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Abstract. The problem of the durability of reinforced concrete structures 

of urban engineering structures is currently one of the urgent problems in 

modern construction due to the continuously growing volume of expensive 

repair and restoration work, facilities reconstruction, a tendency to a 

general decrease in quality requirements, and the scale of reinforced 

concrete structures application in difficult climatic conditions. The 

theoretical foundations of calculating the residual life of the force 

resistance to transverse bending with the strength of normal sections in the 

article, algorithms for calculating the residual life of the force resistance 

and reinforcement of corrosion-damaged reinforced concrete structures are 

defined. A complex calculation method is considered in this article that 

allows to quantitatively assessing the state and resources of crack 

resistance of reinforced concrete structures damaged by corrosion, to 

calculate the necessary levels of compression and loss of tension, as well 

as the exposure to preserve crack resistance in time at specific loading 

levels and intensities of corrosion effects. The developed complex 

calculation method can be presented as part of the solution to the problem 

of preventing and eliminating emergency situations. The theoretical basis 

for calculating the residual resource of strength resistance to transverse 

bending by the strength of inclined sections are discussed in the article, the 

calculation algorithms are studied, and examples are given. 

1 Introduction 

Reinforced concrete remains the main material for environmental, communications, 

utilities, special and a number of other structures in the short term. A significant part of 

them is intended to protect the population, industries, territories from harmful or even 

extreme technogenic and climatic loads. In addition, reinforced concrete is used as a 

material for technological equipment and transport and storage structures requiring a high 

level of security. At the same time, such structures very often experience the effects of 

aggressive media, and are exposed to corrosion damage. This reduces their fracture 

toughness, negatively affects their operational suitability and even structural safety [1-5]. 

The problem of restoring the operational parameters of damaged reinforced concrete 

structures as a result of natural or man-made accidents and disasters, construction in 
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progress, which have been exposed to climatic effects for a long time, has been sharply 

identified in recent years [1-7]. The reinforced concrete structures operation in aggressive 

environments, temperature influences, as well as changes in operating technology and an 

increase in payloads lead to a decrease in the service life of facilities, to an increase in the 

volume of work to restore and strengthen reinforced concrete structures. 

The purpose of the calculation is to determine the cross-sectional dimensions of the 

element and the cross-sectional area of the stretched working reinforcement, which 

guarantee the reliable operation of reinforced concrete structures for a given service life of 

buildings. The direct task is the need to determine the required amount of stretched 

reinforcement (or section of an element with a given reinforcement) at given loads. The 

inverse problem is to check the bearing capacity of the element with a known amount of 

reinforcement in the element. The article discusses the theoretical basis for calculating the 

residual resource of strength resistance to transverse bending by the strength of inclined 

sections, the calculation algorithms are studied, and examples are given. 

2 Materials and Methods 

The influence of the external environment on the mechanical properties, and especially on 

the processes of mechanical destruction of solids of various kinds, is often tried to be 

reduced to chemical and electrochemical destruction. However, the influence of the 

external environment is also expressed in a decrease in strength, or a decrease in resistance 

to deformation, under the influence of adsorption, i.e. absorption of molecules from the 

environment by solid surfaces that change upon deformation [8]. 

Predicting the behavior of concrete under operating conditions can be clarified with 

objective representations of the physical nature of the strength and deformability of 

concrete, as well as using modern ideas about the mechanism by which various factors 

influence these properties. All this is necessary to further improve the methods of 

calculation and design of concrete and reinforced concrete structures, taking into account 

the real properties of the material. 

It should be noted that in relation to concrete and reinforced concrete structures 

operated in aggressive environments, an additional differentiation of the factors and 

consequences of corrosion damage is required, which will be used in constructing 

calculation models of the power resistance of concrete and reinforced concrete structures. 

In this regard, the creation of refined methods for the theoretical prediction of force 

resistance by the crack resistance of reinforced concrete structures operated in real 

environments is required. 

The residual resource of power resistance to transverse bending at normal cross section 

strength in accordance with [8-15] can be calculated: 

In case of colmatization corrosion damage (m˃0), the task involves two variants of 

formulation [9-20]: 

First one in case 

 δ�� < Х                                                              (1) 

Second one in case 

 δ�� ≥ Х                                                              (2)  

Provided 

 Х≤ХR                                                              (3) 

The destruction of the cross section in the ultimate state in strength along the normal cross 

section occurs in the first case 

 δ�	 < Х
��                                                           (4)  

 М� = М��∗                                                            (5)  

In the second case, when 
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 δ�	 ≥ Х�                                                             (6) 

 М� = Мх∗                                                            (7)  

Where δ��- the maximum possible value of the depth of damage of colmatation kinetics 

at σ = R�; 

Х- the compressed section area height (the minimum of the values X0, X1, X* is the 

initial height before chemical corrosion damage to the reinforced concrete element; the 

same in the case of corrosion damage to the reinforcement; the same in the case of 

simultaneous corrosion damage to concrete and reinforcement); 

М�- the force acting in the cross section from external loads; 

М��∗ - the ultimate strength resistance in strength of the section damaged by corrosion; 

Мх∗- the same with 

 δ�� ≥ Х                                                            (8) 

Х�- the maximum height of the compressed zone; 

t- the moment of strength assessment; 

tcr- the beginning of the filtration form development of chemical corrosion damage. 

 

The destruction of bent elements along an inclined section is due to the combined action 

of the moments М0 and shear forces Q0. 

Three cases of destruction are possible: 

- shift along an inclined section; 

- crushing of compressed concrete; 

- the kink in an inclined section relative to the center of gravity of the compressed zone. 

It should be noted that the difference in the strength estimates of reinforced concrete 

elements with regard to corrosion damage from traditional calculations is to take into 

account the loss of silt resistance of concrete, transverse and calculated reinforcement (in 

this case, individual empirical characteristics can be adjusted). 

The strength condition in the first case is: 

 Q� ≤ Q��∗ ≅ Q��∗ + Q�∗                                                (9)  

Where  

Q�- lateral force from external load; 

Q��∗ - ultimate power resistance; 

Q��∗ - ultimate bearing capacity of transverse reinforcement of an inclined section to 

destruction (taking into account losses from possible corrosion damage to the 

reinforcement); 

Q�∗ - limit value of the power resistance in the compressed section part (taking into 

account losses from possible corrosion damage to concrete of the compressed section 

section). 

It should be noted that the influence of the so-called bent reinforcement is not taken into 

account, and 

Q��∗ =  ∑ ω�� ∙ A�� = q�� ∙ C∗ = ω�� ∙ q ∙ C(10) 

 Q�∗ = #∗
$∗                                                         (10.1)  

Or 

 K∗ = 1,5 ∙ )h� − Z∗- ∙ [)h� − Z∗- − /012
3 ∙ δ] ∙ b ∙ R�6 ∙ X (11)  

 q8∗ = 9:;∙<∙�:;
=                                                     (12)  

From the extreme conditions 

 
>∗?кр

>$∗ = q��∗ − 1∗
)$B∗-                                                (13)  

It turns out 

 С∗ = D К∗
F:;∗                                                        (14)  
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Then the strength condition takes the form 

 Q� ≤ q��∗ ∙ C∗ + 1∗
$∗                                                (15)  

Where q��∗ - ultimate strength resistance to damage to the transverse reinforcement per 

unit length of the beam; 

C∗- the projection of the inclined crack on the horizontal axis in case of damage to the 

compressed concrete and transverse reinforcement. 

The strength condition in the second case is written: 

 σ
� ≥ K ∙ R�                                                     (16)  

Where  

 σ
� = −0,56 ⋅ х − J)0,56 ⋅ х-K + τK                                  (17)  

σ
�- the major compressive stress; 

 К ≤ 1                                                            (18)  

It should be noted that the second case of fracture is also probable for K≅1 and a small 

section width b. 

The strength condition in the third case has a similar notion as applied to the main 

tensile stresses, to the tensile strength of damaged concrete in tensile 

 σ
6 ≥ K ∙ R�6,>                                                     (19)  

Where σ
6 also calculated by the formula; 

К ≤ 1 – the damage coefficient. 

 

In this case, formulas (16) or (18), when solving problems, it is necessary to consider 

the entire range of σ
� and σ
6 and the corresponding K. 

 

3 Results 

As a result of the numerical experiment, permeating into the stretched section zone, the 

kinetics of chemical corrosion damage from colmatizing (m˃0) turns into filtration (m = 0) 

and the element is destroyed. 

The height X is determined from the balance condition of all efforts in the projection 

onto the horizontal axis V [21-30]. Figure 1 shows both options. 
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Fig.1. The force resistance diagrams in a normal section of a bent reinforced concrete element of a 

rectangular section with a single reinforcement 

 
∑ F� = 0                                                                  (20)  

 

 That is  

F0-(Fz*+F1)=0                                                           (21)  

 

 F� = b ∙ X ∙ R> (22)  

 

 FN∗ = b ∙ Z ∙ R> (23)  

 

 F/ = K
3 b ∙ δ ∙ R� (24)  

 

 F/ = /
3 b ∙ δ ∙ R> (25)  

 

 Fн = b ∙ ρ ∙ R> (26)  

 

 F� = ω� ∙ A�� ∙ R� (27)  

 

where b — the rectangular section width; 

A�� — initial area of stretched reinforcement; 

R�— design strength of tensile reinforcement; 

Where  

 X = X/ + Z∗ + Q
3  (28)  

 

 Х� = <:R∙�:
�∙�S

       (29)  

 

 Х/ = ω/ ∙ Х� = <:R∙�:∙9:
�∙�S

  (30)  

 

Moreover, according to expressions (22) - (24), it is calculated 

X0 – in case Z*=0; δ = 0; ω� =  1; 

X1 - in case Z*=0; δ = 0; ω� <  1; 

X - in case Z*˃0; δ˃0; ω� <  1. 

For the first case, the desired residual resource М��∗  is determined by calculating the 

moments relative to the gravity center of the tensile reinforcement 

 М��∗ = F/ ∙ r�/ + FV ∙ r�V (31)  

where r�/ — moment arm for F/; 

r�V — the same one for Fн, measured from the gravity center of the tensile 

reinforcement Аs to the  gravity centers of the diagrams F/ and FV. Moreover 

 r�/ = h� − )z∗ + rX/-  (32)  

(Countdown for rX/ is carried out to the axis V),  

Provided 

 rX/=
Y #Z>Z[
R
Y #>Z[
R

= \∙Q
]       (33)  
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4 Discussion 

In particular, it has been experimentally established that the structure of concrete, its 

density and permeability and, therefore, corrosion permeability are directly related to the 

level of acting stresses. Meanwhile, modern methods for assessing the fracture toughness 

resource, taking into account the influence of corrosion damage, are still being developed, 

and in the available publications there are no proposals for taking into account some 

important factors; for example, the factor influencing the level of stress state on corrosion 

damage and crack resistance of concrete. 

Since the reinforced concrete structures intended for the simultaneous perception of 

power and environmental influences, which can cause the loss of their functional purpose - 

the protective potential of the structures themselves, occupy a critical place among the 

above structures, insofar as the occurrence of risk situations is the beginning of the 

occurrence of risk situations, the formation of cracks in the concrete of the stretched part 

sections. 

In this regard, the problem of providing for a given period of preservation of crack 

resistance has the problem of predicting the moment of the cracks occurrence in the 

stretched zone of reinforced concrete structures with the maximum number and strength of 

power factors and corrosion origin. Such a statement raises the question how to increase the 

fracture toughness resource, the loss of this resource over time during the operation of 

structures, and the assessment of the duration of the effectiveness of structural 

reinforcement. 

It should be noted that the difference in the strength estimates of reinforced concrete 

elements with regard to corrosion damage from traditional calculations is to take into 

account the loss of silt resistance of concrete, transverse and calculated reinforcement (in 

this case, individual empirical characteristics can be adjusted). 

That is   

 r�/ = h� − )z∗ + \∙Q
] -  (34)  

 

and 

 r�V = h� − )z∗ + δ + ^
K-  (35)  

 

At 

 ρ = Х − )Z∗ + δ-  (36)  

That is  

 r�V = h� − /
K ∙ )Х + Z∗ + δ-  (37)  

Or in terms of expression  

 r�V = h� − /
K ∙ )Х/ + 2 ∙ Z∗ + δ ∙ `

3-  (38)  

For the second case (6) - (7), in which M is also determined by calculating the moments 

relative to the center of the tensile reinforcement gravity  

 М��∗ = F/ ∙ r�/ + FV ∙ r�V (39)  

In the calculation, formulas (20) - (29) are also used with replacement of δ by)Х − Z∗-, 

where from 

 Х = Z∗ + Х/ ∙ 3
K  (40)  

 

 r�/ = h� − z∗ − /\∙Х2
/a  (41)  

 

 r�V = h� − K
3 ∙ Х/ − Z∗  (42)  
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5 Conclusions  

A complex calculation method is considered in this article that allows to quantitatively 

assessing the state and resources of crack resistance of reinforced concrete structures 

damaged by corrosion, to calculate the necessary levels of compression and loss of tension, 

as well as the exposure to preserve crack resistance in time at specific loading levels and 

intensities of corrosion effects. The developed complex calculation method can be 

presented as part of the solution to the problem of preventing and eliminating emergency 

situations.  

The residual resource of power resistance to transverse bending at normal cross section 

strength in accordance with [8-15] can be calculated in case of colmatization corrosion 

damage (m˃0), the task involves two variants of formulation: first one in case of δcr<Х, 

second one in case of δcr≥Х . 

The article considers a complex calculation method that allows you to quantitatively 

assess the condition and residual resources of force resistance to transverse bending by the 

strength of inclined sections damaged by corrosion, calculate the necessary levels of 

compression and loss of tension, as well as the exposure to preserve crack resistance over 

time at specific loading levels and intensities of corrosion effects [31-36]. 
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