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   EN 14651,   
    

 

            ( /  
) ,              
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.          ,    
     ,     

    .  
               
 .             
    (  EN 206)      2 [4.1]  

     .    ,     
  ,         .   

           .   
         -  : 

      (CMOD = Crack mouth opening displacement); 
      - / .  

 

. 1.          [4.2]. 
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    ,         
       ,       

         .     
   " - ",    „  - “  

„  - “     (CMOD).  
  ( , )        ,     

          (    ).    
 ( )  75  150 mm   ,    550  750 mm.   

    (  -  -    CMOD)   
 .         . .  .  

 , . , .. .   (1) 

:  ,        ,      i  1,2,3,4 , N/mm2; ,   ,      i  1,2,3,4 , N; 
    , mm; 
    , mm. 
           , mm 

 (1)           fR,i   
  ,           

CMOD.  
   EN 14651          

  (    / / 150/150/500 )    
       . 

 

. 2.       EN 14651 [4.3] 

      ,     
     [4.3],         

     "  -     "   
"  - . 

9.1.     

           
  (    )    , 

  ,     ,    .  
            

 ,           
      .      

,           : 
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        ,  
 -           
. 

 ,           
 ,    . 

       /   
      . 

           . 
     . 

              
      ,        

       [4.3].  
          : 

  : P ( ), S ( ), G ( ); 
    (   ); 
    -  ; 
    -  ; 
    - /   
 /     -  /  
    -  /  
     -  /  
     -  /  
   - . / . .   %  
   - /   %   
       (  ) - ,   
      - ,   
    -    0.5                     
    -    1.5                     
    -    2.5                     
    -    3.5                     

         ,  
 ( )   ( ),    ( ),      

( , ).      180  ,  : 52   , 
    , 122   ,    

  6   ,    .    
          ,   

   ,       . 

 1.          

 
   

/  
  

  , 
kg/m3 

   
  

 , 
MPa 

   
  

 , 
MPa 

  
 , 

- 

  
, 

% 

 2÷10 30÷67,5 450÷640 50÷90 0,2÷1,0 

 10÷80 20÷89,5 1100÷3070 44÷95 0,1÷1,0 

 2,5÷15 50÷67,5 1700 66,7 0,1÷0,6 
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. 3.     

 2.        

 
   

CMOD 0.5 
fR1, 

MPa 

CMOD 1.5 
fR2, 

MPa 

CMOD 2.5 
fR3, 

MPa 

CMOD 3.5 
fR4, 

MPa 

 0,7 ÷ 3,17 0,8 ÷ 4,6 0,95 ÷ 4,99 1,1 ÷ 5,22 

 1,75 ÷ 10,69 1,59 ÷ 12,1 1,5 ÷ 11,03 1,34 ÷ 9,98 

 0 ÷ 2,61 0 ÷ 2,0 0 ÷ 2,0 0 ÷ 1,93 

      ,      
   ,     ,      

  .  

9.2.     

      ,    ,  
   -  :   -   

  ,         .   
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        ,     
           . 

          .  
    ,         
  ( )      ( ) .   
     ,       . 

 (2)      ,   
    EN 14651           

       .  

  (2) 

:     -          ; 
-   ( 1 5);  -    ; , , , ,  -  ,       

 ;   -  ; 
            

 .         Python    
      - Jupyter Notebook 6.5.4.    (script)  

   : 
- /    , kg/m3; 
-      , MPa; 
-     , MPa; 
-   ; 
-  , %; 

        ( )  
: 

 [ ]  (3) 

 [B]  (4) 

 [C]  (5) 

 [D]  (6) 

 [E]  (7) 

 [F]  (8) 

  (3)  (8)     , 
             

     ,   EN 14651.  
             

(         ),      
              

 .  
           

     ,     ,   
, ,     0,5, 1,5, 2,5  3,5 mm.         

      -  -   
   ,      . 

    ,       
.       ,     

      . 
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. 4. Python  (script)     

9.3.    

           -  
 (9)  (16)       (      ). 

            
  ,         

 ,            
   ,        [4.3].  

 -  ,           
 (    -  / )      

,        .  

9.3.1.      

  (9)  (12)       
             

  .            
      ,        

 ,    ,        
,       EN 14651. 

 3,358 0,02115 , 0,00270 , 32,469. 1,606 (9) 
 5,907 0,00216 , 0,00195 , 56,437. 0,604 (10) 
 7,472 0,00542 , 0,00207 , 70,997. 0,402 (11) 
 6,484 0,00934 , 0,00050 , 62,100. 0,563 (12) 

: 

 /     -  /  
   - /   %   
       (  ) - ,   
      - ,   
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       CMOD 0.5:   
       CMOD 1.5:   
       CMOD 2.5:   
       CMOD 3.5:   

9.3.2.      

  (13)  (16)       
             

  .  
 0,085 0,0580 , 0,00093 , 2,390 (13) 
 0,092 0,0357 , 0,00135 , 2,248 (14) 
 0,090 0,0120 , 0,00160 , 2,092 (15) 
 0,077 0,0045 , 0,00132 , 1,277 (16) 

9.4.        

  4             
           .  

         ,    
   ,           

      ( / )   ,  
    .         ,  -

        -     
 ( /   0,4).    /       

          , 
 fR3 = f(fR1),         .  

,         [4.3],   
           

   (    EN 14488-5)   .     
            

        . 

10.   5:      
     ,  

   (ULS),   
  ,  

    2 

     (    )   
          ,  
    (  ).   5     
   ( )         

   ,       .  
        -    

   ,      .    
   ,        
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 (21).        ,  
      .      

  ,        C20/25  
C50/60       .     

,      ,    
          ,  . 
    ,  ,     
.  

       ,   
 ( )     .     

      ,      
    .        
        ,   

    .  

 

. 5.        

     -       
 ,      .     

              
( )  .        

,           (   
  ,     ),    

     . 
 5             

       ,   ,   
 .     ,    2   

           
     50  500 mm,        C20/25  C50/60   

         R11  R16   R31  R36.    
      2232           

  (ULS).  
      ,     

          
,         .  

 3.       ,  

,  h=50 mm, 
kNm 

h=75 mm, 
kNm 

h=100 
mm, 
kNm 

h=120 
mm, 
kNm 

h=150 
mm, 
kNm 

h=180 
mm, 
kNm 

h=200 
mm, 
kNm 

h=250 
mm, 
kNm 

h=300 
mm, 
kNm 

h=350 
mm, 
kNm 

h=400 
mm, 
kNm 

h=500 
mm, 
kNm 

Min 0,514 1,147 2,005 2,867 4,440 6,343 7,793 12,048 17,189 23,204 30,083 46,394 

Max 3,231 7,181 12,626 18,031 27,867 39.686 48,628 74,643 104,38 134,63 170,51 261.45 
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. 6.       

   

. 7.       

  

. 8.         , / / /  

 

. 9.         , / , /  
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10.1.   

          ,    
          

   ,   .  
 (17)         

         ,   
    ,        . 

   ,        : 
          - ; 
         - , ; 
         - , ; 
        - ; 
  Y         - ; 

 Y ; ; ;  (17) 
       ( )   

/   ,       .    
       (importance factor)     

   .         
 (  ) “Random Forest”     Python.    

  4,       ,       , 
   . 

 4.     

 X1 X2 X3 X4 

Importance factor 0,0040 0,0674 0,0696 0,8589 
           

,      -   ,    . 
        ,   

   : 

Eq. I. Y . . . , .  (18) 

Eq. II. Y . . . , .  (19) 

Eq. III. Y . . . . .  (20) 

  (18)  (20)        
            . 

       ,       
      .       4 

,           .  
         /    

.     ,      
 .  
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10.2.       
  

        ,    
,            

   (ULS),   ,     2 [5.1]: 

 0,166. 0,906. ,, 0,00028. . . , ,  (21) 

          , Nmm; 
 e   (5%)     , MPa ,        ,   0,5 , MPa; ,        ,   2,5 , MPa; 

  /    , mm; 
 -  ( ) , e 2,718; 
       (     ), 
     ,, , 0,5  ,, 0,5  . 

           C20/25  C50/60. 
 

 (21)         
       ,     

      .      
      ,    

   ,    ,   
   ,       -   .  

10.3.  

            
      .    

           
          . 

            
(ULS),     .      

,              
     .  

            
.    ,     ,     

  . 

11.  6:      
     

 

      ( ),    
  ,           .  

            
              

 (         ).    
      .       
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   ,      ,    
   .  

   

   

. 10.     ,     1, 
  33+300. 

      4  5,   6        
 (  )        
              

            
   (ULS)     (SLS).  

           
       , ,    

     ,      
   „   -  “.      

      ,     
 ,        .  

            
       350 mm,   C35/45   

     4 kg/m³.      
         ,     

         ,     
    ,    .     

6 ,            
.   6          4 

           , 
   5           

         .  
           

      ,       
           .   

       - , .     
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        .    
        min. 200 mm,    
     ,     . 
     ( )        

    C35/45,     350 mm,     50 mm.  

 
. 11.    . 

       : 
     (   )     

  . 
            

 . 
           

 IBO  R32N,   8,0 ,   
,   50 cm,   45  60   

. 
       500 mm, / 

   . 
        4,0/6,0 m  8,0 m.   

       IBO R32N. 
         (  

   ),  SDA/IBO  R32N (  ),  
 8,0 m,     . 

        .    
     350x350x30 mm.  
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        (  „  “).  
         

 ,      8  12    
 3,0 m, 1 .   3m2    ,     

  .  
          

 150 mm,  Q524 (d10@150mm)   ,    
 . 

     ,      
  1000J,    . 

         ,      
,        .  

     ,     
 (  /      2 m). 

         ( ) ,     
 „  “ (   ),   EN 1997-1.    

     :     - 
    50 mm (    )   80 mm  

;    ,        
;          ;  

    ,      ,     
  . 

   (  )    10   . 
  ( )     1,0 m,    . 

 

. 12.  ,    

  ,         : 
 1    8    ; 
 1     2 -   7-  ; 
 3    7-   15-  ; 
 2    15-   30-  ; 
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            1  . 
         ,      

 ( )  .         
     .  

    ,    ,   
   ,          
: 

 „   0“ -   -   50 mm. 
 „   1“   50 mm (70%  ).   

  .       
   . 

 „   2“,   80 mm (100%  ).  
   ,     ,   
 .          

   .  
 „   3“   120 mm (150%  ) -  

 . 
   ,       , 

   ,           
  .  

   08.11.2024 .  20.05.2025 .       
,     . . „  “.     ,  

              . 
      ,         

  (   10-12 m)          
    2.  

     :  
           

   . 
          , 

    ,        
              

    ,        
    (   ) -   

   . 13. 
           . 

 . 13         , 
        (   )    

.            ,  
            

     .  
 . 14        ,    
     ,        

   .       
      ,      

    -        
       . 
   km. 33+395,00        - 

 40 mm,           -     
.         -   

  . 14.  
       -   

 (   )    ( ),    
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  .            
       ,  -     

,   : 
           

 ,          
; 

            
          ; 

 
. 13.         

 

. 14.               
 

      ,      
 . 

  ,       ,  
   /  , ,       1   2 

           
 .           

,     (   ),    
 „ “,    ,     /  , 
      : 

(1)        (       
)         ( )  ,   

    . 
(2)     (  )   . 
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(3) /      (ULS)   
 (SLS),   . 
(4)             

„   1“.     40-50 mm. 
(5)    -  ( )      -   

  (      -     )  
   ,            

    . 
(6)        ,     

  (   9, 12  3 ),     / ,  
  ,  (  )  ,        

         .  
(7)     50            

  /      ,    
. 
             

,     (      -  ), 
      .   ,     ,  

      ,     (RMR)  ,  
           . 

    Rock Mass Rating - RMR (Bieniawski)    
,        ,    

    (    )     .  
        ,      

  ,      RMR/ 
Bieniawski    .         

     („  “)      
/        ,  

           
     . 

          
  ,     .      , 

    ,   ,     
 /     . 

        ,   
   ,       

( . RMR  Bieniawski),        ,      
           .  

    ,        , 
             

 .          
    ,         

         ,     
      .  ,     

  ,            
          .   

,             
      .  ,     

           ,  
   ,    .      

  , : 
  /  ; 
           

  ; 
     . 
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 -        .   
 ,    ,     

       ,     
 (       ),       

         ,  
   ,      

.  
           „   

1“,        40 mm,      
          . 

             
    . 

  ,             
  ,           30  90 , 

          20.03.2025 .     
    ,        

„  - “           ,    
       . 

    ,         
   , ,       

           
  ,          , 

    .  
  ,          -   

.  ,           -  
,         -  

,      ,   .  
  ,     RMR-      

            , -  
,           

  . 
           - 

    (in-situ)     ,    
         , 

   .     , 
  -  : (1)       
,          

; (2)        , -
    ; (3)  e,       

             
,     . 

       RMR  
Bieniawski     ,       

   -    .         
    ,   -   ,   
  ,         

   .  
 

   6   ,      
            

-       .  
            

  ,    .  
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12.  7:     
   .     

  7           
,        ,    

      ,     
    ,          . 

            
,         ,     

 :    -    ;   - 
       .     

    ,   ,     -   
     -   .       

                
  .           

   ,         
  [7.1]  [7.2]    ,     

   (Observation method)    . 
/ ,   ,      , 

   , .       
    Q-system (Barton)        , 

 Q   1  4,         . 
          

      ,       
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INTRODUCTION 

The development of modern hydraulic, transport, and other engineering infrastructure is inseparably 
associated with the design and construction of underground works, among which tunnels occupy a 
particularly important position. The increasing demands for structural reliability, safety, and durability, 
together with the need to optimise construction technologies, require the continuous refinement of design 
approaches and construction practices in tunnel engineering. 

Within this context, the tunnel lining has a decisive function in ensuring excavation stability, 
limiting deformation of the surrounding rock mass, and safeguarding the serviceability of the structure 
throughout its operational life. 

This introductory chapter sets out the principal premises of the dissertation, including the relevance 
of the scientific and engineering problem addressed, the aim and objectives of the research, its object and 
subject, the working hypotheses, the methods employed, and the expected scientific and applied 
contributions. 

Experience in engineering practice has shown that, in contemporary tunnel construction, it is no 
longer sufficient to treat the lining merely as a passive structural component intended simply to withstand 
the pressure of the surrounding ground. On the contrary, the behaviour of the tunnel lining must be assessed 
as part of the integrated system comprising the rock mass, the primary lining, and the secondary lining, 
within which load-bearing capacity, deformability, and serviceability arise from the interaction of the 
individual components. 

For this reason, tunnel linings constructed from fibre-reinforced shotcrete have found increasingly 
wide application. The reasons for this are not solely technological. It is well established that shotcrete 
enables rapid and flexible execution, provides good adhesion to the excavation contour, and becomes 
effective at an early stage after excavation. 
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The more important issue, however - and indeed the principal advantage - is that the incorporation 
of structural fibres modifies the behaviour of the material after crack initiation. This is the essential 
engineering benefit of fibre reinforcement: not so much an increase in compressive strength as the provision 
of residual load-bearing capacity, the control of crack propagation, and the maintenance of a more ductile 
lining response. 

This aspect occupies a central place in the dissertation, including in relation to the need to formulate 
analytical relationships for determining the flexural load-bearing capacity of fibre-reinforced sections 
subjected to pure bending. 

The theoretical basis of fibre-reinforced tunnel linings differs substantially from that of conventional 
reinforced concrete structures. Accordingly, the design model for fibre-reinforced linings must account not 
only for the onset of first cracking, but also for post-cracking behaviour, fracture energy, and the residual 
load-bearing capacity of the material. 

From the designer’s perspective, the topic is particularly relevant because the practical application 
of fibre-reinforced shotcrete in tunnels has, to some extent, advanced ahead of the corresponding level of 
codified and methodological clarification. 

In practice, tunnel design frequently relies on a combination of code requirements, empirical 
relationships, test results, and accumulated engineering experience. This is not in itself a deficiency, but it 
creates a risk of ambiguity in design decisions, particularly when it is necessary to assess the actual 
behaviour of the lining in the cracked state, to perform verification at the ultimate limit state (ULS), or to 
determine the extent to which residual strength may be reliably incorporated into design. 

For this reason, the dissertation devotes separate attention to calculation methods, to the difficulties 
encountered in design verification, and to the unresolved issues associated with fibre reinforcement. 

Attention is also directed to tunnel linings in competent rock masses. This is why the dissertation 
considers, in parallel, code-based requirements, empirical analysis, numerical modelling, block analysis, 
and the determination of displacement threshold values in the context of a new design solution for a fibre-
reinforced lining. 

A substantial part of the problem addressed in the dissertation concerns the proper choice of design 
approach. Instead, the design should be validated and, where necessary, adjusted through monitoring and 
analysis of measured deformations. 

Another group of issues examined in the dissertation, which also gives the present research its 
contemporary relevance, is associated with the seismic behaviour of underground structures. The position 
adopted in the dissertation is that the key issue is not whether a tunnel fails through a mechanism analogous 
to that of above-ground structures, but whether, after seismic loading, it preserves its load-bearing capacity, 
the integrity of the lining, and its serviceability. 

This further highlights the importance of fibre reinforcement. If, under static loading, fibre 
reinforcement is regarded mainly as a means of improving post-cracking behaviour, then under seismic 
action its role becomes even more significant, since the ability of the lining to continue functioning after 
local cracking, without a sudden loss of load-bearing capacity, is directly related to its stability and to its 
capacity to accommodate additional deformation. Consequently, the investigation of residual strength, 
ductility, stiffness, and load-bearing capacity of fibre-reinforced linings is not merely a theoretical issue, 
but one that directly concerns the safety of tunnel structures. 

In view of the foregoing, the principal focus of the present dissertation is to clarify the specific 
features of the structural response of fibre-reinforced tunnel linings, to assess the influence of residual 
strength on their load-bearing capacity, and to analyse their behaviour under seismic loading. 

The research is directed not only towards reviewing and systematising existing concepts, but also 
towards identifying a practically applicable engineering approach capable of linking the experimental 
characteristics of the material, design verification procedures, and the actual structural response under 
tunnel construction conditions. In this sense, the dissertation has both scientific and applied significance. 

The scientific value of the dissertation lies in its attempt to bring together, within a common 
framework, several groups of issues which in practice are often treated separately, namely: the behaviour 
of fibre-reinforced tunnel linings (shotcrete with fibres), the design of fibre-reinforced sections, the 
performance of the lining in competent rock mass, the application of the observational method, and the 
assessment of the structure under seismic loading. 
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The present dissertation has been developed on the conviction that, in tunnel engineering, a sound 
engineering solution is the result neither of theory alone nor of practice alone, but of their consistent 
integration. 

In the case of fibre-reinforced tunnel linings, this means addressing simultaneously the material, the 
structural model, the geological environment, and the actual behaviour of the structure. Only in this way 
can a reliable answer be given to the question of the extent to which such linings represent an effective and 
safe solution not only under conventional loading, but also under seismic action. 

One of the most substantial scientific-applied and practice-oriented parts of the present dissertation 
is associated with the execution, monitoring, and analysis of a trial section in a real railway tunnel, in which 
the observational method in accordance with BDS EN 1997 was applied in combination with a fibre-
reinforced primary lining. The trial section was implemented in two tunnel tubes, at two tunnel faces, which 
in itself demonstrates the substantial organisational, measurement, and analytical scope of the work 
undertaken. 

The execution of the trial section itself was also accompanied by operational engineering 
management. Upon reaching Alarm Levels 1 and 2, instructions were issued to the Contractor, while upon 
a single occurrence of Alarm Level 3, an immediate site inspection was carried out, the behaviour of the 
profile was analysed, and measures were prescribed for continuation of the works under enhanced control. 
This is characteristic of a properly applied observational method: the design is not treated as a predefined 
scheme exempt from revision, but as a controlled system with feedback between observation, analysis, and 
engineering intervention. 

Also presented as scientific-applied work is a design case involving an underground railway station 
in Gothenburg, Sweden, where a solution for competent rock masses was implemented using an alternative 
method that accounted for fibre-reinforced shotcrete support. At the time of submission of the dissertation, 
the project had already been executed, and the assumptions made, the solutions and analyses presented, and 
the expected results had all been fully validated and confirmed. 

From a scientific-applied perspective, the results achieved are particularly important for meeting 
the objectives of the dissertation. Analysis of the observations shows that, under the solutions adopted, both 
in weak and in competent rock mass, the support structure retains its load-bearing capacity and 
serviceability, without the formation of plastic hinges under static loading, without intrusion into the profile 
of the future secondary lining, and without substantial structural deterioration within the actual trial section. 

Having outlined the relevance of the research problem, as well as the subject, aim, and objectives 
of the dissertation, the following sections examine in sequence the theoretical foundations, the existing 
research and design approaches, and the applied aspects related to fibre-reinforced tunnel linings and their 
behaviour under seismic loading. In this way, a logical connection is established between the stated 
scientific problem, the analytical part of the research, and the conclusions and contributions formulated on 
this basis. 

The dissertation material is structured into separate sections, which reflects a deliberate and 
purposeful mode of exposition chosen by the author. In this way, both the internal logic of the exposition 
and a clearer academic presentation of the developed topic are ensured. 
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