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ABSTRACT 

Blikharskyy Z.Z. Strength and deformability of reinforced concrete beams with 

damaged reinforcement under load influence - Qualifying scientific choice on the rights 

of the manuscript. 

The dissertation for the degree of candidate of technical sciences in the specialty 

05.23.01 „Building constructions, buildings and structures” (192 - Construction and civil 

engineering). - National University „Lviv Polytechnic”, Lviv. -National University of 

Water and Enviromental Engineering, Rivne, 2019. 

In the introduction the relevance of the topic, the purpose and tasks of the research, 

the scientific novelty, the practical value of the work of the person's contribution to the 

characteristics of the dissertational work is given. 

In Section 1, an analysis of completed research on this topic, performed both in 

our country and abroad. The reasons of damages of reinforced concrete constructions in 

general and reinforcement in particular are described. The most common cause of damage 

to the valve is the corrosion caused by the impact of the aggressive environment. In this 

case, the damage occurs due to actions on the design of the load of liquid intensity - from 

the weight of the structures, technological equipment, moving mechanisms, atmospheric 

influences (snow, wind), etc. The load action causes the appearance of cracks in 

reinforced concrete structures, which cover the reinforcement for corrosion effects. In 

addition, the existing stresses and deformations in concrete and reinforcement of 

structures accelerate corrosion processes and promote the spread of damage. After 

damage to reinforced concrete structures, reinforcement and restoration of bearing 

capacity and operational suitability of structures are required. In order to adopt an 

effective method of amplification it is necessary to have full information about the stress-

strain state of reinforced concrete structures and the effect of existing damage, especially 

the reinforcement with regard to the load, which is insufficiently investigated. 

On the basis of the review of literary sources, the research task is formulated. 

Section 2 provides a program and methodology for experimental research. 

In total 16 reinforced concrete beams were made in the sizes 1001002000 mm, 

9 concrete prisms 100100400 mm, 20 concrete cubes 100100100 mm, 3 concrete 
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cylinders with diameter of 100 mm and height 200 mm and 4 concrete cylinders with a 

diameter of 150 mm and height of 300 mm. To study the physical and mechanical 

characteristics of the fittings, it is planned to test 19 th rods with various shapes and sizes 

of damage, samples - cylinders for determining the hardness becomes in the cross section 

of reinforcing rods, specially made tubular samples of thermally reinforced annular cross-

section of reinforcing rods and core core samples of reinforcing rods. 

Reinforced concrete beams were tested by a step-by-step loading of two lumped 

forces in the trinity of the passage with a zone of „clear bend” in the middle of the beam. 

To measure the deformations of concrete, reinforcement and deflections in reinforced 

concrete beams, mechanical instruments were used indecators, microindicators, 

prominometers, fixed in the characteristic areas of beams. 

Reinforced concrete beams were three series - with the diameter of the working 

КrЦКЭЮrО Ø20A500C, аТЭС ЭСО НТКЦОЭОr ШП ЭСО rОТЧПШrМОЦОЧЭ Ø16A500C КЧН Ø22A500C 

diameter. 

All reinforcement bars of the working armature were made of thermally reinforced 

reinforced steel A500C. 

Beams KB-1.1, KB-1.2, rОТЧПШrМОН Ø20A500C and KB-2.13, KB-2.14, reinforced 

Ø16A500C were control and tested without damaging the working armature. BP-1.3, BP-

1.4. ЭСО rОТЧПШrМОН Ø20A500C was tested after damage to the working armature 

Ø20A500C by drilling a hole in the zone of „pure bending” ТЧ НТКЦОЭОr Ø5.6 mm, 

reducing the area of its cross-section to the cross-ЬОМЭТШЧКХ КrОК Ø16 500 . 

All other beams loaded to the level of 0.3, 0.5 and 0.7 Mult
exp (Mult

exp - bending 

moment, at which the exhaustion of bearing capacity due to the fluidity of the 

rОТЧПШrМОЦОЧЭ rОТЧПШrМОН МШЧМrОЭО ЛОКЦЬ rОТЧПШrМОН Ø20A500C without damage to the 

fittings). After reaching the appropriate level of load, damage to the stretched working 

armature was accomplished by drilling with a step-by-step increase of 0.5 mm in diameter 

Ø 1.0 ... 5.6 ЦЦ rОНЮМТЧР ЭСО КrОК ЭШ ЭСО МrШЬЬ-ЬОМЭТШЧ КrОК Ø16. AПЭОr ЭСКЭ, ЭСО ЛОКЦЬ 

continued to be gradually loaded until the carrying capacity was exhausted. The physical 

and mechanical properties of concrete were obtained by testing concrete cubes, prisms 

and cylinders. Physical and mechanical properties of reinforcing steel with obtaining real 



 8 

НТКРrКЦЬ σ- . DТКРrКЦЬ σ-  аОrО КХЬШ ШЛЭКТЧed during the testing of individual 

reinforcing rods with damage to the cross-section. In addition, the test of microhardness 

of transverse grinding of thermally reinforced fittings and testing of specially made 

samples from reinforcing rods has established that external thermally reinforced layers of 

reinforcement have other physical and mechanical properties compared with the core of 

the rods. 

Section 3 shows the strength, deformability and crack resistance of reinforced 

concrete beams. The analysis of the results of experimental tests showed that the bearing 

capacity of reinforced concrete beams with damaged working reinforcements decreases 

in comparison with the control beams without damage to the reinforcement due to the 

reduction of the cross-section of the reinforcement. However, the bearing capacity of 

rОТЧПШrМОН МШЧМrОЭО ЛОКЦЬ аТЭС аШrФТЧР rОТЧПШrМОЦОЧЭ Ø20A500C after its damage to 

ЭСО КrОК Ø16 ТЬ РrОКЭОr Лв 3.7 ... 24.0% ШП ЭСО ЛОКrТЧР МКЩКМТЭв ШП rОТЧПШrМОН МШЧМrОЭО 

ЛОКЦЬ аТЭС К аШrФТЧР КrЦКЭЮrО Ø16A500C without damage. This is explained by the fact 

that during the damage to the working armature by drilling the hole the core with lower 

physical and mechanical characteristics and to a lesser extent the external thermally 

strengthened layer with higher physical and mechanical characteristics are damaged to a 

greater degree. 

The physical destruction of the beams without damage to the fittings occurred with 

increasing load after the flow of reinforcement with the development of a compressed 

zone of concrete. The physical destruction of reinforced beams with damage to the 

working armature occurred with a further increase in the load due to the breakage of the 

working armature at the site of damage. This is due to the fact that the damage was carried 

out in one local location, except for this hole, its turn, served as a stress concentrator. 

The deflection of reinforced concrete beams increased almost in proportion to the 

increase in load. During the damage to the working armature under the action of the load, 

the deflections practically did not increase and began to increase after a gradual 

subsequent increase of the load to the exhaustion of the bearing capacity of the beams. 

Section 4 proposes a method for calculating reinforced concrete beams with 

damaged working stretched armature under the action of load on the basis of the 



 9 

deformation model of the existing norms. It is proposed to determine the parameters of 

the stress-strain state of reinforced concrete beams before damage to the working 

armature. The second stage of the calculation determines the parameters of the stress-

strain state of reinforced concrete beams during the receipt of damage and after increasing 

the load on the reinforced concrete beam until the carrying capacity is exhausted. The 

analysis of the results of the performed calculations showed that the proposed calculation 

method with satisfactory convergence with experimental data allows us to determine the 

parameters of the stress-strain state of reinforced concrete beams with damage to the 

working armature obtained under the action of the load. 

Keywords: RC beam, longital rebars, damaged rebars, loading, bearing capacity, 

main cross-section, strains, cracks. 
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 ” [78]. 

 Д78Ж      

    : 

1.     ,    

; 
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  ∅      36% ( є  

 16  -1.3  -1.4  2      ∅  

 -2.13  -2.14,  є    
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  =27.1  .  ,    



 68 

         

( . 3.2)   ult=31.1  . 
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    3-      

 16  є      

      ( . 3.5).   

s,y=16.9      ,   

  s,y=285·10-5     .  

   є      

   .  

 

 

. 3.5.      ( )  

  ( )   3-   -2.13  -2.14 

  =18.3     ,  

 ,    s,max=365·10-5     

  ,ЦКб=252·10-5.    є    

ult=21.0  ,       ( . 3.6). 
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Т я 3.1 

 ь ь    
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,% 

 є  є  є  є 

-1.1 24,9 
24,2 

32,9 
31,1 

- 
- 

- 
- 

-1.2 23,5 29,3 - - 

-1.3 19 
18,1 

22,9 
23,5 

21,5 
25,2 

26,4 
24,4 

-1.4 17,2 24,1 28,9 22,5 

-2.13 16,3 
16,9 

20 
21,1 

32,6 
30,2 

35,7 
32,2 

-2.14 17,5 22,2 27,7 28,6 

:      -1.1  -1.2 

  -1.3  -1.4, -2.13  -2.14   ,   

   (  ,   ) . , 

 . 3.1,       20  ( -

1.3  -1.4) є         16 

 ( -2.13  -2.14).  є  ,      

   є  -   . 

,          

24%,          – 31%. 
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 1-        

      20 .  

      (0.3, 0.5  0.7εu
exp),  

     .   

  36%,  є    16 . 

       8 

  1-  . 

 -1.5-0.3  -1.5-0.3      

 30%    ,  є  

    -1.1  -1.2.   

        

0.0, 1.0, 1.5, 2.0, 2.5, 3.0, 3.5, 4.0, 4.5, 5.0, 5.5  5.6 .   

    10   5      . 

     =9.9   (30%   

   ).  

         

  ( . 3.6) є      

    =9.9  .   ( =9.9  ), 

   , є    

   .   є   

      .  

      ,  є  

  16  (36%     20 ) 

є    .    

s,y=21          

         . 

 ,   ,   

  =22.4  .     
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   s,max=311·10-5,       

,ЦКб=269·10-5. 

 

 

. 3.6.      ( )  

  ( )   1-   -1.5-0.3  -1.6-0.3 

   =25.7   є   , 

    ( . 3.7)     

. 

 

. 3.7.   -1.6-0.3,     

 

 -1.7-0.5  -1.8-0.5  ,    

 50%      . 
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 ,      =16.3  . 

 ,        0.3 Mu
exp,   

          

  .  

         

     =16.3      

  .    =16.3     

       , 

є    .    

   , ,      

    s,y=21.5  .    

  =22.5  ,       

s,max=316·10-5.        

 ,ЦКб=234·10-5. 

    =25.5     

 ,     ( . 3.9). 

 

. 3.8.      ( )  

  ( )   1-   -1.7-0.5  -1.8-0.5 
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   -1.9-0.5*  -1.10-0.5* є  , 

      50%    

    ,  ’ .     

    20    „  ” (   

         5.6 ). 

          

   . 
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  ( . 3.10).    =16.3   

    .    
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    .      36% 

(          
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 s,max=323·10-5,      – ,ЦКб=216·10-5. 

        ( . 

3.11)    =23.5  . 

 

 

. 3.11.   -1.9-0.5*,     

 



 77 

 -1.11-0.7  -1.12-0.7      

 70%         

   .     

        є , 

  ( . 3.12). 

  =23.3   (70%     

 )      

         

5,6   36 % (     20    

є    16 ). 

    ,  є   

         

 .        

        

,         

  s,y=23.3  . 

 

. 3.12.      ( )  

  ( )   1-    

-1.11-0.7  -1.12-0.7 
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  =24.8       

 .       

 s,max=343·10-5,      – ,ЦКб=245·10-5.  

    =25.9     

 ,     ( . 3.13). 

 

. 3.13.   -1.11-0.7,     

   3-   -3.15-0.5  -3.16-0.5 

є  ,      22 .  

    50%     

      20 . , 

       : 1.0, 1.5, 2.0, 2.5, 

3.0, 3.5, 4.0, 4.5, 5.0, 5.5, 6.0, 6.5, 7.0, 7.5, 8.0, 8.4   .   

   22     51%    

    16 .  

   , , є  

         

 ( . 3.14).    =16.3    

  . є      

    .  

  ,    

    ,   є   

 .       
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 εs,y=21.8  ,  є     

  . 

 

. 3.14.      ( )  

  ( )   1-    

-3.15-0.5  -3.16-0.5 

  =23.6      

,       s,max=332·10-5,   

   – ,ЦКб=188·10-5.  

      =25.9  , 

    ( . 3.15).  

 

. 3.15.   -3.16-0.5,     
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     3.2.  

Т я 3.2 
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,   
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 -1 

 
 
 

 -1 

 є  є  є  є 

-1.1 24,9 
24,2 

32,9 
31,1 

- 
- 

- 
- 

-1.2 23,5 29,3 - - 

-2.13 16,3 
16,9 

20 
21,1 

32,6 
30,2 

35,7 
32,2 

-2.14 17,5 22,2 27,7 28,6 

-1.5-0.3 19,9 
21 

24,3 
25,7 

17,8 
13,2 

21,9 
17,4 

-1.6-0.3 22,1 27,1 8,7 12,9 

-1.7-0.5 23,3 
21,5 

26,9 
25,5 

3,7 
11,2 

13,5 
18,0 

-1.8-0.5 19,7 24,1 18,6 22,5 

-1.9-0.5* 17,5 
18,4 

21,9 
23,5 

27,7 
24,0 

29,6 
24,4 

-1.10-0.5* 19,3 25,1 20,2 19,3 

-1.11-0.7 23,9 
23,3 

26,6 
25,9 

1,2 
3,7 

14,5 
16,7 

-1.12-0.7 22,7 25,2 6,2 19,0 

-3.15-0.5 23,9 
21,8 

27,1 
25,9 

1,2 
9,9 

12,9 
16,7 

-3.16-0.5 19,7 24,7 18,6 20,6 

:      -1.1  -1.2 

     ( . 3.2), є    

  -2.13  -2.14     16   

     20 ,  є 30.2%.  

,    ,    

   3.7…13.2%.       

      20  (  

 є   16 )       
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  16  є   -  . 

,      є    

 (   )   є   

-  ,   є    . 

   є     .  , 

 -1.9-0.5*  -1.10-0.5*     (5   

   ,   1 ),     , 

,        

  20   24.0%. 

3.2. ь ь   

      5    

2   .      

     100       

,      317    . 

   .1.2-3:2006 „   ”,   

    ,   ,   

1900  (    ) є /133.5 (   = м − ,  = м − 5  = м − 5  ,  є   

 = см − ,5 )       

 14.2 . 

3.2.1. ь ь       
     

   -1.1  -1.2     

        ( . 3.16)  

  ,      ( . 3.16, 

3.17).  

     -1.3  -1.4 ( . 3.16  

. 3.17)         =5 
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 .      .  є  

       ,    , 

    .   =18.1    

   14.2. . 

 

 

 
. 3.16.   

   -1.1  

-1.2     

. 3.17.    

    

-1.1  -1.2 

 

  -1.3  -1.4,        

 20         16 , 
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-2.13  -2.14 
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-1.1 19,3 
18,1 

- 
- 

-1.2 16,9 - 

-1.3 16,2 
16,9 

10,5 
6,6 

-1.4 17,6 2,8 

-2.13 13,7 
14,8 

24,3 
18,2 

-2.14 15,9 12,2 
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        (  3.3) 

,       є   

           

    є 6.6%.  є  

          16 
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 -1.5-0.3  -1.6-0.3   30%    

   -1.1  -1.2.    

          

20    ,    36%,  є  

     16 .   
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 є .  є  ,     

є        є   . 
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      . 

,      є .  є  

 ,  є       

       –   є 

      . 
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  =17.9       , 

  14.2 . 
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. 3.30, 3.31. 

 -3.15-0.5  -3.16-0.5   3-  ,    
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-3.15-0.5  -3.16-0.5 
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 є  є 

-1.1 19,3 
18,1 

- 
- 

-1.2 16,9 - 

-2.13 13,7 
14,8 

24,3 
18,2 

-2.14 15,9 12,2 

-1.5-0.3 14,8 
15,9 

18,2 
12,2 

-1.6-0.3 17 6,1 

-1.7-0.5 19,8 
18,6 

-9,4 
-2,8 

-1.8-0.5 17,4 3,9 

-1.9-0.5* 11,7 
13,4 

35,4 
26,0 

-1.10-0.5* 15,1 16,6 

-1.11-0.7 18,3 
17,9 

-1,1 
1,1 

-1.12-0.7 17,5 3,3 

-3.15-0.5 24,9 
23 

-37,6 
-27,1 

-3.16-0.5 21,1 -16,6 

   ,    

 (  3.4), ,      

,      ,   

, є    1…27%. 
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    ,    є   
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  .      
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     -1.1  -1.2   

  20     � ,� = .   ( . 3.32). 
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-1.1 ( )  -1.2 ( ) 

       

   � � , . . = . ,   є  
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       . ,  

         . 

     -2.13  -2.14  

   16  (        

      )   

 ,    � ,� = .   ( . 3.33).    

         -1.1 

 -1.2.        

    -2.13  -2.14  � � , . . = .  , 

  є  . ,  ’    

         

  ,    ,    

      .  

 . . .2  . 

    

. 3.33.        

-2.13 ( )  -2.14 ( ) 

  -1.3  -1.4      

      20    

    16 .   

   � ,� = .  ,     -1.1  -1.2  

   20      -2.13  -2.14 

    16 .  є  ,   
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. 3.34.        

-1.3 ( )  -1.4 ( ) 

   -1.5-0.3  -1.6-0.3   

. 3.35  . .4.  

    

. 3.35.        

-1.5-0.3 ( )  -1.6-0.3 ( ) 

 -1.5-0.3  -1.6-0.3     30% 

         

 20 .        

 16 .    Mc ,a = .  ,   
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  є  .  -1.7-0.5  -1.8-0.5  
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   50%     

      20 .  
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. 3.36.        

-1.7-0.5 ( )  -1.8-0.5 ( ) 
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  � � , . . = .  ,   є  .  

-1.9-0.5*  -1.10-0.5*  ,   -1.7-0.5  -1.8-
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  50%      20 . 
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 16 .     . 3.37  . .6.  

    

. 3.37.        

-1.9-0.5* ( )  -1.10-0.5* ( ) 
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    � � , . . = .  ,   є 

     є      30% 

   . 
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  20      16 .  
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є      .    

    � � , . . = .  ,   є 

 . 

    

. 3.38.        

-1.11-0.7 ( )  -1.12-0.7 ( ) 

 -3.15-0.5  -3.16-0.5    ,  

   22 .      

 ,     16     70%  

  .     

. 3.39  . . 8  .     � ,� =.   ,        (    
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    � � , . . = .  ,      

         

  ,  . 

    

. 3.39.        

-3.15-0.5 ( )  -3.16-0.5 ( ) 

      . 3.4.  

   1-       20   

   16 ,      

    8.5%    

 20   57.3%   16 .   1-   

   20    16     3.3…7.8% 

       20   

58.4…69.7%       16 .   

    3-      22    

16        11.8%     

 20   92.1%    16 . 

         

 11.1…22.2%        

20   10…30%        

16 .  ,    3-       22 

       16    

        

22.2  30%      20   16 , . 
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16   є  є  є 

-1.1 24.9 
24.2 

8 
7.65 

0.2 
0.225 0.0 71.9 0.0 -10.0 

-1.2 23.5 7.3 0.25 

-1.3 19 
18.1 

6.9 
7 

0.25 
0.25 -8.5 57.3 11.1 0.0 

-1.4 17.2 7.1 0.25 

-2.13 16.3 
16.9 

4.7 
4.45 

0.25 
0.25 -41.8 0.0 11.1 0.0 

-2.14 17.5 4.2 0.25 

-1.5-0.3 19.9 
21 

7.5 
7.3 

0.2 
0.2 -4.6 64.0 -11.1 -20.0 

-1.6-0.3 22.1 7.1 0.2 

-1.7-0.5 23.3 
21.5 

7.7 
7.4 

0.2 
0.225 -3.3 66.3 0.0 -10.0 

-1.8-0.5 19.7 7.1 0.25 

-1.9-0.5* 17.5 

18.4 

7.4 

7.05 

0.3 

0.275 -7.8 58.4 22.2 10.0 -1.10-

0.5* 
19.3 6.7 0.25 

-1.11-0.7 23.9 
23.3 

7.9 
7.55 

0.2 
0.225 -1.3 69.7 0.0 -10.0 

-1.12-0.7 22.7 7.2 0.25 

-3.15-0.5 23.9 
21.8 

8.9 
8.55 

0.2 
0.175 11.8 92.1 -22.2 -30.0 

-3.16-0.5 19.7 8.2 0.15 

:  –  . 
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       .  

є  ,       
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  -     
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6.         

           .   

         

 , ,       

     .   

        

    ,    . 
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 4.     

Ш       
  

4.1.        
      

 2010     2.03.01-84* „    

” [141Ж        

  .2.6-156:2010 „       . 

 ” [78]   .2.6-98:2009 „    

.  ” [73]. 

      є   

  .   є   

      „  ”    

 „ s
  ”. 

  є      

     .     

       -

  .      

    . 

,     є  

  ,      

  ,     .  

    ,  ,   

.  

,  Д78Ж,      

   є     

  є          

 : 
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; 

 є    ; 

    є    ,  

   ; 

        ,  

     ,   

   5-     є  (   

      ); 

       ,    

 є . 

     ,   

 є  ,   ,  Д78Ж,   

  .   -   

       ,  

     Д78]: 

 �  �ℵ ∑ +5
=

�� + + ∑ � �� � =�=  
(4.1) 

�  �ℵ ∑ +5
=

�� + + ∑ � �� � � − � = ��=  
(4.2) 

 

 �  –        М=М0; �  –     ;  ℵ  –        М=М0; �  –       М=М0; �  –     ; 

b  –     ; 

  –     ;  

  –  ;  
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ka  – є  ; 

si  –   -  ; 

siA  –    -  ; 

siz  –  -        . 

      . 4.1. 

 

      )     )  ) 
 

. 4.1.      .  

)   ; )  ; )   

   -   

   ,    .2.6-156:2010 

[78], є        є  

        

           

 (4.1). 

        

         . 

        (4.2) 

  .  

 -   -   

       . 4.2. 
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. 4.2. -   -    

    

 ,       

-        

     ,  ,   

         

. 

    .2.6-156:2010 [78Ж     

 є   ,     

.         
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   є     . 

   є  -    

      (  4.2).  

 

. 4.3.  -   -   

       

  

   є      

 ( . 4.2). , є        

        ( . 4.3), 

  є      ,   

  є    ,   

 , є      
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  (   ,  -

 ). 

   .2.6-156:2010[78]: 

    : 

 (1) (2)1 c c

r h

 



  . (4.3) 

       

   : 

(1)

1

c

c





 . 

(4.4) 

   : 

(1)
1

c
x




 . 
(4.5) 

 

 : 

1c




 , 

 

 

 

(4.6) 

 
(1)c  ‒    ; 

(2)c  ‒   

  .   -       

  : 

si si siE   , (4.7) 

    : 

si ydf  . (4.8) 

,    ,   : 

1( )si six z    . (4.9) 

 ,    ,  

    5.6  -  ,  

   .2.6-156:2010 [78Ж    -  

 .  
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4.2.        

 

   .2.6-156:2010 [78Ж,     

   є   : 

0

1l

m x

x

f M dx
r

   
 


, 

(4.10) 

 Мx –    „ ”   ,    

  ; (1/r)x –  ,  є  

 (4.3)        

   . 

      ,   є 

  ,      

 : 

21
mf k l

r

   
 

, (4.11) 

 –   ,  km – є ,  є   

 5.5   .2.6-156:2010 [78] ( . 4.4). 

 

. 4.4.   є  km,    .2.6-

156:2010 

 

         1/3 

: 
2

2

2 2

1
1 1 53

8 8 726 6
m

l
a

k
l l

     . (4.12) 
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4.3.  ь    

    ,    .2.6-

156:2010 [78Ж,        

  .   є  -

       

   ,    ,   

є  .      

    є   

,  є    .    

      .2.6-156:2010 

[78Ж,  є    ,   

      .1.2-3:2006 „   ”. 

     -1.1  

-1.2      є   

   . 4.5. 

       

  -1.1  -1.2     20   

 є     ,  

         

  .      

      .ℎ = .   ,    

2.89%    . � = .   ,  є 

 ,       

  . 
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. 4.5.     „  -  

”          

 -1.1  -1.2 

        

      � = .   ,    

    24.4% ( ℎ = .   ).  є  

,      ,   

 -  ,   є   

,  є     . ,  

       ,  

 є        

 . 

       . 4.2.  

    -1.1  -1.2   . 4.6.  

       

 -1.1  -1.2    є �ℎ = .  

 ,      � � = .     30%. 
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. 4.6.  „ - ”   ( )   

   ( )  -1.1  -1.2 

   -1.3  -1.4   . 4.7. 

 

. 4.7.     „  -  

”          

 -1.3  -1.4 

  -1.3  -1.4    20    

,  є  16       
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.       

,        

 � , = ∙ −5,    .ℎ = .   ,   

   . � = .    11.0%   є 

      

.     є  -  

 ,    ,   , 

  ℎ = .   ,    31.5%   � = .   .   є  

,     є -     

-  .  ,    

      ,   

        

      .  ’   , 

          „  

”. 

    -1.3  -1.4   . 4.8. 

 

. 4.8.  „ - ”   ( )   

   ( )  -1.3  -1.4 
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-1.3  -1.4 є    �ℎ = .   ,    

   4% ( � � = .  к м). ,   

   є     

       .2.6-156:2010 є 

   . 

   -2.13  -2.14    16  

 .    . 4.9. 

 

. 4.9.     „  -  

”          

 -2.13  -2.14 

  -2.13  -2.14     

      .ℎ = .   ,  

    . � = .     5%  є 

     .  , 

       ℎ = .  

 ,      � = .     23.3%.  
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    -2.13  -2.14   

  . 4.10. 

 

. 4.10.  „ - ”   ( )  

    ( )  -2.13  

-2.14 

   -2.13  -2.14 ,   

      �ℎ = .   ,  

    � � = .     10%  є 

   ,   .  

 -1.3-0.3  -1.4-0.3      30% 

      -1.1  -1.2.  

      20 .  

        16 ,  

є        16  

-2.13  -2.14. 

    -1.5-0.3  -1.6-0.3 

   4.11. 
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. 4.11.     „  -  

”          

 -1.5-0.3  -1.6-0.3 

  -1.5-0.3  -1.6-0.3      

        

 .ℎ = .   ,      . � =
    18.6%.       

  ℎ = .        

   ,      � = .         20 . 

       

  33%.  ’   ,       

  ,       „  ”,    

  -   -    

. 

     є   

 ,      є 

      (33%)   
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. ,       

   . 

     -1.5-0.3  -1.6-0.3  

 . 4.12. 

 

. 4.12.  -    ( )   

   ( )  -1.5-0.3  -1.6-0.3 

  ,      

 �ℎ = .   ,       

� � = .     8%  є      

  . 

   -1.5-0.5  -1.6-0.5,   

     50%    

       

       ( . 4.13)   

     . 
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    -1.7-0.5  -1.8-0.5   

  .ℎ =   ,       

. � = .     20.9%. 

 ,   ,   

  ℎ =        

.       ℎ =.  ,    .  

 

. 4.13.     „  -  

”          

 -1.7-0.5  -1.8-0.5 

     -1.7-0.5  -1.8-0.5 

  . 4.14.      

      �ℎ = .   ,  

     � � = .     7.0%.  -

1.7-0.5  -1.8-0.5 ,       

     . 
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. 4.14.  „ - ”   ( )  

    ( )  -1.7-0.5  

-1.8-0.5 

   -1.9-0.5*  -1.10-0.5* є  

,    5-        

  „  ”.    -1.7-0.5  -1.8-0.5 

    50%.  

      

  -1.9-0.5*  -1.10-0.5*   . 4.15.   

        

   -1.5-0.5  -1.6-0.5   .ℎ =
  .        

       ,    

. � = .   .        

      є 7.6%   

    є    

. 

        ℎ =   ,      � = .    

 27.6%. 
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. 4.15.     „  -  

”          

 -1.9-0.5*  -1.10-0.5* 

 

. 4.16.  „ - ”   ( )   

   ( )   

-1.9-0.5*  -1.10-0.5* 
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     -1.9-0.5*  -1.10-0.5* 

( . 4.16) ,       

  �ℎ = .   ,     

 � � = .     29%.   є   

,         

.  

 -1.11-0.7  -1.12-0.7     

 .      70% 

        

       20     16  

   ,      

  . 

 -3.15-0.5  -3.16-0.5   3-      

 22 .       

50%         20 

.         

 16 .       . 4.17.  

,        

 .ℎ = .   ,       

. � = .     8.7%  є    

      .   

        

        ℎ =.   ,       � =.     23%. 

     -3.15-0.5  -3.16-0.5  

     є    

�ℎ = .   .      
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   � � =  ,      

11.7%.  

 

. 4.15.     „  -  

”          

 -3.15-0.5  -3.16-0.5 

 

. 4.16.  -    ( )    

  ( )  -3.15-0.5  -3.16-0.5 
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   ,      

  є      

          

 ,         

      є   

  ,      . , 

 є       (70%  

    ) ,  

         

        

.       є   

   ,  є  

  .      

    4.1. 

       

        

  (   )   

   2.9…5.0%     

,  є     ,  

є   .       

 11%         

є       .  

        

    7.6…11%,     20.9%  

   ,  є  

        

       . 
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Т я 4.1 

ь   є      
   (   ) 

  

,  є  
   

(   ), 
  

 
 

  
, % , 

М �
 

, 
М ℎ

 

  є 
  

  

-1.1  -1.2 24.2 23.5 2.9 

-1.3  -1.4 18.1 16.1 11.0 

-1.5-0.3  -1.6-0.3 21 17.1 18.6 

-1.7-0.5  -1.8-0.5 21.5 17 20.9 

-1.9-0.5*  -1.10-0.5* 18.4 17 7.6 

-2.13  -2.14 16.9 16.1 5.0 

-3.15-0.5  -3.16-0.5 21.8 19.9 8.7 

   є     

 (  )      

   . 4.2.  ,     

        

       

   .  

        

   ,    є,  

       

  .  є  ,     

    ,      „  ”.  

,    ,       
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      ,      

.   ,     ,  

 , є є   ,   

         

   .      є 

 -       

  (     ).  

Т я 4.2 

ь        

 (  ) 

  

,  є 
  

    
 (  

),   

 
 

  
, % , 

exp
cN  

 
, 

th
cN  

  є   

-1.1  -1.2 31.1 23.5 24.4 

-1.3  -1.4 23.5 16.1 31.5 

-1.5-0.3  -1.6-0.3 25.7 17.1 33.0 

-1.7-0.5  -1.8-0.5 25.5 17 33.3 

-1.9-0.5*  -1.10-0.5* 23.5 17 27.6 

-2.13  -2.14 21 16.1 23.3 

-3.15-0.5  -3.16-0.5 25.9 19.9 23.0 

 є         

 (  )     

      23.3…24.4%, 

      – 31.5%,     

      23.2…33.5%. , 
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,  є    . 

        . 

4.3.  ,     ,  

   . 

Т я 4.3 

ь       

  

,  є 
 ,    

 
  

, % , 
exp
cN  

 
, 

th
cN  

  є   

-1.1  -1.2 18.1 23.5 -29.83 

-1.3  -1.4 16.9 16.3 3.55 

-1.5-0.3  -1.6-0.3 15.9 17.2 -8.18 

-1.7-0.5  -1.8-0.5 18.6 17.3 6.99 

-1.9-0.5*  -1.10-0.5* 13.4 17.3 -29.10 

-2.13  -2.14 14.8 16.3 -10.14 

-3.15-0.5  -3.16-0.5 23 20.3 11.74 
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