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ANNOTATION 

Ziatiuk Y.Y. Stress-strain state and calculation of reinforced concrete bending 

elements reinforced in compressed and stretched zones - Qualifying scientific work 

on the rights of the manuscript. 

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

specialty 05.23.01 "Building constructions, buildings and structures" (192 - 

Construction and civil engineering). - National University of Water and Enviromental 

Engineering, Rivne, 2019. 

In the introduction the goal and tasks of research, scientific novelty, practical 

value of the obtained results are stated, it is indicated on the necessity of experimental 

and theoretical studies of the stress-strain state of reinforced concrete elements 

reinforced in compressed and stretched zones, the general characteristic of work is 

given. 

In Section 1, the analysis of domestic and foreign studies devoted to the issues 

of reinforcement of reinforced concrete structures. Different ways of strengthening 

reinforced concrete constructions of buildings and structures and methods of their 

calculation are considered. There are a large number of different ways to restore the 

carrying capacity of reinforced concrete structures, each of them has both its 

advantages and disadvantages. An effective method of strengthening reinforced 

concrete elements is the use of high-strength materials such as steel fiber concrete. 

Strengthening of structures using composite strips based on carbon fibers is a 

universal method. It is effective in strengthening concrete, wood, metal, stone and 

other structures. Strengthening of reinforced concrete beam structures studied deeply 

enough. However, the study of the features of reinforced concrete load-bearing 

structures under the influence of low-cycle loads, which most closely corresponds to 

the actual work of structures, is not sufficiently investigated. According to a review 

of literary sources, the main tasks of the study were formulated. 

Section 2 presents the program, scope and methodology for performing 

experimental studies of reinforced concrete beams reinforced simultaneously in a 

compressed and stretched zone under the influence of low cycle loads. 
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The system of carbon fiber to strengthen reinforced concrete beams stretched 

zone is represented by two types of reinforcement products, carbon fiber tape Sika® 

CarboDur® S-512 to enhance beam structures in the area of the bending moment and 

canvas SikaWrap®-230 C / 45 carbon fiber are used as indirect reinforcement , 

perception of transverse force and the creation of clips. 

To strengthen the compressed zone of reinforced concrete beams were used: 

concrete 16 / 20 and 3% of wire fibers length of 50 mm, the thickness of the layer 

was 50 mm. Concrete matrix for all samples was made of one concrete composition 

Twelve experimental beams were made for research and realization of the 

purpose and achievement of the tasks. To determine the physical and mechanical 

characteristics of materials and conduct the experiment, prototypes were made, 

namely: 18 cubes in size 15x15x15cm, 18 prisms in sizes 15x15x60cm, 4 prisms in 

the size 10x10x60cm. 

Testing of constructions was carried out according to the scheme of a single-

span loosely stretched beam on two supports with a span of 180 cm. 

The first series of experiments, the testing of two non-reinforced beams (B0-1 

and B0-2) on a one-time load. The load on the beams B0-1 and B0-2, carried out in 

steps of 10% of the theoretical load capacity. 

The second series of experiments consists in testing of eight beams ( -1, -

2, -3, -4, -5, -6, -7, -8) on low cycle loads. For the unit of bearing 

capacity, when testing beams, the load is determined based on the results of the test 

on a single load of two beams -1 and -2. Beams -3, -4 after the test on 

low-cycle loads were destroyed. After testing by a single and low cycle load, the six 

beams were reinforced. 

Half of the experimental beams were amplified only by fine-grained concrete 

( -1 , -5  , -2 ), half of steel fiber concrete ( -2 , -6  , -

2 ). 

The third series of experiments consists in testing six reinforced beams, two pre-

tested beams ( -1 , -2 ), two under load in the installation ( 0,6-5 , 

0,6-6 ) and two not tested ( -1 , -2 ). They were tested for cyclic loads, 
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the upper level determined by the results of testing the reinforced beams -1  and 

-2  with a single load to fracture. 

Section 3 presents the results of experimental studies of reinforced concrete 

beams of three series. The study of the first and second series is performed on the 

effects of one-time loading, the second and third on the performance of low cycle 

with loading levels lower ηcyc, low = 0,3 and upper ηcyc, top = 0,6. Two cases of 

destruction of reinforced experimental beams are highlighted. 

The bearing capacity of the strengthened reinforced concrete beams is 47% and 

56% higher for coal-plastics and steel fibers than for non-reinforced reinforced 

concrete beams at the one-time loading of the beam -1 , -2  and 60% for 

repeated loadings of the beam -1 , -2 . 

The deflection of reinforced concrete beams reinforced with carbon-plastic 

materials and steel fiber concrete by 48% is less than in non-reinforced beams at a 

one-time load, and 50% in repeated loads. 

The width of opening of cracks of reinforced concrete beams reinforced with 

carbon plastic materials and steel fiber concrete by 26% is less than in reinforced 

concrete beams without reinforcement at one-time load, and by 23% in repeated 

loads. The moment of cracking in reinforced beams has doubled. 

The reinforced beams under load have shown improved performance compared 

to unstretched ones. The strength of crack resistance for beams has increased from 80 

... 100%. The bearing capacity of the reinforced concrete beams under the load of 

 0,6-5 ,  0,6-6 , is by 56% higher than in non-reinforced reinforced 

concrete beams at a one-time load. The deflection of reinforced concrete beams 

reinforced under load by 48% is less than in non-reinforced beams during repeated 

loads. 

The use of modern carbon-plastics materials and steel fiber reinforced concrete 

is an effective way to strengthen bending reinforced concrete elements 

Section 4 developed a method for calculating reinforced beams reinforced 

simultaneously in a compressed and stretched zone, which is adapted to the basic 

provisions of national design standards. The method of determining the strength of 
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normal sections of bending reinforced concrete elements is developed, which is based 

on nonlinear deformation method and has satisfactory convergence with experimental 

data. This method makes it possible to apply modern software complexes designed to 

calculate linear-elastic static-uncertain systems for calculation in non-linear 

formulation of reinforced concrete elements. The method can be used for designing 

reinforcement or restoration of reinforced concrete bending elements. 

The results of the dissertation work were used on real objects and implemented 

in the educational process of NUWMEE. 

Keywords: reinforced concrete beam, reinforcement, steel fiber concrete, 

composites, bearing capacity, normal cross sections, crack resistance, deformability. 
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      ,   

     [113]. 

 1.3 –    ,    
  

 
,  

 / 3
 

 
, 

 

 
 , 

 

-

  
,% 

 0,9 3500–8000 400–700 10–25 

 0,9 1900–2000 720–750 24–25 

 0,95 1400–4200 600–720 10–12 

 1,1 2100–2150 210–420 25–45 

 1,1 4200–4500 770–840 16–20 

  1,2 5600–5800 660–700 14–16 

 1,4 8400–8600 730–780 11–13 

 1,5 4900–5100 420–700 3–10 

 1,63 
280 000– 

380 000 
1200–4000 2,0–2,2 

 2,00 
200 000– 

250 000 
2000–3500 1,0–1,6 

 2,60 7000–8000 1800–3850 1,5–3,5 

 2,60 
68 000–70 

000 
910–3100 0,6–0,7 

 2,60–2,70 7000–11 000 1600–3200 1,4–3,6 

 7,80 
190 000– 

210 000 
600–3150 3–4 

 

      -  , 

     .  є  

  ,    . 

  є    є, є  

,  є      [129,136]. 

 –     , 

    –   df=0,25…1,2 
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,      lf/df= 50…120, ’є   

fv=0,5…3% [2, 122]. 

  1.4 –       

 

   

       2  

     2.5  

     3.5  

     1.5  

   10  

'       10 - 20  

    :   

-     0.005   2.5 - 6  

-     0.2   3 - 3.5  

  2 - 10  

   3  

  ( )  2  

  1.5 - 2  

 

  2.      'є    

 2%,  df=0,25 ,  lf/df=100, -  

 0,50      [122]. 

      ,  

 ,   є    

    [158,164, 168,183, 192]. 

 . , . . , . .  [1, 70, 86, 

95]        

 ,      

 . 

       

     ,  

є           

  [101]. 

    :  
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- є      ;  

- є     ;  

- є    ;  

- є   ;  

- є       25%;  

- є       15%.  

     

-  ;  

-      . 

. . , . .   . .  [19],  

  ,  . 

      800×800×75 .  

       .  

    ,     ,  

 .    ,   

 є       65-80%,  

 –  60-80%       -

 ,    . 

Є. .    [23]     

    ,  

 .        

     є    

  .       

,  ,  .       

   ’     

.        1,3…1,6 ,  

   . 

 . .  [119]     

 ,     ,    

    .      
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.       16,3   30,7 . 

    " "   

    ,      . 

        

   ,    . 

       

   ,     

     ,    

 .      

        

        

 .  

     ,     

 є     є   

  ,    є     

   [76, 77, 80, 116, 123].     , 

      . 

. .   . .  [110, 111]   

       

       . 

     : –   

 Cerinol ZH  (Dietrman); –    ; –  

   .    

 ,      

    .    

      ― ‖  ― ‖  

: –       Cerinol ZH  

(Dietrman) - 10,5 ; –       
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 - 18,6 ; –       

  - 25,3 .  

  ,      

   ,  , 

,     .   

   ,      

   ,      

. 

. .   . .    [121, 122]  

       

   .     

, ,     

 .      

        

.        0,3  0,4,  

 – 0,7; 0,8; 0,9.     , 

       

 ,       .  

        0,9  

,        

 9%.  є,   ,    

є        , 

є  ,        

 .       

    0,9  ,    

       

  7%. 
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є            

  . 

. .    [61, 62]    

 ,    3%   

    -0,6 19. 

        

  ,      ,   ’   

    .   

 ,    ,      

 ’  .      , 

   0,7…0,8  .    

 .  

 ,    ,  

       1,1…1,3 . 

   ,   24…26%,    

  ,      – 

13…17%     .  

   є    

  ,   34…40%.    – 

  ,    35…39%.  

     34…38%. 

  –      

 –  10%.        

 .        

 є   , є    

        

 .  

 . .   [128]     

    ,    

.      . 
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    ,    

      

     є  .  

      ,  

      .    

       

    .    

     ,  

   ,    

,   ,  ,   

  є    (  20%),   

.  

. . є  [112]     

    .   

  ,        .   

  ,    – .   

    ,    

      .   ,  

    є  ,  

      . 

   є  .    

   ,   

     ,    

 (     AFRP, GFRP, CFRP) 

[145, 147, 148, 149, 181, 185]. 

  — ,  є      

 5  15 ,    .   

    99%,     1%.  

  :  

•   , , ; 
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 ,   (  250 ); 

•     ; 

•    ; 

•     -  , 

     . 

  :  

•  ;  

•  ;       

; 

•   ,    

  . 

  1985     EMPA,   

       

  CFRP     [174, 175].  

U. Meier  26     CFRP. 

  ,     100%, 

    50% ,    

( ) .       

      ,  

 CFRP [177, 178, 179, 180]. 

P. Ritchie   [187]      

,    ,   

      . 

  ,     ,   

є   ,     
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 17…99%,    40…97%.      

   FRP.     ,    

  ,  є    ,   

 .      : 

 –      ,  – 

  FRP    ,  –  

   .      

          . 

           

. 

  M.E. Kaminska  R. Kotynia [160, 161, 162, 163, 169, 170]  

      

 є   .     

    ,    20 , 35   50 . 

   ,  150×300×3000 , 

    ,    

: 0,39%, 0,56%,  0,84%.      

   500×10-5
.      

    ,       

  .       

   ,       

 .  

 Lagoda [172, 173]    

   ,   

.   ,   є   

  ,       

 ,   U-     

   ,         

. 
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; . . , . . , . . , . . , 

. .   .  

   . .  [100 ]   

   ,  ,   

 ,      

        

 . 

 ,   ,  

  ,     – 

  ,  є   

,    ,  є  

   .    

  є    . 

        

       

    26,7  77,8%,   

–  3,4  23,3%.        

    5,3  31,7%,    

   6,7  46,7%.  

  .  , . .  [71, 72, 73, 74, 75, 76, 77, 78, 79, 80, 

81, 82]    .     

        . 

56      .     

   .    

   .   .  -  .   
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 [71]. 
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,   є   1,3–1,5 ,   

 є   1,8–1,9 ,    25–30%, 

 є   2,5–3,0 . є     є 

    ,  ’   

      . 

 . .   . . [30, 33, 36]   

   ,    

        

           

     .  

       

     .  

     

       60 %,  

   –  40%,    , 

   –  75%,   –  65%.   
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Ben Mekki, D. Siegert [184]  .     
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1.5  ь       

Kybicki J.   [171]  -   

  .       .  

 Sika
®
 CarboDur

®
      

  0,55Fu; 0,75Fu; 0,8Fu     
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     .    

   ,     
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  M.E. Kaminska  R. Kotynia [163]    , 
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    .    
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. .   . .  [96, 97]   
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  ,      
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,         = 0,75 
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 ,    ,   . 

. .  [116]       
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    . .  [94], 
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  ,   , є     
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   0,5 u0
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exp
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.   ,      
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. . є  [46]      
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.       : 

  –      ; 
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  –      

     . 

    2 ,  100 .  

       

 0,3MU
EXP

, 0,6MU
EXP

  0,9MU
EXP
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  'є   є   

     " "  ,   

     .   

  ,    

 ,    , є  

   -    . 

      

.     -  

      .  

      

     ,   

є   ,   .  

 

1.6   ,     

       

  [101].      
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   [108].   -  

    .    . .   

 ,      

 . 

       

  .      

    FRP       

, , , ,   Є  [120]. 

      

    ,    

   [15].      

       

  SIKA  Є  ,  ,  

    «  » [125].   

     . 

,     Є ,    

  ,     fib [156].  

    ,   , 

     .    : 

,   ,      

,   є     .  

    350×10-5,    500×10-5
 

(    35/45  )  750×10-5 (     35/45), 

   430×10-5
  650×10-5
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 є    .   –

        є 

  ,   .   є  

–      .    
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. .  [141]     
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 ,   ,   ,  

     ,  

    .    

  1-   2-       

  .    

   .   ( ) 
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   ,     ’   

 .      

  "  – ". 

. .    . .   [121],   

   ,     

      (  , ,   

   ).    

 ,     

 ,        

  .   є      

    . 

       

є ,  є   ,    

   ηtop <1.0:            √                .                                   (1.1) 
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      , 

     ,    

 , є     ,ad    

    c1  '     

   ,     -

      MRd 

  є  , :    20/25  

 ,  = 0,95,           ,  = 0,9.  , MRd 

=  M, cyc×        
.                                   [(        )           (                 )]                                                    (1.2) 

       MRd 

   -       

 ,       15%, 

є   7%. 

. .  [100] є    2.03.01-84* 

      

,       
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 (1.1). 

. .  [76]       

       

є   .     

  ,    

 (    -88).    

        

    . .    

     52-101 [114, 120], 

     є   CFRP. 

   '        

 . 

  ,    1.3: 

-         ,  

     (  0):      ∑             ∑               ∑                             (1.3) 

- ,       , 

є      :                                                                       (1.4) 

- ,  '      , 

   :                                                                          (1.5) 
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   :                                                     (1.8) 

       

 ,       

 MSLS , : 

1.      : 

MSLS ≤M                                                (1.9) 

:  - ,       

. 

2.        '  :                                                  (1.10) 

3.      (   

    :                                                   (1.11) 

4.      :                                                     (1.12) 

. .   . .  [17, 62]   

      . 

  є   ,   

      .  
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   . .   .  [33, 34, 36, 37, 38] 
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  [39] : 

                          ∑          (               )                                              (1.20) 

                          ∑          (               )                                                                         (         )                       (1.21) 

 

1.7.    ь 

        

        

 ,   ,   

,       є.     

   .  

      

.     -  
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      ,  

 є   ,   .  

   ,   є:  -

    ,  

         

,          

  є   . 
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-    ,   

       

      ; 

-         

  , -  ,  

      ; 

-          

     ; 
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 . 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

     [28, 29, 31, 41]. 
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 2.   Ь  

Ь 

2.1.    ь  ь 

         

  .     

      100×200   

2000 .         

     27-  

   18-   ,     . 

        -

  ,     

    28   ,       

  ,     .    15 , 

  15×15×60   10×10×60 .  

2.2. ,   ,   

     ,   

        

. 

       

2Ø10 500     Ø6 240 ,    

 50 ,    .     

 Ø4  500 ( - ). ’є        

’  .      

   16/20     .  

.     (   

- )       

    :   Sika
®
 

CarboDur
®
 S-512         

   SikaWrap
®
-230 C/45     



66 

 

 

      ,   

  [36, 75, 130, 131]. 

 2.1 –      

  
  

( ) 

-  

 
  

 

 

100×200×2000 

2 

 

-      
   (  

) 

2 

-     
    

  

8 

-     
    

 

 
 

 

100×250×2000 

2 

 

-   
      

 (  -) 

2 

-   , 
   ,   

   
 

2 

-   
 ,     
,     

 

  

150×150×600 
18 

      28   
   

  

150×150×150 
18 

     28    
   

  

100×100×600 
9 

      28   
     

      : 

     ― - ‖;   
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  -   .;    5-10 

  ’є   ;     (  

),    ― ‖ . ,  « »  0991-123-

53832025-2001.       

 16/20    3%    35-45 , 

   50 .        

   (  2.2). 

       

     0,6 u  .  

  є       

     . 

   0,6 u    є 

          

 [4]. 

 2.2. –      

 
,  ,  ,  ,  ,  (3%) 

 1 3
 370 625 1100 210 30 

 60  22,2 37,5 66 12,6 1,8 

 

 2.1 –  SikaWrap
®
-230 C/45   Sika

®
 CarboDur

®
 S-

512
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  — ,  є       5 

 15 ,    .   

    99%,     1%.  

 

 

 2.2 –   Sikadur
®
-30  Sikadur

®
-330 

(    ) 

 2.3 – -     

 

 

 

 

 

 

 

 

 

 

 

 

  
 

 
Sika

®
 CarboDur

®
 S-512 

  25 

  1,2 

  
2
 60 

    160 000 - 165 000 

 / 3 
1,6 

 °C > 150 

  % > 68 

    2800 - 3100 

  

(  ) % > 1,70 
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 2.4 – -     

 

 

 

 

 

 

 

 

 

 

 

 

 

 2.5 –  -   ,    

 

 

  
 

 
SikaWrap

®
-230 C/45 

   300 (50) 

  / 2
 230 

 ± 10 

    0,131 

   1,0 

  / 3
 1,76  

     4300 

    238 000 

   %
 

1,8 

   1   
 

 350 

    28 000 

   (max) % 0,6 

     
  0,4 % 

/  100 

     
  0,6 % 

/  150 

  
 

 
Sikadur

®
-30 Sikadur

®
-330 

  - 
 

 

 
 

,  +23°C /  1,65 ± 0,1 1,3 ± 0,1 

,  +15°C  15   4000 - 

    30 - 

 % 0,04 - 

є    - 2,5×10-5
  °C 4,5×10-5

  °C 

 ,  > +23°C  7 7 

    70-95 - 

  ,  +23°C 
 

18 - 

    24-31 30 

   ,  +23°C  9 600 - 

   , +23°C  11 200 4 500 

   ,  +23°C  - 3 800 

  ,  +23°C % - 0,9 
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   .   . 

         . 

  : ,  , ,   

 [106, 144]. 

  , , ,      

    -    ,  , 

 ,  , , ,  , 

  ,       '  

    .      

        [130, 131, 144] . 

    ,   є   Sika Wrap, 

   2 . 

 

 2.3 –       

 

 2.4 –      
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 2.5 –      
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 2.6 –       
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  Sikadur
®
-330 [131,135].   

  ,     .  

     2     

10 ,  5    1 .         

 0,5   .        30  

  .        

.  

       є  (  2.7).   

         (   3 

)    .      

   є       1 .  

    (  600 / ).  

         

 (  : =4:1  ),      

 ( .2.7). Sikadur
®
-330       

  24 . 

 

 2.7 –         (  

 ) 
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 2.6 –    Sikadur
®
- 330 

  +10°C  +35°C  

   90  (5 )  30  (5 )  

  60   30   

   є       

. 

  -      (  

  ). 

 2.7 –       

 Sikadur
®
- 330    . 

   min.  max. 

+10°C  24  

 7  

 

+23°C  12  

+35°C  6   

 

 2.8 –    Sikadur
®
- 330 

     

+10°C  7   

+23°C  5   

+35°C  2   

        . 

    . 

    SikaWrap
®
-230 C/45 [131, 133, 144]. 

SikaWrap
®
-230 C/45     ,    

.       ( ). 

          , 

   ,   Sika
®
 Colma-

Cleaner.  15-30 .       
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, '     .    

 ,    . 

 

 2.8 –   Sika Wrap   Sika Colma 

Cleaner,       

   Sikadur
®
-330   ,    

.     Sikadur
®
-330.  

  SikaWrap
®
    

(   )   Sikadur
®
-330.    

        ,    

       є  .  

   є        

.        

    SikaWrap
®.    

      100  [138, 144]. 

      (  100 )   

,    Sikadur
®
- 330    .  

          

     .  є   . 

   є  . 

     є  24 ,   

,        (  

 ).  
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 2.9 –       

 Sika Wrap
®
 

 є        

.  ,   є  . є  24 

      є     

. 

  Sikadur
®
- 30 [130, 134].      

є   є  (   ).  є   

 ,    .    

        

(  : =3:1  ),  є   є   . 

       ,   

.    ,     .  

   (    ),   

,       .  

  -         (  

 +5° ). 

 2.9 –    Sikadur
®
- 30 

  +8°C  +20°C  +35°C  

   ~ 120   ~ 90  ~ 20  

  ~ 150  ~ 110  ~ 50   
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 Sika
®
 CarboDur

®
 S-512.  Sika CarboDur  

      ,     

  Sika
®
 Colma-Cleaner [16].  ,  

   15  30 .     , 

    '   . 

     Sikadur
®
-30   ,    

    ,   3  5 ,  . 

   Sikadur
®
-30     

     ,   

.        1 .   

,  ,       15     

 .  

  Sika
®
 CarboDur

®
 S-512     

 є   .   є    

  ,           

 . , ,  є  .  

 

 2.10 –   Sika
®
 CarboDur

®
 S-512   
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 2.11 –       

SikaWrap
® 

 24      .  

 є       Sika
®
 Colma-

Cleaner. ,         

Sikadur
®
-330     , є    є   

SikaWrap
®.       

  Sikagard®-550 W Elastic, Sikagard
®
 ElastoColor-675 W 

 Sikagard®-680 S.     SikaWrap®-230 C/45  

     .  

 

 

  2.12 –    SikaWrap
®
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 2.13 –      Sika
®
 

CarboDur
®
 S-512  SikaWrap

®
-230 C/45   

     ,     

  23º    . 

   .   .  

     ,     

 є     є   

   ,    є     

  .         

   ( ),       

   (3%    ). 

   -    

       

    .   

   ,     (  

)   .      

     .     

  -    .  

  ― ‖       

 ,      [44, 139, 137, 155].  
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    [182,190].    

 .     , , ,  

     .     3 

     1     

. 

 

 2.14 –    

 2.10 –     

    0991-123-53832025-2001 

   3   380-2005 

  (l),  32,0 ± 2 

 ,  3,0 ± 1,2 

   (d),  0,92 

  1 ,  0,5 

   1 ,  4000 

 /  , l/d 35 

   ,    600 
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 2.15 –      

 

 2.16 –      
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 2.17 –        

    70%     (5 

).         ,  

         

 .    ,    

       (28 ). 
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 2.18 –       

      

   5    500  [126]. 

      50 (   

100 – 500 ).     ,   

  .     
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       0,001    

20 .  

 

 2.19 –     

   :   = 510,5 

;   = 600,5 ;   = 20,5×104 ; 

 ,      – = 250,0×10-5
. 

          

 [57].    -250   28     

   ,     

= 14,0 ,    – = 17,07 . 

 

 2.20 –      

yd
f

u
f

s
E

yd
f

yd


cd
f

cubeck
f
,

0,00

2,00

4,00

6,00

8,00

10,00

12,00

14,00

16,00

0,00 50,00 100,00 150,00 200,00 250,00

 F
,

 

 εc×10-5 
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2.3.   ь  ь  

      

        

 (  2.21  2.22).      

     ,     

   . 

      

        180 . 

    ,  1/3  

     .   

 ,      

(  2.21).       -

:    [7, 8]. 

 

 2.21 –    №1    

    : 1 –  ; 2 –  

; 3 –  ; 4 –   ; 

5 – ; 6 – ; 7 – ; 8 –  

 ; 9 –  . 
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  ,     ( 0-1  0-2) 

  ,     .   

 0-1  0-2,   10 %    

 .    ,     

  ,      

   5 – 10 . 

 

 2.22 –         

   

   є     ( -1, -2, -

3, -4, -5, -6, -7, -8)   .   

,   ,     

        -1 

 -2.  -1… -6    

,     η=0,6   

  u (   ,   

   ).    

  0,3 u.      
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 ,    0,1   

.   5  9      

0,85 u.  -3  -4  13-     .  

    ,   

      [36]. 

       

( -1 , -5  , -2 )   ( -2 , -6 , 

-2 ) 

  Sika CarboDur S-512  25 ,   

          

     Sika Wrap.  

    :   Sikadur-30,  

  – Sikadur-330.  -5, -6     

 0,6 F (     -1, -2 [2, 10]. 

   є     

   [4, 60]. 

   є     ,  

   ( -1 , -2 ),     

 ( 0,6-5 , 0,6-6 )  ,    ( -1 , -

2 ).     ,    

      -1   -2  

    . 

   2    200   

   50     

     .   

     20 , (    

   ),    

.    50     

   20, 15, 10 ,       

      .  
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-  6 ,       

.   ,    -3  

  0,02 . 

 2.11 –        

№ 
/  

 
 

-  
 

  

1 -1 

0-1,0 

 

2 -2 

3 -1  

4 -2   

5 -3 

13 

  
6 -4 

7 -1 

13 

  

8 -2 

11 -7 

12 -8 

13 -5 

13 

  
14 -6 

15 -1  

13 

  
16 -2  

17 0,6-5  

13 

  

18 0,6-6  

t 

η 
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       ( . 2.23  

2.24).    50 ,     , 

      20 ,   

 ― ‖      .  

    ― ‖ ,  

        20 ,  

  1    200 . 

       

     1    

             

.          є  

       1 .   

        [36]. 

        

       1 

    ,  ,       

    .  

 

 2.23  –       

      



90 

 

 

 

 2.24 –       
     

 
 2.25 –       

   

 є      ,    

 100      ,    

.         

        ( . 2.25) . 
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2.4.       

  

  є   

.    є  , ,  

  . 

  '   ,     

     . 

  є     . 

         

 [56] . 

       

   9-     9-  

 .     

      -  

 ,      

   28    .    10 ,  

 10×10×40 .       

―  ‖. 

         

.     

   . 2.12 – 2.15 

   -  ,  

  , є    – 

.    є     

 [129] . 

    ,    

.            

.       

     ,     . 
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 2.12 –    (  ) 

   
 

 F,  

  

,  

-1 10,3*10*10 139 33,4 

-2 10,2*10,2*10 141 33,5 

-3 10*10,2*10,2 145 34,2 

 

 2.13 –    (  ) 

   
 

 F,  

 

 ,  

-1 10,1*10,2*10 169 35,4 

-2 10,1*10*10 164 35,2 

-3 10,2*10*10 172 36,9 

 

 

 2.14 –    (  ) 

   
 

 F,  

  

,  

-1 10*10,2*40,1 265 25,9 

-2 10*10*40 260 25,7 

-3 10,1*10,1*40,1 250 24,4 

 

 2.15 –    (  ) 

   
 

 F,  

 

 ,  

-1 10,1*10,1*40,1 306 28,0 

-2 10,2*10,1*40 310 27,6 

-3 10,2*10*40 315 30,8 
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 2.26 –         

 

 2.27 –         

     

        

   , є  ,     

   ’     .   

        ,  

  .      

 ,      є   . 
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   ,      

  [28]. 

 

 2.28 –    -  

  -1    -1  

 

 2.29 –    -  

  -2    -2  

      .2.27 – 2.28    

        .  

          

 . 

 ,       

 : 

25,9 

30,8 

0

10

20

30

40

0 0,05 0,1 0,15 0,2

 
, 

 

 ×10-5 

-1 -1 

0 

26 

0 

30,6 

0

10

20

30

40

0 0,05 0,1 0,15 0,2

, 
 

 ×10-5 

-2 -2 
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 –      ,  

   ; 

 –       ,  

   , є     

(    / ); 

—        10-15%. 

        

 ,     . 

   2 

1.       

       

 ,      

,     

   ,      . 

2.     ,  

         

    -    

 ,      

 ,    , , . 

3.  -     ,   

      ,  

       

. 

4.    є    

   .  6  , 

         

 ,     . 

 

 

     [28, 29, 66, 67]. 
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 3. Ь  Ь  Ь  

   

 

3.1.       

       

,         

 ,  є     [30,79,100].  

     ,   

 ,      ,   

 .        . 

 [101]         

    ,    : 

–    є     

     ; 

– '         

є     [54, 57]; 

– '        

є    ,      .2.6-98;  

       

є        

    

        

 є : 

-         

(     " -  ( )"  

"  -     "); 

-        

   cu1 , cu3      

       ud; 
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    [15, 114] є : 

-      ; 

-       , 

    (   

     500×10-5
); 

-        

  . 

       

       ,  

  ,      

   2.6-98     2.6-156 [54,57]     

   [15, 101]. 

     S     

         

 .  

         

       

,     –     

 .      

 є   . 

     є   

   ,  є    

.       

        . 

  є     

  ,   . 
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3.2. -     ь  

ь      

        

,  ,       

 .       

      ,  

        

 ( .  2). 

 3.1 –        

 

/  

 
 

- 

 
 

 

 

 

  .2.6-

156:2010, ×  

                     
exp

 , ×  
norm, ×   , % 

1 -1 13,4 13,6 1,5 

2 -2 13,0 13,6 3 

 

      

-  ,  , ,  

        

.        

  exp
.  -1, -2    

.        F= 8 .  

        

.        .  

   -1  -2    

   ,   .  

        

        

     ,  , 

       . 
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 3.1 –     ε  ×10
-5   εs×10

-5   

  0-1 

 

 3.2 –    -1 (   

  ) 

      ,    

,        

      .   -1,  

,  12,00 ,     0,5 . 

0

5

10

15

20

25

30

35

40

45

50

-400 -300 -200 -100 0 100 200 300 400

, 
 

, 10-5  

εc×10
-5 εs×10

-5 
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 3.3 –     
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3.3. -     ь  

ь      

 -2   -1     ,   

  .     

   .     

   '      ,  

  ,      ,  

. 

 3.2 –         

 

/  

 
 

- 

 
 

 

 

 

  .2.6-

156:2010, ×  

                     
exp

 , ×  
norm, ×   , % 

1 -1   20,91 17 -18,7 

2 -2   22,46 16,3 -24,3 

 

 

 3.4 –     εc ×10
-5   εs×10

-5   

 0-2    -1   -2  

0

10

20

30

40

50

60

70

80

-600 -400 -200 0 200 400

, 
 

, 10-5  

БО-2 

БП-Б 

БП-СФБ 

εc×10
-5 εs×10

-5 
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 -      

 -1   -2 , ,     

 є  - .     

   є   .  ―  

  ‖ – ―   ‖ є  

 .  

     -2   -1    

 F= 15 .      

    ,   

 .     -2  – Fu= 68 ,       -

1   – Fu = 70 .  ,  ,          -2  – 6  

, -1   – 8 ,       -2  – 0,32 ,  

 -1   – 0,30 .  

 3.3 –     

        

., 

 

     ,  

-2   -1   -1  -2  

 
 

 
2  

 
 

 
2  

 
 

 
 

0 - -  -  -  -  -  

7,5 -  -  -  -  0,08 0,08 

15 0,02 -  0,02 -  0,1 0,1 

22,5 0,04 -  0,02 -  0,2 0,14 

30 0,06 -  0,04 -  0,3 0,3 

37,5 0,08 -  0,08 -  0,36 0,36 

45 0,12 -  0,1 -  0,4 0,4 

52,5 0,2 0,12 0,2 -  -  -  

60 0,24 0,2 0,3 -  -  -  

67,5 0,32 0,3 -  -  -  -  
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    -2   -1      

   .       

         

         . 

       ,  

     .  , 

            500×10-5
. 

   [88, 100, 141, 142, 143, 144, 148, 149]   

    ,   

      . 

 3.4 –        

   

 
 

 
-

 
 
 
-

 

f, 2
 

 
-

 
 
 
-

 

sfb, 2
 

-

 
, 

 

-

 
        

 ,  

 
 

, % 

-1 - - 

4,5 1,15 - 

11,25 7,02 - 

13,5 12,0 - 

-2 - - 

4,5 1,14 - 

11,25 7,26 - 

13,5 11,94 - 

-1  0,3 50 

4,5 1,10 4,3 

11,25 4,95 29,5 

13,5 6,41 42,3 

16,56 7,8 43,3 

-2  0,3 50 

4,5 1,11 2,6 

11,25 5,04 30,6 

13,5 5,41 52,4 

16,56 5,85 54,7 
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  .      

     є ,   . 

        . 

      ,     

,   .       

 (   ).  

    : 43,3% –    

  ,  54,7% –    

 .      

 5,85    -2   7,8    -1 .  

    ,   

    є     

      .  

 

 3.5 –       0-2   

 -2   -1  

0

10

20

30

40

50

60

0 2 4 6 8 10 12

, 
 

 f, . 

0-2 

-2   

-1   
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 3.6 –     -1  
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 3.7 –    -2          

 



107 

 

 

 

 

 3.8 –    -1     

 (       ) 

 

 

 3.9 –    -2     
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3.4. -     ь   

        ь 

      . 3.10  1-13  

      (   

    5  9        

  0,85 u).  

   -    -3 

          

  ,      

   ( . 3.10). 

   . 3.10  ―   –

 ‖ є  ,   ―  

  –  ‖ є   .  

 ,     ’    є   

 .      ’    

 0,3F=13,8  (8,28 ) є 8×10-5,  0,6 F =27,6   (16,56 ) 

 18×10-5
.  

       – 

 .  ’   ’       

 [88, 100]   .   0,85 F =34,5  

(20,7 ).     5  9    

є   10-11  .  

 -3  -4,     , 

    3.5.     0,85 F 

є     ’  –   

. 
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 3.5 –       

  

 

/  

 
 

- 

 
 

 

 

 

  .2.6-

156:2010, ×  

                     
exp

 , ×  
norm, ×   , % 

1 -3 13,8 13,2 2 

2 -4 13,5 13,2 1 

 

 3.10 –       

   -3     

 -1, -2     , 

       (  

   -2   -1 ),     . 

0

5

10

15

20

25

30

35

40

45

50

-300 -200 -100 0 100 200 300

, 
 

, 10-5  

εs,cyc×10
-5 

ε ,cyc×10
-5 
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 3.6 –      

 

* –    1-   . 
** –    5-   . 
 

№ 
/  

 

 
 

 

-  

    ∆ w,  

 

1 2 3 4 5 6 7 8 9 10 11 12 13 

1 -1 

0,3* - 0,14 0,14 0,14 0,14 0,16 0,16 0,16 0,14 0,1 0,1 0,1 0,1 

0,6* - 0,16 0,16 0,16 0,16 0,20 0,20 0,20 0,22 0,16 0,16 0,16 0,16 

0,85**     0,26    0,26     

2 -2 

0,3* - 0,06 0,06 0,06 0,08 0,10 0,10 0,10 0,10 0,10 0,10 0,10 0,10 

0,6* - 0,16 0,16 0,16 0,16 0,18 0,18 0,18 0,18 0,18 0,18 0,18 0,10 

0,85**     0,26    0,26     

3 -3 

0,3* - 0,06 0,06 0,06 0,06 0,08 0,08 0,08 0,10 0,10 0,08 0,08 0,08 

0,6* - 0,10 0,10 0,10 0,14 0,18 0,18 0,18 0,20 0,20 0,18 0,18 0,18 

0,85**     0,22    0,24     

4 -4 

0,3* - 0,08 0,08 0,08 0,10 0,10 0,08 0,08 0,10 0,10 0,10 0,08 0,08 

0,6* - 0,12 0,12 0,12 0,16 0,16 0,14 0,14 0,18 0,18 0,18 0,16 0,16 

0,85**     0,22    0,24    0,22 

5 -5 

0,3* - 0,10 0,10 0,10 0,12 0,12 0,12 0,12 0,12 0,12 0,12 0,10 0,10 

0,6* - 0,12 0,14 0,14 0,14 0,18 0,18 0,20 0,20 0,20 0,20 0,18 0,18 

0,85**     0,22    0,28     

6 -6 

0,3* - 0,08 0,10 0,10 0,10 0,10 0,10 0,10 0,12 0,12 0,12 0,10 0,10 

0,6* - 0,14 0,16 0,18 0,18 0,18 0,18 0,18 0,20 0,22 0,22 0,18 0,18 

0,85**     0,22    0,26     
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      0,3F =22,5  ( =13,5 ) є 

4×10-5;  0,6F =45  ( =27 ) 4×10-5
.    

    – ,   – ’  

.  ’      0,85F =60              

(36 ).           

 0,3F =22,5  (13,5 ) є 4×10-5
 ;  0,6F =45  (27 ) 3×10-5

 . 

 

 3.19 –     -2       
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 3.7 –      

№

 

/

 

 

 

 

-

 η 

   w,  

1 2 3 4 5 6 7 8 9 10 11 12 

1 -1  

0,3 0,04 0,04 0,04 0,04 0,04 0,10 0,10 0,08 0,08 0,10 0,10 0,10 

0,6 0,10 0,10 0,10 0,10 0,14 0,14 0,14 0,14 0,14 0,12 0,12 0,16 

0,85     0,16    -   0,2 

0,9            0,24 

2 -2  

0,3 0,12 0,10 0,10 0,10 0,10 0,10 0,10 0,10 0,10 0,10 0,10 0,10 

0,6 0,14 0,12 0,12 0,12 0,14 0,16 0,16 0,16 0,16 0,16 0,16 0,16 

0,85     0,22    -   0,22 

0,9            0,26 
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 3.8 –    

№

 

/

 

 

 

 

-

 

 f,  

1 2 3 4 5 6 7 8 9 10 11 12 

1 -1  

0,3 3,74 4,66 4,68 4,72 4,72 5,3 5,32 5,31 5,31 5,33 5,33 5,33 

0,6 6,35 6,47 6,5 6,53 6,54 7,33 7,34 7,34 7,33 7,33 7,33 7,33 

0,85     8,23       8,69 

0,9            10,4 

2 -2  

0,3 2,88 4,01 4,09 4,16 4,18 6,35 6,38 6,5 6,49 6,5 6,52 6,53 

0,6 6,4 6,6 6,68 6,72 6,7 9,21 9,2 9,22 9,25 9,27 9,3 8,27 

0,85     9,35    -   10,31 

0,9            11,33 

 



119 
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 0,3F=13,8  (8,28 ) є 10×10-5;  0,6F=27,6  ( =16,56 ) 

21×10-5.       –

.  ’   ’    є    

0,85F=34,5  ( =20,7 ).     5  9  

  є   10-13  .   

( . 3.23)   є      -

.   ,     

0,85F є      –   

.       

   ,      

 . 

   -    -6 

  ―    – ‖ є  

,   ―     – 

‖ є   .   ( . 3.24) , 

    ’   є    

.      ’     

0,3F=13,8  ( =8,28 ) є 10×10-5;  0,6F=27,6  ( =16,56 ) 

19×10-5.       –  

.  ’   ’    є    

0,85F=34,5  ( =20,7 )      [35, 87].  

   5  9    є   10-

13  .   ( . 3.24)   є  

    - .    

   0,85F є      

–   . 
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, 10-5  

εs,cyc×10
-5 

εs,cyc×10
-5 

ε ,cyc×10
-5 

ε ,cyc×10
-5 
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 3.28 –         

 0,6-5     (    

 

  .3.28 ,     ’   є  

    .     

   0,6-5         

0,3F=22,5  ( =13,5 ) є 4×10-5
 ;  0,6F=45  ( =27 ) 3×10-5

. 

       – 

,   – ’  .  ’    

  0,75F=60  ( =36 ).  

       0,6-6    

      0,3F=22,5  ( =13,5 ) є 5×10-5
; 

 0,6F=45  ( =27 ) 5×10-5
.     

   – ,   - ’  .  

’       0,75F=60  ( =36 ).  

0

10

20

30

40

50

60

70

-400 -200 0 200 400 600

, 
 

, 10-5  

 

 
 

 

 

ε ,cyc×10
-5 

εs,cyc×10
-5 
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    є      

.      ,   

      [35, 37]. 

 

 3.30 –     0,6-6    

 

 

0

10

20

30

40

50

60

70

0 1 2 3 4 5

, 
 

  f , . 
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 3.9 –      

№

 

/

 

 

 

 

-

 

   w,  

1 2 3 4 5 6 7 8 9 10 11 12 

1 0,6-5  

0,3 0,10 0,10 0,10 0,10 0,10 0,12 0,12 0,12 0,12 0,12 0,12 0,12 

0,6 0,12 0,12 0,12 0,12 0,12 0,14 0,14 0,14 0,14 0,14 0,14 0,14 

0,85     0,18    0,18   0,18 

0,9            0,20 

2 0,6-6  

0,3 0,08 0,08 0,08 0,08 0,08 0,10 0,10 0,10 0,10 0,10 0,10 0,10 

0,6 0,10 0,10 0,10 0,10 0,10 0,12 0,12 0,12 0,12 0,12 0,12 0,12 

0,85     0,14    0,14   0,14 

0,9            0,16 

 

 

 

 

 



130 

 

 

 

 3.10 –    

№

 

/

 

  
 

-  

 f,  

1 2 3 4 5 6 7 8 9 10 11 12 

1 0,6-5  

0,3 2,33 2,36 2,25 2,41 2,92 2,50 2,60 2,60 2,60 2,56 2,56 2,56 

0,6 4,53 4,55 4,55 4,73 4,84 4,66 4,64 4,67 4,67 4,67 4,67 4,67 

0,85     5,62    5,65   5,67 

0,9            5,59 

2 0,6-6  

0,3 2,15 2,41 2,49 2,40 2,44 2,59 2,59 2,62 2,62 2,63 2,63 2,63 

0,6 3,59 3,64 3,65 3,66 3,69 3,95 3,95 3,95 3,96 4,03 4,04 4,04 

0,85     4,62    4,65   4,67 

0,9            4,83 
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 3.30 –             

    

 

152 152,5 152,5 152,5 

190 

152,5 153 152,5 

190 

165 162 163 
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198 

168 168 168 

199 
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306 

0

50

100

150

200
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300

350

1 2 3 4 5 6 7 8 9 10 11

, 1
0-5

 
 

№,  
-6 0,6-6  



132 

 

 

 

 3.31 –             

    

214,5 
225 227,5 230,5 

250 250 
239 240 245 241 

275 

245 245 245 

276 

246 

433 

0

50

100

150

200

250

300

350

400
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500

1 2 3 4 5 6 7 8 9 10 11

, 1
0-

5
 

 

№,  

-5 0,6-5  
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  3.30  3.31      

         -5  

 0,6-5 ,     .  

 ,     .    0,6-5  

    -5,     . 

     . 

         

 30×10-5.   є    , 

         

     . 

        

є   .      

     є  ,   . 

         

.       ,  

   , .      

  (   ).  

-        

        ,     

[3, 37, 60, 62].         .  

       ,  

  ,       

.        

,       ,  

   .  –   .   

        

,     .  

        

  65,5%      ,  

66,5%     .   
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 9,73     0,6-6   10,2    0,6-5 .  

 

 

 3.32 –   0,6-5     0,6-6    

     (     

   ) 
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 3.33 –       0,6-5   
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 3.34 –        0,6-6   
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3.6.         

        

,      "  "  . .  

 . . [60].     ,   

      ,   

     .  є    

 2.2.       2.1. 

        

 25 .       

     ,      

"  " [15],     . .   . 

.  є     2.2       

     .     

      ( . . 2.4; 2.13).  

   є      

,      .   

 є      є   

  . 

        

        

    .  

       

.         

      .     

 ,     .   

    .   

    '      

             

 .        

,      .  
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 3.11  –      

 

 

  

  

 

 

 

 

 

 

 

-  

 

 

 

 

Af, 

2 

Ab, 

2
 

Asfb, 

2
 

As, 2
 , 

×  

, 

% 

-1 - - - 1,57 13,4 - 

-2 - - - 1,57 13,0 - 

-3 - - - 1,57 13,5 - 

-4 - - - 1,57 13,8 - 

-1   0,3 - 50 1,57 20,91 46,7 

-2   0,3 50 - 1,57 22,46 57,6 

-1  0,3  50 1,57 21,96 60,9 

-2  0,3 50 - 1,57 18,13 32,8 

0,6-5  0,3 50 - 1,57 22,72 66,5 

0,6-6  0,3 - 50 1,57 22,59 65,5 

 

   є    ,  

        

.        . 

   ,       

     .  

        . 

  0,70F  0,85F     . 

      є   

 ,     .   

           

exp

ULS
M

exp

ULS
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,          

  .       

        .  

          

    .        

       ,  

           

   . 

         

      .    

-   є     

    .  

       

       .  

 ,     ,    

    .     

     . 

   1    200    

,    ,    

   .        

    .      

 є   ,            

 .         

   .   є    

  [92, 93]. 
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 3.12 –     

  

  

  

 ,  

  

-1 ; 

 0,6-6   

-2  ; 

-1  

 0,6-5 ; 

-2  

21,96 

22,59 

22,46 

20,91 

22,72 

18,13 

  

 (  

) 

-1; 

-2; 

-3; 

-4 

13,4 

13,0 

13,5 

13,8 

  

 

 

  3.35 –        
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  3.36 –        

   

 . 3.36       

     -2 ,     

.     ,   ,   

  ,  є         

45 .  є          є 

.     є    

    є     

   .     є  

     .   22,5  

   є    ,   

 є   ,     

    .      

,       

 ,   ,  160×10-5
   -1 ,  

   .     

0

10

20

30

40

50

60

0 50 100 150 200

, 
 

 , . 

 
  

  

l×10
-5 
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    є      

. 

 

  3.37 –         

     

 

 3.38 –        0,6-

6       

   ,     

     ,  

        

0
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40

50

60

70

0 50 100 150 200 250 300 350 400 450

, 
 

, 10-5  
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 .       -2  – 

100×10-5
.       . 

 . 3.38        

 ,         

,   є        

   .     

 :   -1 , -2  –      4…8×10-5 ,    

-2 , -1  – 16×10-5 .     0,85F,  

:   – 15…20×10-5 ,    -2 , -1  –            

29 …32×10-5 
. 

   є      

   ,      ,  

є  .   є    

  .    є  

 ,         

 .    є   

 ,   ,       . 

       

 ,     є   

 ,   ,     . 

   є        

 .        

 ,     , є  

  .  ,     

  ,      

:   -1 , -2 – 2…4×10-5
 .    

 0,85F,  : 8×10-5
 .   є   

 . 
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   3 

1.      , 

         

        

,       . 

2.        .  

        

    57%,    

  46%.      

   32%,     69%. 

        66%,  

     65%.  

3.     ,  : 

–          50%,  

       40%; 

–        

  16%,      10%.  

–         10%,  

    9%. 

         .  

4.        

    .  

5.       

        

.  є        

     . 

 

     [31, 40, 68, 69]. 
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 4.    Ь   

      

  

 

4.1.      

      

      є ,   

 : 

-   є   ,  є 

         , 

  є; 

-         ,   

,    ; 

-    є     

      (   ); 

- '         

є     ,    . 4.1; 

- '        є   

 ,    . 4.2; 

-      є   ; 

-  '         

є    ,  є      

  є       = Δ  𝑖   [15].  

 

 

 

 

 

 

 

fcm 

c 

c 

cu1 c1 
0 

0,3fcm 

s 

ud s0 

fyd 

0 

s 

  4.1 –  
―  - ‖ 

 

  4.2 –  
―  - ‖ 
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     c   c  

   є              ∑         ,                                             (4.1) 

 cdf  -       ; 

       - є   ; 

           ⁄  ; 

       -         

  ,  є         . 
      є : 

–        (  

   ―  –  ( )‖)  –   

; 

–        

  (    ,     ,  3.1.5  3.1.7  .2.6 - 98),    

            ; 

–        

    𝑢;  
–       ; 

–        

  .  

 ,   , 

   ,   

:  (   );   ;  

;  ,       

. 

 є     , 

  є  ,  є    ,   
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 . є    :    ,   

  ,   – 'є .  

 

4.2.       

є         є 

     ( . 4.3),        

є .        

       [12]. 

 

 

 

 

 

 

 

 

                        ;                       (4.2)                    ;                                     (4.3) 

MEd, Mss(1), Mc(1)+Ms(1) -     

 ,   ,     

            ;      ,       ,        -      ,  

 As1  As2. 

         

                                        :                       ;                                     (4.4) 

As2 

b 
As1 

1 

2 

h 

c(1) 

z1 

d 

ME 

s2As2 

suAs1 

x 
z 

dz s1(1) 
c 

s2(1) 

  4.3 – -   
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                      ;                                        (4.5)              .                                                           (4.6) 

         

            ∫                     ∫            ;                              (4.7)                                                ;                (4.8)                                            (      ),                (4.9) 

    -   ; 

-        ; 

-    –         .  

  (4.6),          :              ;                                                  (4.10)                .                                             (4.11) 

        

:        ∫             [          ] ∫              ;                     (4.12)                                            (      )              (4.13) 

 (4.2) – (4.13)       

          

        . 
  (4.7)  (4.12)       

   ,    (4.1).     

    (4.1)   (4.7) є :                 ∫ [   ∑  (      )]           
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               ∫           (      )    (      )    (      )    (      )           

                                                                                        

 

=             [                                                               ]   = 

         ∑                                                              (4.14) 

,       

     є           (          ) ∫ [   ∑        ]            = 

              ∫           (      )    (      )    (      )    (      )             
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aaaaaz
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      (          ) [                                                               ]     

          ∑                                                           (4.15) 

       

      

 

               ∑      (        )  
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                                                                   (4.16) 

              ∑                                                                (4.17) 

        

    є        ( . 4.3),          

є . 

 

4.3.   ь   ь  

    

 є       ,  

  [54, 57].      

   ,  є   

      , 

-        . 

4.4  

 

 

 

 

 

 

 

 

     є  , 

   [14].       

:                ;              ,                         (4.18) 

z 

b 

h 

c(1) 

z(1) d 

M 

x z 
c 

σc 

dz 

s sAs 

dz 

s 

. 4.4 – -     
       

As 
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 M; Mc(1); Ms(1)         

         

     εc = εc(1); 

Sc(1), Ss(1)            

 As   εc = εc(1). 

         

    εc = εc(1)     εs(1) 

                (         ),                          (4.19) 

     є                 .                                            (4.20) 

 z –         

 dz     (                                    ); 
dz –        σ . 

  (4.20) є:              ;                                                        (4.21) 

     є  ,   

є    Sc(1)       

     dz ( . 4.1),    

     , ,    

(4.20)  (4.21)        ∫                     ∫            .                       (4.22) 

         

       (4.19):                                       (         ),      (4.23) 

 Es     .  



152 
 

 

        Mc(1) 

         dz, 

      (4.21)          ∫             [          ] ∫              ,                          (4.24) 

       Ms(1)  -               (         )                (         )2
.                (4.25) 

  (4.22) – (4.25)     

    (1)       [          ] ∫                            (           )      
      (4.26)           ∫                           (         )                     (4.27) 

 (4.22) – (4.27)       

          

      εc.    

      (  ) 

         .    

       

. 

  (4.22) – (4.27)       

,     ,    є  

  « – » («σ  – ε »).   [54] 

  (  )  «σ  – ε » є  

  ’                      ∑            k
 = 

=           [                                           ]      (4.28) 
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 f(ck),(cd) –      ( є  

 fck         fcd –  

     ); 

ε 1 –    ,   

   ;  

ak – є  ,     [12, 54]. 

     (  )  

       fcm  

   εc1,cm,     

   ,  є  ak (   )  

  [54]        .  

   [11]  (4.26)  (4.27)    

   :                   (      )     ;                          (4.29)                  ,                                            (4.30) 

 ω- є       ; 

β – є     . 

є  ω  β     , 

    ,       

        :   ∑          (            ) 
;     ∑          (            )                (4.31) 

     (4.29)  (4.30) ’  

        

      [54, 14].  

         

,   [13]. 

     ,  є 

      ,  

( )        ―  - 



154 
 

 

‖ («  – χ»).   «  – χ» є   . 

        ε (1),  

       

  εs(1),    (4.30) –    

 (1) –  ,      

       εc =εc(1)).   

     

 (13).                       .                                                 (4.32) 

      ε  = 0  ε  = ε u1, , 

  0,1ε u1, .     χ є        ( . 4.5),  

 є    ( )   Mu. 

       [11]. 

 

 

 

 

 

 

 

 

4.4.   ь   ь   

,     

      , 

         bsf × hsf. 

-       

   4.6.  

 

 

  4.5 –  
 

―  – ‖ [11] 

Mu 
M 

0 

χ 
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 ,       є  

     .   , 

        ε (1) 

                    (      ).                                   (4.33) 

 -      ( . 

1)         ( . 3),  

 ,         (4.29) 

 (4.30)    ,     ,                    (      )           (      )             (4.34)                             ,                         (4.35) 

                 (   –    ). 

      

      є       

,   .  

 

 

z 

 

b 

h 

c(1) 

z(1) 
d 

M 

x 
z 

c 

σc 

dz 

bsf 

sAs 

dz 

 

s 

 4.6 – -     
    ,    

   

As sfAsf 

s 

hs 
sf 
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4.5.   ь   ь  

        

      , 

      -    hcf ,   

      bsf × hsf. -

        

. 4.7. 

           

 

 

 

 

 

 

  

 

 

    [56]    

 :       

 є     ,  

 є   ;     

         ; 

     є   (4.18);  

         

    ε fu1,      

        

  εfu;      

    εf0 (εf0 = fyf /Ef)    

  σsf = fyf.  

z 

b cf(i) 

x=zf(1) 

z 

σcf 

c 
dz 

dz 

s 

As 
sAs s(1) 

  4.7 –  –     
  ,     

  

 

dzf 

zf 

sfAsf 

cf 
hcf 

bsf 
hsf 

sf(1) 
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 ε f(1)     ( . 4.6)    

       (4.19)  (4.20)  : 

                  (          );                                     (4.36)                   (       );                                         (4.37)                   ;                     ;                                   (4.38)                 (         ) ,                                        (4.39) 

 εcfc –        

. 

 z  dz    (4.21)  εc(1) = εcf(1),  zf  dzf  –  

                  ;                       .                                        (4.40) 

 z               ,          

    = 0. 

         

  :                              ;                             (4.41) 

                           ,                                         (4.42) 

 M; Mcf(1); Mc(1) ; Msf(1); Ms(1)      

          

     ,    

       εcf = εcf(1); 

Scf(1); Sc(1) ;              –      

 ,   ,      

  As   εcf = εcf(1). 
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     εcf(1)        ∫                                  ∫                     ,                   (4.43) 

   ,  є ,       ∫                           ∫              .                     (4.44) 

      (4.41)  (4.42) 

   (4.18)                          ;                       ,                          (4.45) 

      -      ;   – є ,  є    (4.31)  ε (1) = εcf(1); 

ωf – є ,  є       ∑          (                           ),                                         (4.46) 

 εcf1 –       

   . 

          

:                                         (          );                 (4.47)                                               (       ).                 (4.48) 

         

         

    .         ∫                         

  [            ] ∫                                     ;                          (4.49) 

      ∫                  
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  [            ] ∫                                                      (4.50)                                 (          ) ;                   (4.51)                                     (       ) ,                     (4.52) 

 β – є ,  є    (14)  ε (1) = εcf(1); 

βf – є ,  є       ∑          (                           ).                                     (4.53) 

 ( )   Mu   

  (4.41)  (4.43)       

(4.44), (4.46), (4.47), (4.48) – (4.52), ’    M = Mu,   

є   .     

       εcf    , 

  0,1ε f1.     є   

 ,         

  x = z(1) = 0,5d    (4.41).     

    (4.41) є  5%,   ,  

 z(1)   .     є 5%,  

   z   ,      

(4.41).    z   (4.40)    

.      .   

    Microsoft Excel. 

    є    

-     (   

   , ,  )    ,  

          

  .  ( )  є   

,  є        

  ( . . 4.6). 
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     MEd,    

      

     .   

        

    :                                                 (       )                 (          )               (4.54) 

                                          (       )                 (          )           (4.55) 

 

4.6. ь  ь  ь   

  

    є    

  ,   . ,   , 

       

 ,      -    

  -        

   ,   

   « »      .  

       

   S      є 

    ,    

     [15, 132, 133, 134, 135]. 

         

 ,     
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   (   ),     – 

     . 

      

 -      

є     4.1 [15].  

 4.1 –   -   

 

№   
 
, 

f,  

ffd,    𝑢, % 

1 Sika® CarboDur® S 155000 1000 0,645 

2 Sika® CarboDur® M 210000 1130 0,476 

3 Sika® CarboDur® H 300000 645 0,215 

4 SikaWrap-230C 234000 755 0,322 

5 SikaWrap-300C 340000 1100 0,323 

6 SikaWrap-380 230000 1485 0,646 

7 SikaWrap-430G 76000 680 0,895 

8 SikaWrap-530C 63000 200 0,317 

 

  -   (   )  

 : 

)   ,     , 

,           

       

   0,6      

   ; 

)      -   

   ,       

        

,    ,  ,     є 

       . 
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   -     

  ,  ,     

        

   .1.2-14    .2.6-156,     

,   ,  ,  

     [101].  

     10  

 2000     200×100  (  2.5)  , 

    fcm,prism = 13,9 .    

  10   500 .    6  

 240     50 . 

є        

 1 –  (  -1, -2)   ,   

 [11, 12].   ,   

 є    '    

 .       

   4.2. 

 4.2 –        

 

/  

 

 

- 

 

 

 

 

 

  .2.6-

156:2010, ×  

                      

exp
 , ×  

norm, ×   , %     

1 -1  13,4 13,6 1,5 

2 -2  13,2 13,6 3 

        

 [11, 12], є   .  

  ,    , 
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 1,5%  3%.    є  ,  

      . 

    ,      

      Sika   

 25×5 ,        

 SikaWrap [29].        

  (fcfm,prism = 13,5 )  50 ,    – 

     3% (fcfm,prism = 16,4 )  

 50  (  2.6).  

       [29, 68]. 

       (  )  Mu,  = 

13,2 × .  

        

     :    

 fyk= 500 ;   Es= 21×104
 ;   

       ε 1 = 0,00161; 

    ε u1 = 0,0044.    

   Mteor,  = 13,6 × .   

       

     3%. 

 ,     ,    

        

 20,91 ×   21,96 × ,    є Mu,   = 21,4 

× .  

         

  :     ff = 

3100 ;    Ef  = 16,5×104
 ;   

  fcfm = 16,4 ;    

     ε f1 = 0,00166;  

   ε fu1 = 0,00434. 
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 ,     

,    .   

 є  ,  є     

,    1,23…1,33     

     .      

    є ,  є   

       . 

   [31, 40, 67, 68, 69] ,   

   ,     

, є      

      . 

        

         (4.54) 

є ,  є      

   :                                                  (       )                 (          )             (4.56) 

β – є ,  є    (14)  ε (1) = εcf(1); 

βf – є ,  є    (4.55);   - є ,  є     

   , є   

 ,      1,25. 
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 4.3 –         

 

 

 

 

  

 

 

 

 

 

-

 

 

 

- 

 

 

  

 

- 

 

 

 

- 

 

 Af, 2 
Ac,/ Asfc 

2
 

As, 2
 

exp, ×  
norm

, ×  
×        , 

×  
 , % 

-1  0,3 50 1,57 20,91 17 21,25 1,6 

-2  0,3 50 1,57 22,46 15,3 21,25 -5,4 

-1  0,3 50 1,57 21,96 17 21,25 -3,23 

-2  0,3 50 1,57 21,13 15,3 21,25 0,6 

0,6-5  0,3 50 1,57 22,72 15,3 21,25 -6,5 

0,6-6  0,3 50 1,57 22,59 17 21,25 -5,9 
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  ,     

,            

 . 

 (4.56)       

       ,  

   ,     

    .    

 є    ,  є  

    ,  є   

 ,   .  є    

 ,     , 

       [59, 60, 

96],     (  ) [151, 154, 155, 189]. 

 ,     

   є    

  .      

   ,     є 

.       ,  

  ,     . 

   є    ’  

. 
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   4 

1. ,        

 ,      ,   

   .2.6.-98:2009   . .2.6-156:2010 .  

       

  . 

2.       

  ,        

         

. 

3.       

  ,        

         

     .2.6.-98:2009   . .2.6-156:2010. 

4.       

     ,   

   ,        

,    .   

        

    ,   1 – 6 %. 

       

     . 

 

 

 

 

 

 

     [41, 68]. 
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Ь   

1.       

  ,    

     ,    

   ,     , 

    ,     

  . 

2.      , 

        

        

 ,      ,    

      . 

3.     є  

.       

:      57%,    
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 .2 –           

          ,    

    Excel     

 

ω  Ms %  z Nc Ns ec es1 

0,142 0,094 2,255976 0,594878 0,051 13,92637 13,84352 0,000166 0,00042 

0,263 0,172 4,260201 2,147037 0,053 26,8047 26,22919 0,000332 0,000796 

0,365 0,236 6,037335 3,336887 0,055 38,60423 37,31605 0,000498 0,001132 

0,451 0,288 7,609993 4,437699 0,057 49,43456 47,2408 0,000664 0,001433 

0,523 0,331 9,163681 1,322097 0,058 58,33228 57,56107 0,00083 0,001746 

0,583 0,365 10,40797 2,364177 0,06 67,26654 65,67624 0,000996 0,001992 

0,634 0,393 11,509 3,538244 0,062 75,58928 72,91475 0,001162 0,002212 

0,676 0,414 11,83915 4,12955 0,06 77,99688 74,77596 0,001328 0,002268 

0,711 0,431 11,89026 4,051485 0,057 77,93342 74,77596 0,001494 0,002268 

0,74 0,444 11,91149 2,690054 0,054 76,84308 74,77596 0,00166 0,002268 

0,763 0,454 11,93203 1,993511 0,052 76,29695 74,77596 0,001826 0,002268 

0,782 0,461 11,93713 0,549732 0,05 75,1893 74,77596 0,001992 0,002268 

0,797 0,465 12,64636 2,421444 0,05 76,63155 74,77596 0,002158 0,002268 

 

 

 

 

 



199 
 

 

 .3 –         , 

            ,  

      Excel    . 

  ω  Ms %  z Nc Ns ec es1 

0,1 0,142 0,094 2,067955 2,048202 0,057 15,56476 11,8102 0,000166 0,000358 

0,2 0,263 0,172 3,922103 2,831132 0,059 29,83919 22,44866 0,000332 0,000681 

0,3 0,365 0,236 5,579719 3,323504 0,061 42,8156 32,03063 0,000498 0,000972 

0,4 0,451 0,288 7,05778 3,786733 0,063 54,6382 40,65672 0,000664 0,001233 

0,5 0,523 0,331 8,487321 0,336315 0,064 64,36666 49,59924 0,00083 0,001504 

0,6 0,583 0,365 9,671123 0,797107 0,066 73,99319 56,72039 0,000996 0,00172 

0,7 0,634 0,393 10,72885 1,440921 0,068 82,90438 63,1007 0,001162 0,001914 

0,8 0,676 0,414 11,65456 2,028458 0,07 90,99636 68,80368 0,001328 0,002087 

0,9 0,711 0,431 12,57431 1,782016 0,072 98,44222 74,77596 0,001494 0,002268 

1 0,74 0,444 12,72634 3,254828 0,072 102,4574 74,77596 0,00166 0,002268 

1,1 0,763 0,454 12,80227 1,946738 0,071 104,1747 74,77596 0,001826 0,002268 

1,2 0,782 0,461 12,89292 1,998606 0,071 106,7688 74,77596 0,001992 0,002268 

1,3 0,797 0,465 12,95448 1,556411 0,071 108,8168 74,77596 0,002158 0,002268 

1,4 0,809 0,467 12,99666 0,763917 0,071 110,4552 74,77596 0,002324 0,002268 

1,5 0,818 0,467 13,06782 1,731503 0,072 113,257 74,77596 0,00249 0,002268 

1,6 0,823 0,465 13,07032 0,191894 0,072 113,9493 74,77596 0,002656 0,002268 

1,7 0,826 0,462 13,11096 0,580979 0,073 115,9531 74,77596 0,002822 0,002268 

1,8 0,826 0,457 13,12324 1,289326 0,074 117,5415 74,77596 0,002988 0,002268 
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 .4 –          

         ,    

    Excel    . 

 

  ω  Ms %  z Nc Ns ec es1 esf 

0,1 0,142 0,094 3,447438 3,430421 0,062 20,2492 15,27681 0,000171 0,000463 0,000519 

0,2 0,263 0,172 6,572901 3,273178 0,064 38,7136 29,24645 0,000342 0,000887 0,000994 

0,3 0,365 0,236 9,400276 2,852062 0,066 55,407 42,02776 0,000513 0,001275 0,00143 

0,4 0,451 0,288 11,9534 2,420724 0,068 70,5364 53,72558 0,000684 0,00163 0,001831 

0,5 0,523 0,331 14,26816 1,938156 0,07 84,203 64,4328 0,000855 0,001954 0,002199 

0,6 0,583 0,365 16,34881 1,436349 0,072 96,5448 74,23196 0,001026 0,002252 0,002537 

0,7 0,634 0,393 16,71322 1,865842 0,07 102,074 74,77596 0,001197 0,002268 0,003078 

0,8 0,676 0,414 16,89052 0,703507 0,068 105,7264 74,77596 0,001368 0,002268 0,003661 

0,9 0,711 0,431 17,11804 2,196001 0,068 111,2004 74,77596 0,001539 0,002268 0,004119 

1 0,74 0,444 17,1303 2,766409 0,068 115,736 74,77596 0,00171 0,002268 0,004577 

1,1 0,763 0,454 17,1426 2,771433 0,068 119,3332 74,77596 0,001881 0,002268 0,005 
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