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Abstract— This article includes the analytical assessment of the durability and service life of the I-st category reinforced concrete structures by 

the fracture mechanics approaches, the prediction is based on the consideration of temporal changes in the structural features of a particular 

type of concrete. The main purpose of this work is to determine the durability of reinforced concrete structures and the service life of the 

spillway Zaamin reservoir and components in the implemented modes and operating conditions that ensure their safe operation and 

environmental protection. When predicting the durability of the spillway reinforced concrete structures, each structure is considered as a 

component of the structure behavior scheme. The result of the durability predictions is presented in years, which can eventually determine the 

service life of the structural component of Zaamin reservoir spillway.  
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I. INTRODUCTION  

Major part of building constructions in the complex of hydraulic engineering structures is made of reinforced concrete. For a safe 

operation of reinforced concrete structures of water discharge facilities it is very important to assess their technical condition. 

Reliability of spillway structures is a guarantee of trouble-free operation of the hydraulic engineering structure.  

The reinforced concrete structures (monolithic, precast-monolithic and prefabricated) used in water discharge facilities have 

different functions: they are load bearing and fencing structures, take up different kinds of mechanical and thermal loads [1]. 

There are requirements for their strength, reliability and durability [2]. Like other spillway components, the most important 

components and structures require life characteristics management. The purpose of the work is to assess the operational reliability 

of the structure and components of the water discharge facility of the Zaamin reservoir. Water discharge facilities belong to KI 

category. These types of facilities, in addition to the perception of force and technological impacts, perform functions of 

environment and population protection [3]. The I-st category reinforced concrete structures must have a sufficient bearing 

capacity, rigidity, durability[4,6]. 

Assessment of the technical condition and service life of the components and spillway structures should be made with due 

consideration of the classification of reinforced concrete structures and the construction of reservoir, as well as the category of 

responsibility for safety. 

II. METHODS 

The maximum and minimum temperatures of the cold and warm periods of the year are used in calculations, rather than their 

average values. This will help eventually have some margin. Weather stations' data were used in the studies [5,6]. The concrete 

structure is a determinant of its durability, so the parameters of the concrete crack resistance, critical stress intensity factors, 

structurally dependent integral characteristics are used in calculations. The studies [7,9,10] include the calculations of the concrete 

crack resistance parameters. 

The limit value of the stress intensity factor    
   for a given composition of the concrete is calculated using the formula 

obtained as a result of multi-factor analysis: 

   
                                                                              (1) 

where: Rag - strength of coarse aggregate; C/W - cement/water ratio; Rc - cement activity, Wb - concrete moisture level 

(depends on the humidity of W operating environment and water content in the original composition of concrete). 

Over time, the limit value of the stress intensity factor decreases under climatic and other effects [8 ]. 

The maximum stress in the intake part of concrete is determined taking into account the formation of opening-mode macro 

crack at the outer intake part. The critical crack     
   length is calculated using the formula: 

    
   

    
  

  √  
          (2) 

where: h - thickness of the wall;  - thickness of the concrete protective layer. 

Then, according to the fracture mechanics principles, the maximum possible stresses in the concrete of the outer layer, taking 

into account the scheme of external load application and reinforcement, shall bedetermined as follows: 

   ( 
       

    

    √        
  )

     ⁄

  
    (3) 

where:    
  -critical stress intensity factor of the steel, As - area of reinforcement per meter run, Kcrc- the factor that takes into 

account the stress redistribution in the reinforcement steel when the crack is formed, d - diameter of the reinforcement steel. 
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Next, the stress intensity factors values for five categories of various defects in the concrete structure shall be determined 

based on the above distribution. The stress intensity factors values are used in the studies [7,8]. 

 
TABLE 1. Stress intensity factors taking into account the content of voids, capillaries and cracks in cement stone. 

Pores 

content p1 
… p5, % 

1 

 
Round 

2 

 
Ellipsoid 

3 

 
Crack-shaped 

4 

 
Edge  

5 

 
Near-grain: 

radial and around the 
aggregate grain 

closed 

   
       √          ⁄      

       √          
   

     

   √      

   
   

      √   
   

       √      

            

ki,j 
0.19 0.15 0.20 0.04 0.21 + 0.21 

 А   С D Е 

5 1.733 1.0550 1.0122/1.0205 0.2303/0.2004 0.643/0.060 

10 1.912 1.1003 1.0212/1.0417 0.3116/0.1997 0.651/0.061 

15 2.067 1.2794 1.0480/1.0630 0.3992/0.1901 0.657/0.063 

20 2.235 1.4212 1.0647/1.0890 0.4570/0.1762 0.682/0.068 

25 2.506 1.6517 1.1010/1.1812 0.5640/0.1592 0.701/0.072 

30 2.923 1.8432 1.1535/1.2810 0.6810/0.1446 0.793/0.081 

35 3.084 2.0020 1.4032/1.4216 0.7632/0.1410 0.854/0.087 

40 3.512 2.1760 1.5547/1.5732 0.8720/0.1337 0.892/0.092 

 

Stress intensity factor (SIF) KI is determined for closed defects of concrete structure (1, 2, 3): 

In winter: 

    
       

 
 √                 

      √                       
                             √     [  (

 

 
)       (

  
 

    
)]          √         (4) 

In summer: 

    
       

 
 √                 

    √                     
  

 
 √                  

√       
                         √     [  (

 

 
)      (
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         √       (5) 

where:    
                  ;     

                 ;       
 

   
 

 

  
 

 - contact angle;  

Еm - modulus of matrix elasticity;  

Еi - modulus of ice elasticity; 

TW ;TS - air temperature in winter/summer;  

lC,1 - characteristic dimension of the structure closed defect; 

t,m - line expansion coefficient of the cement stone matrix. 

 

Determined (SIF)   
  for the 4th type edge crack: 

In winter: 

    
   √                   √  √    .  

  
 

    
/

 

                      

     √     ⁄       (  
     ⁄ )  (   (       

 ))              √        (6) 

 

In summer: 

    
   √                   √  √    .  

  
 

    
/

 

                        

     √     ⁄       (  
     ⁄ )  (   (       

 ))              √       (7) 

where: (      
 )        (    

     ⁄ );  (      
 )        (    

     ⁄ ); 

с = 2
2
/(

2
 - 4) 

lC,2 -characteristic dimension of the structure edge defect; 
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t,m -line expansion coefficient of the cement stone matrix;      modulus of water elasticity.  

Determined (SIF)   
  for the 4th type near-grain crack: 

First, the value Р of the internal force around the aggregate grain shall be determined: 

- for the first temperature range (T<0°C) 

   *                        (
    

    
 )             +                      (8) 

- for the second temperature range (positive temperatures): 

   *                                                            (
    

    
 )+                 (9) 

where:  а ,1 = l ,1/ 100;    g = (1.7 + 14 о) lcrc/(М - 2R) 

R - coarse aggregate grains radius,  

о - ratio of grain and matrix shear modulus. 

Then, the stress intensity factor (SIF)   
 of the 5th type radial near-grain crack in winter and in summer shall be determined by 

the following formulas: 

in winter: 

    
      √     ,

[      ]               

[         ]
-                                    (10) 

in summer: 

    
      √     ,

[      ]               

[         ]
-                                   (11) 

where:  r = lcrc + R; 

(r) = 2 (1 - 1) r / {(r
2
 + (1 - 2 1) (М - R)

2
 + [(М - R)

2
 - r

2
] (1 - 2)

2
 (М - R) Еag / [(1 + 1) (М - R - lcrc)·Еm} =   5,1·10

-3
; 

Poison's ratio    ;   .  

ƒ(lcrc, R) = 2.26 - 0.15 lcrc/R. 

For the cracks located around the aggregate grain: (refer to Table 1) 

in winter: 

    
               √       

{        [                 ] 
      }

{         [                  ]                                     }
        (12) 

In summer: 

    
                √       

{        [                 ] 
      }

{         [                  ]                                     }
      (13)  

where:    
(    )

(    )
;       

(    )

(    )
 

 = ln/2; 

 = (G1 + G2 *æ2)*(G2 + G1 * æ1). 

The durability of reinforced concrete structure in terms of temperature and humidity impacts depends on the number of 

structural defects in concrete and changes in physical and mechanical properties in concrete and reinforcement caused by impacts. 

The works [9,10]cover the studies of physical and mechanical properties of concrete and reinforcement.  

Defects in the concrete structure, both initial and developing as a result of force and non-force impacts, are divided into 5 main 

types (Table 1). The content of 1, 2, 3 and 4 type voids, pores and cracks depends on the concrete porosity, and the content of 5 

type voids, pores and cracks depends on the volume content of small or coarse aggregate grains. 

The volume content of each type of voids, pores and cracks depends on the porosity of the material and the volume content of 

the aggregate in the concrete and is determined by physical and chemical studies of the concrete sample. If the durability is 

predicted without production of cores and prototypes, then refer to (Table 2). 

 
TABLE 2.The number of different defects per the concrete volume unit depending on the concrete porosity and the volume content of the aggregate. 

Porosity of concrete 
Volume content of 

aggregate 

Type of defect 

1 2 3 4 5 

Number of defects per the concrete volume unit, % 

0.06 

0,0 30 26 26 16 0 

0,2 24 24 25 13 14 

0,4 20 20 21 11 28 

0.08 

0.0 29 26 26 9 0 

0.2 23 23 23 15 16 

0.4 19 15 23 14 32 

0.10 

0.0 28 27 25 20 0 

0.2 26 20 20 16 18 

0.4 20 18 16 10 36 

0.12 

0.0 27 23 25 25 0 

0.2 22 18 21 19 20 

0.4 20 14 18 8 40 
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Upon finding the values of stress intensity factors for each type of voids in temperature and humidity impacts in the cold     
   

and warm     
   season and caused by force loads  

 , we can calculate the total stress intensity factors. 

Total stress intensity factor will be: 

In winter: 

     ∑     
    

                                                             (14) 

In summer: 

     ∑     
    

                                                             (15) 

where: ki,j- the number of a crack-like defect of the total number of micro-and macro-damages (Table 1). 

The durability of concrete of the reinforced concrete structures or the period within which the structural parameters of the 

concrete of the accepted composition will reach the limit values, will be equal to: 

      
     

  |    
       

  |⁄                                          (16) 

the result is shown in years. 

where: - is the concentration criterion of the damage measure. 

III. RESULTS 

Intake part of the spillway is made of M200 concrete. Concrete class (B15) of the following composition per 1 m
3
 of concrete 

composition: C - 260 kg, G - 1150 kg, S - 800 kg, W - 155 l/kg, C/W - 0.6. 

The thickness of the spillway intake wall - 0.25m, height - 6m. Reinforcement over the wall thickness: 2 reinforcement cages, 

d=10, AIII (A400) spaced at intervals of 100 mm. The concrete protective layer is 20mm. 

The outer part of intake wall of spillway is exposed to the following impacts temperature and humidity.  

Climatic (peak) parameters of the reservoir (Zaamin) area: 

- in winter: temperature (-15°C), air humidity - 70%; 

- in summer: temperature (+35°C), air humidity - 50%. 

It is required to determine the service life of concrete of the spillway intake wall, which is in operation for 32 years. 

SIF    
   limit value for a given composition of concrete is determined as follows (1). 

   
   -0.0148 + 0.0011·107.8 + 0.1330 (260/155) + 0.0058·49 - 0.0082·2.97 - 0.5825·0.442 = 0.33 MPa·m

1/2
. This is the 

maximum possible SIF value. 

where: Rag=107.8 MPa - strength of coarse aggregate (Gravel); Tests were performed by the laboratory of JSC "Hydroproject"; 

fraction diameters were selected as 20 to 40mm. The compressive strength is equal to 1 ton/cm
2
. R=1100 kgf/cm

2
.  

C/W =1.67; 

Rc=49 MPa, the cement activity (500 grade Portland cement produced by the Navoi plant was adopted as the relevant option); 

when M200 is used, PC500 is permitted, provided that hardening period is 28 days [12]. When using gravel, the coefficient is 

0.96. 

Concrete moisture level: 

Wb =W/100 +  /68 = 70/100 + 155/68 = 2.97 %; 

Kag=0.442 l/m
3
·10

-3
 quantity of aggregate per concrete volume unit, when the bulk volume weight of gravel is 1,600 kg/m

3
. 

Over time, the limit value of the SIF decreases under climatic and other effects. 

The total porosity of concrete is: 

P = (W/C - 0.21) C/1000 = (0.6 - 0.21 · 0.7) 260/1000 = 0.12 % 

where:  = 0.7 - degree of cement hydratation; 

W/C = 155/260 = 0.6 - water-cement ratio. 

Below there is the assessment of the initial distribution of pores and capillaries in the concrete of the spillway intake wall 

according to the shape of defects in the structure, depending on the porosity. When the porosity P = 0.12% and the quantity of 

aggregate per concrete volume unit Kag = 0.442 l/m
3
·10

-3
 up to the exposure of external load, the types of voids shall be 

distributed as follows: round - 20%, ellipsoid - 14%, crack-shaped - 18%, edge - 8%, near-grain - 40% (refer to Table 2). 

The maximum stress in the intake wall concrete is determined taking into account the formation of opening-mode macrocrack 

at the outer side wall.  

The critical crack     
   length is determined using the formula (2): 

    
   

      

  √         
               

where: h - the thickness of the intake wall, 0.25m; 

 - the thickness of the concrete protective layer, 20mm; 

the value Rb  of concrete M200 is determined by the formula.  

                       (
   

   
)                                       
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Then, according to the fracture mechanics principles, the maximum possible stresses in the concrete of the outer layer, taking 

into account the scheme of external load application and reinforcement, shall bedetermined as follows (3):  

   . 
                  

 √                 
     /

         ⁄

      
         

where:    
  =27.5 MPa·m

1/2
, 

As - area of reinforcement per meter run, (along the wall width h - 4 cages), 

Kcrc- the factor that takes into account the stress redistribution in the reinforcement steel when the crack is formed, d - 

diameter of the reinforcement steel, N = 7.62 MN according to [11]. 

Next, the stress intensity factors values for five categories of various defects in the concrete structure shall be determined 

based on the above distribution. 

Using the formulas (4) and (5) we can calculate KI for closed defects of concrete structure (1, 2, 3). 

In winter: 

    
       

 
 √                     

      √                            
                                 √            *  

(
 

    
)       (

         

    )+                   √                           

In summer: 

    
        

 √                     

       √                          
 

 √                      

√                                              √           [  (
 

    
)      (

         

    )]
 

                 √                           

where: 

  
  

                 

 
          ;    

  
                 

 
          ;  

    
  

   
 

   

  
       

 - contact angle;  

Еm - modulus of matrix elasticity, calculated according to the formula: 

Еm = -28720 + 12160 C/W + 182.5 Rc =  

-28720 + 12160·(260/155) + 182.5·49 = 529.7; 

TW = -15°C;  T = 15 + 35 = 50°C; Еi - modulus of ice elasticity; Wb=WW=2.97%. 

Using the formulas (6) and (7) we can calculate   
  for the edge crack of type 4 (refer to Table 1). 

In winter: 

    
   √                        √     √    (  

         

    )
    

                         

    √        ⁄                     ⁄                                    √                        

In summer: 

    
   √                        √     √    (  

         

    )
    

                           

    √        ⁄                     ⁄                                    √                   

      

where:   
                   ;    

  
                 

 
           

  
                 ;    

  
                 

 
           

 (      
 )                        ⁄         

 (      
 )                        ⁄         

с = 2
2
/(

2
 - 4) = 3.36 

t,m =0,000010 - line expansion coefficient of the cement stone matrix [13]. 

TS = 35°C;         modulus of water elasticity.  

Using the formulas (8) and (9) we can calculate Р- the internal force around the aggregate grain: 

- for the first temperature range (T<0°C) 

   *                             (
    

           )                           +                

          
where: а ,1 =10

-3
/10

2
 = 10

-5
 m;  g = (1.7 + 14·0.52) *0.04/(0.06 - 2·0.02) =17.96 

R =20 mm; М = 3R = 0.06 m;  о = 0.52; lcrc = 2R = 0.04 m. 

- for the second temperature range (positive temperatures): 
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   *                                                                                 

     (
     

           )+                            

The value for the 5th type radial near-grain crack is calculated using the formulas (10) and (11): 

in winter: 

    
              √         ,

[          ]                

[                  ]
-                                

in summer: 

    
              √         ,

[          ]                  

[                  ]
-                               

where: r = lcrc + R = 0.04 + 0.02 =0.06; (r) = 5.1·10
-3

; 

Poison's ratio       ;        . 

ƒ(lcrc, R) = 2.26 - 0.15·2 = 1.96 

Stress intensity factors for cracks around the aggregate grain shall be calculated using the formulas (12) and (13): 

in winter: 

    
    

                           √                

{             [                           ] 
    (

      
      )

}

{                  [                             ]                                                           
        

      
 }

                       

In summer: 

    
    

                           √                

{             [                           ] 
     

      
       

}

{                  [                             ]                                                           
        

      
 }

          
            

where:         ;        ;   

 = ln (3.27*10
9
) /2 = 3.49; 

 = (23000+11250 *2.44)*(12560+23500*2.33) = 3.27*10
9
 

The total stress intensity factor shall be calculated using the formulas (14) and (15): 

In winter: 

     ∑                  
                                                               ,  

In summer: 

     ∑                  
                                                                

where: ki,j - refer to Table 1. 

The stress intensity factor under the force load shall be determined for each of the 5 types of cracks (refer to Table 1). 

For round cracks: 

   
             √                       ⁄                   

For ellipsoid cracks: 

   
             √                                      

For crack-shaped defects: 

   
              √                           

For edge cracks: 

   
                    √                  

Based on the calculations for the upstream structure, we can determine    
   

 taking into account the        hydrostatic 

head at the depth of the crack. 928,5-928,0=0,5m.  well than: H=1,50-0,5=1,0m;        
  

  ;                   

          
For near-grain cracks: 

   
             √     

    

 
               

So, the total stress intensity factor under the force impact is equal to: 

    
 = 0.28 + 0.01 + 0.18 + 2.031 + 0.71 = 3.211 MPa·m

1/2 
  

according to the formula (16) we can calculate the time of safe operation of the spillway fume side wall: 

  
             

|         |  
         .  

Service life of intake wall Zaamin reservoir spillway is 68-32=36 year.   
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IV. DISCUSSION 

The durability of reinforced concrete structures of Zaamin spillways can be predicted upon the assessment of the condition of 

their components, structures and the construction as a whole, based on the analysis of technical documentation for the entire 

operational period, the results of technical inspection of the condition of reinforced concrete structures and verification 

calculations for the structures. 

To predict the service life of the Zaamin spillway component belonging to the K-I category of responsibility, it is necessary to 

obtain data on the pore structure of concrete characterizing the crack resistance of the structure component. The concrete pore 

structure can be determined in two ways: laboratory studies of concrete samples and theoretically. 

The works [8,14] include the laboratory studies of the pore structure of concrete samples. The morphological analysis of the 

concrete structure of the selected samples was carried out in the laboratory. Concrete samples are taken from the most stressed 

area of the monolithic structure (in critical areas), where there are the maximum stresses in the reinforcement and concrete. The 

location of the most stressed part of the structure is determined according to the design schemes of operational loads application, 

from the project documentation. Researchers used a theoretical approach in the works [2,8,15,16,17]. It should be noted that when 

the theoretical approach to the assessment of the concrete pore structure is used, the results of prediction of the durability and 

service life of concrete structures will be less accurate. The theoretical analysis of the concrete pore structure includes the 

determination of the design strength characteristics of concrete, the type of coarse aggregate, the composition of the concrete by 

the mass (cement, gravel, sand, water) and water-cement ratio at the end. According to our algorithm of calculations the     

and    intensity factors in winter and in summer vary slightly. The    stress intensity factors for 5 types of cracks under the force 

load are determined by calculations. According to the calculations, the long-term impact of all external factors reduces the 

durability of the structure, therefore, it is necessary to determine the service life of the Zaamin spillway concrete structures. Based 

on the calculations for the upstream structure, also we can determine    
   

 taking into account the P- hydrostatic head at the depth 

of the crack. Taking into account the previous 32-year operation period of the Zaamin spillway it is possible to calculate the 

service life of the upstream intake wall in years.  

V. CONCLUSIONS 

To calculate the service life of the structural component of the Zaamin spillway, which is important for the safety, of the I-st 

category of responsibility, the concrete fracture mechanics method was used and temporal changes of the concrete structure were 

accounted.The method used was based on the following basic principles and provisions that determine the durability and fracture 

mechanisms of concrete: 

- The concrete was considered as an elastic quasi-homogeneous two-component medium consisting of a) matrix - the cement 

stone with structural elements of gravel and sand; b) voids, capillaries and cracks. 

- All voids in the concrete structure could be considered as crack-shaped structural defects. The generation of cracks takes 

time, and this process can be called "concrete aging". 

- The voids in the matrix were represented by a subordinate five-level system (in shape and sizes multiple of diameter; the 

greater the multiple, the higher the level), (refer to Table 1). 

- The process of formation and shifting of cracks was considered as a result of external force and non-force impact: at the top 

of each crack of its level in the canonical volume of concrete the deformation and stress fields appeared andcreated the 

schemes of normal separation and shear. 

- The stress-strain state of the structural component of the spillway intake wall depended on the size and number of structural 

defects and damages in concrete and reinforcement, intensity and modes of temperature, humidity, corrosion and force 

impacts. 

- Cracks in the structure of concrete that developed by opening fracture mode and lateral shear mechanisms had a dominant 

effect on the bearing capacity of the sections of the reinforced concrete component of the spillway intake. When these cracks 

reached critical dimensions under the force and temperature impacts, they caused local breach of cross sections and the 

damage of the component as a whole, and reached the parameters of the through crack. 

In this work, as there were no results of morphological analysis, the calculations were based on tabular data (Table 1 and 

2) on the concrete structure, depending on the composition and porosity of the concrete, the type and volume content of 

the aggregate. The works [18,19,20] recommend the data obtained upon the results of laboratory and morphological 

analysis of the concrete samples structure, taking into account the force and technological impacts. 
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