. 

Keywords: cylindrical shell, displacements, 

corrugated wall, exponential law, deflection func-

tions, stress state, vertical stiffeners, axisymmetric 

load, radial deflection. 
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INTRODUCTION 

 

Our country is one of the key players in the 

sector of production and export of grain crops. 

In this process, the most important technologi-

cal operation is the processing and storage of 

grain, requiring the availability of appropriate 

complexes, which should provide the neces-

sary conditions for the quality maintenance of 

seeds. The advantage in this segment is given 

to industrial metal capacities of different struc-

tural form (Fig.1). The basic requirements for 

this type of structures are based on general 

technical characteristics of strength, rigidity 

and stability, as well as economic feasibility. 

Modern steel containers for storage of grain 

crops have taken leading positions in the ele-

vator market. Despite a rather long period of 

production and operation of buildings of this 

type, the calculation of their supporting struc-

tural elements and a comprehensive study of 

their general characteristics have not received 

sufficient development till now. 

 

MATERIALS AND METHODS 

 

The analysis of the stress-strain state of 

steel in cylindrical silos tanks is a complex en-

gineering task that requires significant scien-

tific effort and knowledge; it is based on the 

use of special software groups and complicat-

ed mathematical apparatus for computing 

[1 – 5]. The purpose of the calculation is the 

unambiguous definition of the stress-strain 

state of the container from the action of the 

most probable loads the vertical and horizontal 

pressures of the loose material, which causes 

the axially symmetric loading and the pressure 

of the wind pressure, which applies asymmet-

ric loads [6, 7] .This is the most accurate 

method for determining the full range of inter-

nal efforts and displacements is the finite ele-

ment method, which is recommended for use 

in practical calculations. However, there is of-

ten a need for an analytical calculation, which 

allows not only to quickly evaluate some pro-

ject decisions, but also to formulate conditions 

for related tasks, weakly dependent on inaccu-

racies of formulas. For example, we can give 

the task of calculating the minimum weight or 

maximum reliability. In addition, the results 

obtained are a guide for the designer, which 

will allow to avoid technical errors or possible 

inaccuracies in the construction of FEM com-

puter model in the future. 

 

RESULTS AND DISCUSSION 

 

Steel vertical cylindrical container is a rota-

tion shell, which is supported by vertical ribs 

of stiffness. The thickness of the plates, from 

which the body of the container is tiled, varies 

in height, and the texture of the plates can be 

both smooth and wavy.  

A comparative analysis of the resistance to 

deformation of profiled sheets [8 – 10] showed 

that with increasing thickness of the sheets, 

their rigidity characteristics deteriorate. With 

the classic bend of thin plates that work as 

membranes, the use of profiled sheets is more 

effective. However, with axially symmetric 

loading of the cylindrical shell of rotation with 

evenly distributed loads, which causes both 

tensile strength and compression forces, sheet 

profiling does not affect the radial displace-

ment of the construction. 

With asymmetric loading, sheet profiling 

reduces radial movements of the shell. This 

phenomenon is most pronounced for thin 

sheets with more "frequent" wave steps. 

 

 
 

Fig. 1. General view of the vertical steel cylindri-

cal containers of "Lubnymash" 

(https://lubnymash.com/) 

https://lubnymash.com/
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Determination of internal forces and dis-

placements of a cylindrical thin-walled shell at 

various boundary conditions is given in many 

scientific and reference sources, but the practi-

cal analytical calculation is complicated by the 

search for a solution in loaded state, which is 

described by the exponential law, characteris-

tic for the pressure of the loose material. 

Dependences for internal forces and dis-

placements for small-diameter capacities that 

do not have edges under load adopted by the 

Jansen-Kenen formula are expressed in terms 

of equation 

 

0( ) 1w wxs k x
w x w e e


   

 sin( ) cos( )w wk x k x  , 
(1) 

 

where  w x is the function of moving of the 

shell; 0w is the entered designation for this ex-

pression; wk is the ratio that can be defined by 

the formula 

 

 4 2
,w ef r w rk Et D D , (2) 

 

where , ,1ef r w w wt t  is the thickness of the 

sheets (the rigidity of which is equivalent to 

the rigidity of the corrugated profile by thick-

ness eft ); ,1w is the length of the scanning of 

the corrugation in the waveform of the corru-

gated sheet of the shell w ; E is the module of 

elasticity of the material; rD  is the cylindrical 

rigidity of the shell on the bend in the circular 

direction; wD is the diameter of the shell. 

Assessment of internal forces (circular 

normal stresses h , geared bending moments 

( )xM x and running transverse forces ( )xQ x ) 

Can be made by classical ratios [11 – 14] 

 

( ) 2 ( )h
w

E
x w x

D
  , (3) 

2

2

( )
( )x r

d w x
M x D

dx
  , (4) 

3

3

( ) ( )
( ) x

x r

dM x d w x
Q x D

dx dx
   . (5) 

 

The impact of vertical ribs on the rigidity 

characteristics of silo storage for grain depends 

on many factors [15 – 18]. 

With asymmetric loading and a small num-

ber of vertical edges, the value of the deflec-

tions is much smaller than that of non-rebound 

containers. In profiled shells it is more pro-

nounced than flat ones (Fig. 2). 

Under the influence of an asymmetric load, 

the efficiency of vertical edges increases, es-

pecially with a sufficiently large number of 

them. 

To evaluate the longitudinal force pN in 

each edge at the level z from the top of a cy-

lindrical container, with axial-symmetric load-

ing we can use the expression 

 
2

, ,1( )
4

w
p z m m g w y

p

D
N g S H y

n


       ,

  ,1 1 1 y

y yy e


     , 

(6) 

 

 

 
 

Fig. 2. Character of deformation of capacities 

from profiled sheets with different de-

grees of vertical stiff ribs and axisym-

metric loading 
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where mg  is the proper weight of the roof; pn  

is the number of vertical edges; mS  is the 

snow load; 04y w gf y     is the dimension-

less parameter determined by dimensionless 

height wy z H , which has an area of values 

0 1y  . 

If you analyze the value of the ratio of lat-

eral pressure 0  and the ratio of friction gf , 

then you can see that the values 0 gf  are in a 

fairly narrow range from 0,18 ... to 0,19. Ac-

cordingly, it allows to adopt a unified value 

0 0,2gf   and essentially simplify the expres-

sion 0,8y w y   . 

Vertical pressure pf,z on the wall of the tank 

at the level y from friction material 

 

, ,20,2 ( )f z g w yp D y   

,10,2 ( )g w yH y y     ,

 ,2 ( ) 1,25 1 y

y y e


   . 

(7) 

 

The value of the functions ,1( )y y  and 

,2 ( )y y  for capacities of different elongation 

were calculated in 19. 

Procedure for estimating the bending mo-

ment pM  in the vertical edges of the stiffness 

of the silo tank can be performed using condi-

tional eccentricity ,p efe  which determines the 

position of the center of gravity of the reduced 

cross section of the vertical rigidity edge 

 

, / (1 )p ef p y wpe h k  ,

/ ( )wp p p w wA n D t   , 
(8) 

 

where / ( )wp p p w wA n D t    is the ratio of the 

cross-sectional areas of all vertical stiffening 

ribs and the wall of the vessel. 

Calculation of cylindrical capacitances un-

der conditions of asymmetric radial loading, as 

in the case of axisymmetric loading, can be 

carried out in a simplified procedure, in ac-

cordance with the no-moment theory. A more 

precise analytical solution can be obtained in 

the case of equilibrium equations of moment 

theory, which allows taking into account the 

effect of internal bending moments in cross-

sections. The task of calculating cylindrical 

capacitance in both cases is reduced to the ex-

pansion of an asymmetric load into a finite 

trigonometric series and the calculation for 

each component separately. For wind load kW  

this will be a cosine-series of aerodynamic ra-

tios ( )aerC   

 

0 1 2( ) cos( ) cos(2 )aerC a a a      

... cos( ) cos( ),k ma k a m      
(9) 

 

where kА  is the amplitude value k component; 

  is the angle of attack that takes into account 

the direction of the wind; ka  is the ratio of ex-

pansion. 

In accordance with the momentary theory, 

the full efforts of the wind load will manifest 

themselves, depending on the number of 

m members in the trigonometric series 

 

( , ) sin( )k kS x kA x k   , 
2 2

, ( , ) cos( ) /p k k wN x k A x k D   , 

, ( ) cos( ) / 2h k k wN A D k   . 

(10) 

 

And the displacement of the capacity from 

the load kW  is determined on condition 

 
2 2( , ) 1

cos( ),
(1 )

k
w w wp

u x k x
A k

x Et D

 
 

 

( , )
( , ) 0,

v x
w x

 
  



2 ( , ) ( , )
0

w

u x v x

D x

   
 

 
. 

(11) 

 

where u, v and w is the longitudinal, circular 

and radial movement of the body. 

For maximum displacement values (at 

0  ) we can use the formulas 

 

max 0,5 H p wu G   ,   
,max 0,75 H ww G   ,  

4

0

m

w k

k

k a


  . 
(12) 
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where 2 22 3(1 )H p w w wp wG w H Et      is the 

conditional deflection; pw  is the estimated 

value of the wind load. 

Applying the moment theory, it is necessary 

to outline the basic variables of the method, 

which will include normal tensions ,p k  in the 

section of the capacity, tangent ,p k  in the lon-

gitudinal and three basic displacements, longi-

tudinal ku , radial kw  and the ring kv . Lower-

ing complex calculations, studied in detail in 

[20], we note the expressions for loads in 

cross-sections , ( , )p k y  and , ( , )p k y   

 

, 2
, ,2 2 2 2

( )
( , ) cos( )

( 1)

k
p k w k k

w

yE
y a k

k k





     

 

, 3
, ,3 3 2 2

( )
( , ) sin( )

( 1)

k
p k w k k

w

yE
y a k

k k





     

 

, 1, , ,( ) chs( ) cos( )m k k k ky M y y      

2, , 3, ,exp( ) exp( )k k k kM y M y       , 

(13) 

 

where 1,kM , 2,kM  і 3,kM  is the dimensionless 

capacitance reaction function; ,0k  is the pro-

portionality factor, which has the dimension of 

the function ( )k y  and takes into account the 

nature of harmonious loading kW ; ,k  is the 

response factor. 
And also radial ( , )kw y  , ring ( , )kv y   and 

longitudinal ( , )ku y   moving 
 

,

2 2

[1 ( )]
( , ) 2 cos( )

( 1)

m k
k w w k

y
w y D a k

k


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
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,

2 2

[1 ( )]
( , ) 2 sin( )

( 1)

m k
k w w k

y
v y D a k

k k


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
, 

,
,2 2 2

( )
( , ) cos( )

( 1)

u kw
k w k k

w

yD
u y a k

k k



    

 
 

(14) 

 

where w  is the ratio of capacity compliance. 

Functions , ( )u k y , , ( )k y  and , ( )k y  are 

similar in their mathematical nature to 

, ( )m k y . Their formula representation depends 

on the variation of the boundary conditions of 

fixing each edge (Fig.3). 

The total state is defined as the sum of 

stress-strain states influence, and it depends on 

the number of ratios of the layout laid down in 

the calculation 

 

0

( , ) ( , )
m

D k k

k

R y a R y


    (15) 

 

where R  is the generalized reaction parameter 

pR w v u      . 

One of the essential steps in the calculation 

of vertical cylindrical tanks is the study of in-

ternal forces that arise in the edges of the coni-

cal roofs by the action of the most probable 

loads – own gravity, weight of process equip-

ment, wind pressure and snow load (Fig. 4). 

The construction of a conical roof of a cy-

lindrical storage tank consists of rectilinear 

edges installed radially and connected by a se-

ries of rings that form a compatible spatial sys-

tem. With relatively small diameters of capaci-

ties, radial ribs are made from beams, while 

large ones are in the form of trusses. In the 

case when the main radial edge is made in the 

 

 
 

Fig. 3. Isometric representation of functions  

, ( )m k y and , ( )u k y for capacities 

with free end (top) and absolutely rig-

id ring (below) 
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form of trusses, the forces in its rods are calcu-

lated on the basis of beam effort. According to 

the principle of operation, radial edges can be 

divided into main and secondary. The main 

ribs, on one end, rely on the wall of the tank, 

reinforced by an elastic lining, and the other 

on the central rigid ring. Secondary ribs are 

placed between the main ones and are support-

ed by one or both ends on the ring edges, 

hinged to the main radial beams. 

The simplest construction of the roof con-

sists of only the main radial edges. A similar 

roof is characteristic for capacities of small di-

ameter (approximately up to 7000 mm) Inter-

nal forces in the main ribs can be calculated by 

the formulas. 

 

, ( ) sin
tg

A
q F m A M

H
N y F q y


     



 0,5 (1 )q y q N     , 

(16) 

, ( ) cosq F A MQ y q y q   
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3 2 2
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q q Q

 
       

 
, 

(17) 

2
, ( ) 0,17 cos (1 )q F A MM y q y y   

[1 (1 ) 2 ]y q q M      . 
(18) 

 

where y  is the coordinate; mg  is the actual 

weight of the roof structures, mF  is the force, 

from the weight of the thermopadders, mT  is 

the reference pressure on the central ring of ri-

gidity from the superstructure gallery, mS  is 

the snow load; mW  is the wind load; Mn  is the 

number of main beams; β  is the angle of the 

slope of the roof to the horizon; D  is the ratio 

of the diameter of the central rigidity ring 0d  

to the diameter of the tank wD ; M  is the 

length of the main radial beams; ,EA EJ  is the 

longitudinal and flexural stiffness respectively; 

, ,N  Q  M    is the arithmetical supplements 

of internal forces when placing a thermo-

paddings in the flight of a beam 

The maximum compressive force acts on 

the left beam support, and the maximum bend-

ing moment in the section located at a distance 

,maxMy  from the right support. 

 

 6 (1 2 ) 6sinM m MN F q q     , 

2 3 2
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cos 2 3 1
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,

 21 3Mf q q f      . 

(19) 

 

In the circular ribs there are only longitudi-

nal compressive forces that can be estimated 

by the formula 

 

 ( ) 2p b t MN N N n   . (20) 

 

where bN  and tN  are the longitudinal forces 

in the main radial edge below and above the 

annular rib of rigidity. 

 

CONCLUSIONS 

 

1. In the article the basic provisions of the 

analytical calculation of vertical cylindrical 

capacities were provided. 

2. The issues of influence of profiling of the 

walls of the container on the radial movements 

of the case under the action of axially symmet-

ric and asymmetric loading were analyzed. 

3. The basic calculation formulas for the 

determination of internal forces and displace-

ments of the ribless capacities under load, 

were described by the exponential law, charac-

teristic for the pressure of the loose material. 

4. The brief description of the influence of 

vertical ribs on the rigidity characteristics of 

silos capacities was given.. 

 

 
 

Fig. 4. Conical roofing of MSVU silo with a 

diameter of 33m "Lubnymash" 
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5. The calculation of cylindrical capacities 

in conditions of asymmetrical radial loading 

was solved in accordance with the instantane-

ous theory and has a more precise analytical 

solution in applying the equations of moment 

theory. 

6. The formulas for finding internal forces 

in the edges of the conical roofs were indicated. 
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К расчету оптимального уровня 

надежности из экономических 

соображений 
 

Александр Лапенко, Наталия Махинько 

 

Аннотация Приведены основные положе-

ния аналитического расчета вертикальных ци-

линдрических емкостей. Представленные све-

дения являются результатом глобального ис-

следования, выполненного авторами в послед-

ние годы. Упрощенная процедура математиче-

ских выкладок, которая применяется при фор-

мулировании указанных зависимостей, может 
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характеризовать указанные аспекты в русле 

инженерной методики и быть применена для 

практических рекомендаций. В представленном 

исследовании анализируется влияние профили-

рования листов стенки емкости на радиальные 

перемещения корпуса при воздействии осе-

симметричного и асимметричного загрузки. 

Приводятся основные расчетные формулы для 

определения внутренних усилий (кольцевых 

нормальных напряжений, погонных изгибаю-

щих моментов и погонных поперечных сил) и 

перемещений безреберной емкости хранения. 

Предоставлена краткая характеристика влияния 

вертикальных ребер на жесткостных характе-

ристики силосных емкостей, а также выраже-

ния для оценки продольных усилий в ребрах на 

определенном высотном уровне. 

Особое внимание уделено расчету цилин-

дрических емкостей в условиях несимметрич-

ного радиального загрузки. При этом задача 

рассмотрена по упрощенной процедуре, со-

гласно безмоментной теории и получено более 

точное аналитическое решение при примене-

нии уравнений равновесия моментной теории,

 которая позволяет учесть действие внутренних 

изгибающих моментов в сечениях. В обоих 

случаях выполнено упрощения вычислитель-

ной процедуры путем разложения асимметрич-

ной нагрузки в конечный тригонометрический 

ряд и проведении расчета для каждой состав-

ляющей в отдельности. Выполнены также ис-

следования внутренних усилий, возникающих в 

ребрах конусных кровель от действия наиболее 

вероятных нагрузок. При этом была рассмотре-

на лишь простейшая конструкция кровли, ха-

рактерная для емкостей малого диаметра, кото-

рая состоит исключительно из главных ради-

альных ребер. Указанные формулы для нахож-

дения внутренних усилий в данном элементе, 

максимальная сжимающая сила и максималь-

ный изгибающий момент в опасном сечении. 

Ключевые слова: цилиндрическая оболоч-

ка, перемещения, гофрированная стенка, функ-

ции прогиба, напряженное состояние, верти-

кальные ребра жесткости, асимметричная 

нагрузка, радиальное отклонение. 
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Abstract. Investigations are aimed at revealing 

the conditions for the generation of a Splash wave 

phenomenon by a submerged breakwater, as hav-

ing a particularly effective form of wave energy 

dissipation. On the basis of a wide range of well-

known theoretical studies of wave transformation 

over bottom inhomogeneities, the expediency of 

laboratory experiments on physical models is 

shown as a method that allows taking into account 

the peculiarities of the influence of targeted turbo-

lization of the water flow. Numerous experiments 

on physical models have shown the possibility of 

the occurrence of such a phenomenon over a sys-

tem of bottom inhomogeneities and the rationality 

of further scientific search. However, the effect is 

achieved when certain parameters of many inde-

pendent variables (significant and represented in a 

wide range of factors) are combined. This circum-

stance makes a positive solution of the problem 

rare in nature. 

In view of the multifactority of the hydrody-

namic process under investigation, an analysis of 

the theoretical premises was carried out, which 

allowed us to concentrate on a new variant of the 

solution of the problem posed – a single breakwa-

ter with a special crest design. The version of a 

"box" type breakwater was taken.as a basis But 

part of the wave energy quenched in it is directed 

to quenching another part of the energy of the 

wave flow passing over the top of the breakwater. 

The task was to find the location, shape and size of 

the opening in the top. Two versions were investi-

gated: in the form of a perforation and in the form 

of a slit located along the breakwater. The last 

version showed its superiority and this result al-

lowed to proceed to the solution of the next prob-

lem, the search for the most effective of the of the 

 

breakwater cavity cross-section.shape. The obvi-

ous direction of the search was the effect of a cur-

vilinear wave-breaking wall of the embankment. 

Instead of the vertical face under the "visor" (that 

is, under the horizontal plane of the top surface) 

previously accepted in the studies, two schemes 

for calculating the surface curves, differing from 

each other in radius and length, are studied. The 

size of the slit in the "visor" varied. The conditions 

and prospects for the development of Recommen-

dations for the design of the submerged breakwater 

of this type are described. 

The urgency of the solution of the problem lies 

in the broad perspective of the use of submerged 

breakwaters in recreational zones. 

Keywords: recreational zone, breakwater, 

wave transformation, energy dissipation, physical 

modeling, hydrodynamic bench. 

 

 

INTRODUCTION 

 

Among the structures of coastal hydraulic 

engineering, submerged submerged breakwa-

ter is of particular importance as an object of 

environmental nature. If the full-profile 

breakwater is designed to completely Among 

the structures of coastal hydraulic engineering 
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submerged breakwater is of particular im-

portance as an object of environmental nature. 

The full-profile breakwater is designed to 

completely dampen the wave, for example, 

allowing ships to be directly at the pier, but the 

submerged breakwater is used mainly to pro-

tect the beach from erosion. Namely, the 

beach of recreational areas, where it allows to 

provide water exchange in the closed water 

area [1 – 3]. This obvious requirement was 

underestimated until recently, which led to 

serious sanitary and epidemic problems [4]. 

An example of this is the existing system of 

coast protection of famous resort areas, where 

quarantine measures are systemic in nature.the 

wave, for example, allowing ships to be direct-

ly at the pier, the flooded breakwater is used 

mainly to protect the beach from erosion. It is 

the beach of recreational areas, where it allows 

to provide water exchange in the closed water 

area. This obvious requirement was underes-

timated until recently, which led to serious 

sanitary and epidemic problems. An example 

of this is the existing system of coast protec-

tion of famous resort areas, where quarantine 

measures are systemic in nature.  

There are many types of designs of sub-

merged breakwaters, both in the form of pro-

jects and built, and even more developments in 

the form of inventions, information about 

which abounds in the Internet. The matter 

boils down to the choice of compatibility of 

performance and cost of construction [5 – 7]. 

The experimental studies previously con-

ducted in the laboratory Of the Institute of 

hydromechanics of NAS of Ukraine were 

aimed at identifying the possibility of certain 

designs of submerged breakwater to give the 

structure the function of not only passive but 

also active wave annihilation. That is, by 

means of a certain design solution, to turbolize 

the wave flow over the structure. Mainly, 

combinations of free-standing breakwaters 

with a large variation of the parameters of the 

structural elements and the planned location 

relative to each other were studied. Special 

attention was paid to the systems of two and 

three breakwaters. The search for the compati-

bility of the studied parameters led to the pos-

sibility of production of the Splash phenome-

non in the interference of the incoming and 

reflected waves.  

The functional dependence of the degree of 

wave annihilation on the parameters of local 

conditions, the dimensions of structures and 

their location at this stage of research was pre-

sented in a simplified form:  

 

,          (1) 

 

where: is wave transformation coefficient, 

d is water depth at the breakwater (Const), i is 

slope of the bottom surface of the water area 

(Const), hw is wave height ("before", "above" 

or "behind" the breakwater),  is relative 

wavelength (steep – 10 and somewhat gentle – 

15), Z is deepening of the top of the breakwa-

ter (in 3 values for each option), L is distance 

between the individual breakwaters in the sys-

tem (in 3 values).  

Considering the theoretical assumptions, 

the solution of the problem can be based on 

the known provisions [8]. Thus, wave annihi-

lation and wave reflection are studied by the 

extremal values of the wave surface shape on 

the approaches to the structure, directly at the 

structure and behind the structure. The shape 

of the traveling wave can be described by the 

following relation: 

 

   

 

2

2 3

cos cos 2
2

3
cos 3 ,

8

ka
a kx t kx t

k a
kx t

  



       

   

  (2) 

 

where: a is wave amplitude, g  is acceleration 

of gravity,   is wave circular frequency,  

k is wave number, λ is wave length, 

d is water depth at the structure,   and z  are 

point coordinates, t  is time coordinate,   is 

profile shape. 

Numerical evaluation of the importance of 

the members of the right part of the present 

relation shows that the refinements made to 

the first member by the second one do not 

exceed 5%, and by the third one do not exceed 

1%. This allows us to exclude them from con-

sideration as not essential for engineering 
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practice. Using the theory of plane potential 

waves of finite amplitude at finite depth, we 

have a relation for the potential velocities of 

the initial wave:  

 

 
 sin

agch k d z
kx t

chkd
 



   
           (3) 

 

Interaction with the structure modifies the 

waveform and its velocity potential. The ratio 

of the amplitudes of the original and reflected 

waves has a physical meaning of the reflection 

coefficient "Ko". Due to the configuration of 

its profile, the structure can reflect waves par-

tially to a certain extent.  The magnitude of the 

initial wave amplitude is denoted by "ᾳ", di-

rectly at the structure by "ᾳ1", behind the first 

obstacle (breakwater) by "ᾳ2".  

The velocity potential of such a wave is 

equal to: 

 

 

   

1

0sin sin

agch k d z

chkd

kx t K kx t




 

   
 

     
   (4) 

 

The structure of an incomplete profile passes 

part of the wave energy through itself, due to 

which a residual wave with an amplitude of ᾳ2 

is formed behind the structure. In this case, the 

velocity potential is equal to: 

 

 
 

2

2 sin
a gch k d z

kx t
chkd

 


   
      (5) 

 

The ratio ᾳ2/ᾳ characterizes the permeabil-

ity, and 1-ᾳ2/ᾳ is called the annihilation coef-

ficient Ka. 

Further consideration of the process should 

be conducted according to the scheme, which 

shows that the residual wave with amplitude 

2a  is the initial wave for the second underwa-

ter obstacle and repeats the effect of the first 

obstacle. 

The velocity potential of the interfered wave 

between the obstacles will take the form:

                 

 (6) 

 

Using the energy approach to the consid-

eration of the process of interaction of waves 

with the studied system of structures, we state 

that a part of the wave energy is reflected (EO), 

a part is extinguished due to friction and is 

spent on turbulence (ET), but a part passes 

behind the structure (Eost). The balance equa-

tion is as follows: 

 

o T oстE E E E                    (7) 

 

The energy of the components of the equa-

tion is proportional to the corresponding am-

plitudes: 

 
2 2 2

0 1 20.5 , 0.5 , 0.5E g a E g a E g a       

(8) 

 

This is how the proportion of wave energy 

extinguished by the structure is quantified. 

The idea of spectral representation of a 

complex excited surface is known, which was 

first expressed by Peterson [9] and found its 

expression in the works of Longue-Higgins 

[10]. Phillips [11] showed that in the high-

frequency range of the wind wave spectrum 

there is an equilibrium region where the spec-

trum does not depend on wave-forming factors 

and is determined by physical parameters reg-

ulating the continuity of the wave surface. 

Such simplification would help to solve the 

problem, but there are many assumptions. The 

specificity of this work and the lack of neces-

sary technical capabilities determined a sim-

plified approach to the development of re-

search methods. 

The study of the wave surface transfor-

mation process was carried out under the in-

fluence of bottom inhomogeneities in the form 

of cylinders lying on the bottom of the reser-

voir. This was in line with the question of the 

use of mobile structures, which in practice are 

soft synthetic shells. The designs of such 

structures are developed at the level of inven-

tions [12, 13]. Numerous series of experiments 
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in the wave basin and tank showed the excep-

tional complexity of the studied hydrodynamic 

processes. The pattern of interference between 

the shells is complex, since the wave with en-

ergy losses (and a decrease in amplitude corre-

spondingly) is repeatedly reflected from the 

next and previous shell. As it is predetermined 

by the theory, at distance between shells mul-

tiple to a half of wavelength the resonance of 

oscillations, and at non-multiple distances the 

crush is observed. The phenomenon of crush 

does not allow us to obtain a numerical solu-

tion of the problem.    

With a certain combination of parameters 

of independent variables, that is: the depth of 

water before the first submerged breakwater; 

the height of the initial incoming wave and its 

relative length; the size and ratio of the diame-

ters of the shells, that is, the depth of the top of 

the breakwaters, as well as their mutual dis-

tance from each other, the Splash effect was 

obtained – the phenomenon of high dissipation 

of wave energy. 

However, in practice, a small probability of 

a certain combination of wave parameters and 

multicomponent structure is obvious [14]. 

The aim of this work was to find a design 

of a single submerged breakwater that has the 

ability to generate a Splash effect, which in 

practice is more likely in a wider range of 

wave parameters than for a system of sub-

merged breakwaters [15]. 

The solution of the problem was carried out 

on the basis of the design of a single breakwa-

ter with a top resembling a box-type breakwa-

ter [16]. On an intuitive level, it is quite natu-

ral to solve the problem by means of a "visor" 

on the top of the breakwater, which would 

dissect the wave flow at the top of the break-

water. In this case, the crest of the wave will 

pass over the breakwater, and the trough of the 

wave will be under the "visor", where the 

pressure will increase and the flow as a whole 

can be turbolized.  

The design of the upper part of the break-

water was presented in different versions. So, 

the box-type chamber can vary in size, shape 

of the back wall, and the upper plane with a 

"visor" can have different lengths and perfora-

tions. It was adopted a gravitational type base 

of the breakwater with parameters in some 

accordance with the current norms [17]. Thus, 

a clear feature is the strtucture crowning the 

top of the breakwater. In Fig.1 the initial ver-

sion (Scheme No.3) and the version having the 

desired properties (Scheme No.2) are present-

ed.  

In contrast to the previous stage of re-

search, the efficiency of the structure depends 

mainly on the depth of the top of the breakwa-

ter, and practically – on the water level in the 

reservoir. 

 

 
 

Fig. 1. The original and the desired version of the 

construction of the top of the submerged 

breakwater with a perforated visor 

 

 

It should be assumed that the sea level may 

change due to wave positive or negative surge 

as well as a very real increase in the level of 

the world ocean. The latter circumstance is 

particularly important for the designs of tradi-

tional monolithic structures. The mode of the 
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wave flow is less significant and this may be 

considered as an advantage of the considered 

design [18]. 

Since the studies were exploratory in nature, 

the basic law of modeling was the inverse rela-

tionship between the wave period and the 

square root of the scale of modeling [19, 20]. 

Thus, the wave produced on the hydrodynamic 

stand in 0.8 s, 1.0 s and 1.2 s corresponded in 

nature to the storm wave and two values of 

slightly more gentle waves (ʎо = 10 and 15). 

The studies were carried out in a hydrodynam-

ic tank equipped with a shield-type wavepro-

ductor and a wave suppressor in the form of a 

gentle slope. Video recording and capacitive 

sensors with the output of information to the 

PC [21] were used as sensors. 

In Fig.2, a photo of a Splash above the top 

of a single breakwater is presented, which is 

achieved through a successful choice of shape 

and location of the perforation.  

 

 

 
 

Fig. 2. Splash effect over the top of a single 

submerged breakwater with perforated 

visor 

 

 

Comparing the waveforms recorded in the 

ports in front of the breakwater and behind the 

breakwater, we clearly have the fact of signifi-

cant damping of the incoming wave, where the 

transformation coefficient reaches 0,8. As 

shown by a series of experiments, in the 

framework of the studied parameters of the 

wave and the structure, the studied design with 

a perforated visor is the most effective one. 

The search for the design of the top for the 

Splash effect was based on versions of perfo-

ration of the upper plane of the top of the 

breakwater in combination with a certain wa-

ter level and wave parameters. Special atten-

tion was paid to the cavity under the visor. The 

name of the breakwater type "box" suggests 

the shape of a rectangular parallelepiped. 

However, the principle of design of the 

breakwater wall should be considered in the 

present design.  

The main feature of the study is the testing 

of models with a curved wall. Two versions 

are accepted for the test: with a radius of 3.8 

в (Fig.3) and 4.9 hв (Fig.4). At the same time, 

the version of perforation in the top in the 

form of a transverse slit was studied. 

 

 
 

Fig. 3. A version of the design of the submerged 

breakwater with a steeply curved back 

wall of chamber that blocks the wave 

 

 

 
 

Fig. 4. A version of the design of the submerged 

breakwater with a gently curved rear wall 

of the chamber that blocks the wave  
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Fig.5. Splash of the significant magnitude over 

the submerged breakwater with a steeply 

curved wall 

 

 

 
 
Fig.6. Splash of the less significant magnitude 

over the submerged breakwater with a 

gently curved wall  

 

 

 
 

Fig. 7. An example of fixing the height of the 

wave by the method of photography 

According to the results of the experiments, the 

steep curvature of the wall and the small size of 

the slit were found to be more effective. (Figs.5 

and 6). 

Fixing the height of the transformed wave by 

the method of photography (as an example) is 

shown in Fig.7. 

The numerical value of the damping energy 

of the incoming wave, as well as its trans-

formed height, can be accurately determined 

through a large series of time-consuming ex-

periments with proper technical support of the 

instrumentation, which will allow to develop 

Recommendations for design and implementa-

tion in practice [22, 23]. 

The author expresses gratitude for the assis-

tance in the preparation and conduct of exper-

iments, processing of research materials and 

participation in the design of the article to the 

members of staff of the Institute: Abramova 

L.P., Bratasyuk I.P., Kudybin I.B., Nikitin 

I.A., Tereshchenko L.N., Khomitsky V.V., 

Khizha I.A. 

 

 

RESULT OF WORK 

 

It is confirmed that in conditions were 

complex hydrodynamic processes cannot be 

subject to accurate theoretical assessment, a 

physical simulation allows us to assess the 

performance of the studied design of the sub-

merged breakwater. 

It is shown that it is possible to effectively 

turbolize the wave flow over the top of the 

breakwater in the form of a Splash phenome-

non, which corresponds to a high dissipation 

of wave energy.  

A single submerged breakwater with a per-

forated visor, unlike a system of submerged 

breakwaters, is able to work effectively in a 

wider range of wave flow parameters. 

To develop Recommendations for the de-

sign and use of the studied structure of the 

submerged breakwater, it is necessary to con-

duct a series of experiments with additional 

proper equipment of the hydrostand and the 

use of more modern instrumentation. 
 

 

 



Виробництво та технології 

 64 ПІДВОДНІ ТЕХНОЛОГІЇ  2020 Вип.10, 58-65 
промислова та цивільна інженерія 

REFERENCES 

 
1. Udovik V.F., Mihajlichenko S.Yu., 

Goryachkin Yu.N., 2016. O vozmozhnom puti 

resheniya problemy zashity beregov. 

Sevastopol, Morskoj gidrofizicheskij zhurnal, 

No 2, 1-36 (in Russian). 

2. Fokina N.A., 2008. Rekreacionnaya 

deyatelnost i abrazionnye processy. Simferopol, 

Stroitelstvo i tehnogennaya bezopasnost, 

Vyp.23, 88-92 (in Russian). 

3. GOST 17.1.5.02-80. Ohrana prirody. 

Gidrosfera. Gigienicheskie trebovaniya k 

rekreacii vodnyh obektov. Moskva, Izdatelstvo 

standartov (in Russian). 

4. Marugin V.M., Spiridonova M.A., 2013. 

Kvalimetriya morskih pribrezhnyh akvatorij, 

Sankt-Peterburg, Politehnika, 258 (in Russian). 

5. Ivanenko T.A., Vetrova N.M., 2013. 

Kompleks ekologicheski bezopasnyh 

tehnicheskih reshenij zastrojki rekreacionnyh 

zon. Problemy ekologii, No 1, Doneck, DTNU, 

89-97 (in Russian). 

6. Volkova E.S., 2013. Razrabotka novogo 

metoda zashity iskusstvennyh territorij ot 

shtormovogo volneniya. Izvestiya Sochinskogo 

GU, №2, 7-10 (in Russian). 

7. Savchenko V.E., 2018. Sovershenstvovanie 

konstrukcij beregoukrepitelnyh sooruzhenij. H 

Mezhdunarodnaya nauchnaya konferenciya 

Studencheskij nauchnyj forum – 2018, Rezhim 

dostupa: http//www.scinceforum.ru, 2 (in Rus-

sian). 

8. Mak-Kormik, 1985. Preobrazovanie energii 

voln. Moskva, Energoizdat, 137 (in Russian). 

9. Piterson V.D., 1962. Vetrovye volny. Sb. 

Vetrovye volny, Moskva, Izdatelstvo inostran-

noj literatury, 561-583 (in Russian). 

10. Longe-Higgins, 1962. Statisticheskij analiz 

sluchajnoj dvizhushejsya poverhnosti. Sb. 

Vetrovye volny. Moskva, Izdatelstvo inostran-

noj literatury, 129-143 (in Russian). 

11. Fillips O.M., 1980. Gidrodinamika poverhost-

nyh i vnutrennih voln. Leningrad, Gidrometiz-

dat, 320 (in Russian). 

12. Copyright certificate 1351988 USSR, 1987. 

Podvodnoe sooruzhenie, sposob ego montazha i 

demontazha. E.G. Gorbatenko. Byul.42, opubl. 

15.11.1987 (in Russian). 

13. Copyright certificate 1145087 USSR, 1985. 

Ustrojstvo dlya zashchity podvodnyh transhej 

ot zaneseniya nanosami. Gorbatenko E.G., 

Homickij V.V., Sokolnikov Yu.N., Kortikov 

I.A.. Byul.10, opubl. 15.03.1985 (in Russian). 

14. Shujskij Yu.D., Vyhovanec G.V., 2017. Sov-

remennaya dinamika peschanyh akkumulya-

tivnyh form relefa v beregovoj zone Chyornogo 

morya. SlovakIntern. Scientific Journal (Brati-

slava), Vol.1, No 11, 22-32 (in Russian). 

15. Gorbatenko E.G., Bratasyuk I.P., Sharov 

V.V., 2015. Mobilnye sooruzheniya v bere-

govoj gidrotehnike.Kiev,Podvodnye tehnologii, 

No 1, 23-32 (in Russian). 

16. Chernyshov A.S., 2007. Ekonomiko-

ekologicheskie aspekty ispolzovaniya pogru-

zhennyh dempfiruyushih platform pri 

stroitelstve gidrotehnicheskih sooruzhenij. 

Vesnik Odesskogo GU, Vyp.4, 113-121 (in 

Russian). 

17. SP 277.13425800.2016, 2016. Sooruzheniya 

morskie beregozashitnye. Pravila proektiro-

vaniya. Moskva, Standartinform, 91 (in Rus-

sian). 

18. Shahin V.M., Shahina T.V., 2000. Modeliro-

vanie transformacii voln i techenij v pribrezh-

noj zone morya.Moskva, Okeanologiya, 

Vol.40, No 5, 653-657 (in Russian). 

19. Shelushinin Yu.A., Makarov K.N., 2019. 

Problemy i perspektivy gidravlicheskogo mod-

elirovaniya volnovyh processov v iskazhy-

onnyh masshtabah. Stroitelstvo: nauka i obra-

zovanie, T.9, Vyp.2, 1-13 (in Russian). 

20. Zommer V.L., 2015. Specifika gidravlicheskih 

i gidrotehnicheskih nauchnyh issledovanij v la-

boratorii gidrotehniki i gidravliki. Stroitelstvo: 

nauka i obrazovanie, No 2, 5, Rezhim dostupa: 

http://nso-jornal.ru, 9 (in Russian). 

21. Kushu, 2018. Problemy i osobennosti 

proektirovaniya i provedeniya ekspertiz 

morskih gidrotehnicheskih sooruzhenij. Sochi, 

Materialy H Mezhdunarodnoj nauchno-

prakticheskoj konferencii, 21-23.05.2018, 12-

17 (in Russian). 

22. Shujskij Yu.D., 2018. Istoriya razvitiya i 

metodologiya beregovedeniya. Odessa, 456 (in 

Russian). 

23. Shujskij Yu.D., Vihovanec G.V., Pankraten-

kova D.O., 2019. Osnovni risi antropogennogo 

vplivu v beregovij zoni Chornogo ta 

Azovskogo moriv u mezhah Ukraini. Sevasto-

pol, Ukrainskij geografichnij zhurnal, No.1, 8-

14 (in Russian). 

 



Виробництво та технології 

 65 ПІДВОДНІ ТЕХНОЛОГІЇ  2020 Вип.10, 58-65 
промислова та цивільна інженерія 

Продуцирование явления всплеска, 

как способ диссипации энергии 

гравитационной волны 

 

Yevhen Horbatenko 

 

Abstract. Исследования имеют своей целью 

выявить условия генерации подводным волно-

ломом явления Всплеска, как обладающего 

особо эффективной формой диссипации энер-

гии волны. На базе широкого круга известных 

теоретических исследований трансформации 

волны над донными неоднородностями показа-

на целесообразность проведения лабораторных 

опытов на физических моделях, как метода, 

позволяющего учесть особенности влияния 

целенаправленной турболезации волнового 

потока. Многочисленные опыты на физических 

моделях показали возможность возникновения 

такого явления над системой донных неодно-

родностей и рациональность дальнейшего 

научного поиска. Однако эффект достигается 

при сочетании определённых параметров мно-

гих независимых переменных (значимых и 

представленных в широком спектре факторов). 

Это обстоятельство делает положительное ре-

шение задачи редким в натуре. 

В виду многофакторности исследуемого 

гидродинамического процесса проведён анализ 

теоретических предпосылок, что позволило 

сосредоточиться на новом варианте решения 

поставленной задачи – одиночном волноломе с 

особой конструкцией гребня. За основу был 

взят вариант волнолома «ящечного» типа. Но 

погашаемая в нём часть энергии волны направ-

лена на гашение другой части энергии волно-

вого потока, проходящего над гребнем волно-

лома. 

Задача состояла в поиске места расположе-

ния, формы и размера проёма на поверхности 

гребня. Исследовано два варианта: в виде пер-

форации и в виде щели, расположенной вдоль 

волнолома. Последний вариант показал своё 

превосходство и этот результат позволил пе-

рейти к решению очередной задачи – поиску 

наиболее эффективной формы поперечного 

сечения плоскости волнолома. Очевидным 

направлением поиска представился эффект 

криволинейной волноотбойной стенки набе-

режной. Вместо ранее принятой в исследовани-

ях вертикальной грани под «козырьком» (то 

есть под горизонтальной плоскостью поверх-

ности гребня) исследовано две схемы расчёта 

кривых поверхности, отличающиеся друг от 

друга радиусом и протяжённостью. 

При этом варьировался размер щели в ко-

зырьке. В статье изложены условия и перспек-

тива разработки Рекомендаций по проектиро-

ванию подводного волнолома рассматриваемо-

го типа. Актуальность решения вопроса состо-

ит в широкой перспективе использования под-

водных волноломов в рекреационных зонах. 

Ключевые слова: рекреационная зона, вол-

нолом, трансформация волны, диссипация 

энергии, физическое моделирование, гидроди-

намический стенд. 
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