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Abstract

:

This article studies the quantitative relationship between the target reliability index and the design service life for concrete main girders of cable-stayed bridges. A resistance degradation model of the concrete components is established by quantifying the effects of concrete carbonation and steel corrosion. It is assumed that the dead load and the live load are time-invariant with the distributions of normal and extreme type I, respectively, while the resistance is considered as time-variant with the distribution of lognormal. The standard values of the most unfavorable moment under dead and live loads are calculated by ANSYS, its mean value and standard deviation are further obtained using the statistical parameters suggested by the Unified Standard for Structural Reliability Design of Highway Engineering. The mean and standard deviation of resistance are obtained using the target reliability index value provided in the code above. The resistance value and reliability index at different times in a certain design service life can be obtained through the resistance degradation model. The result shows the reliability index decreases exponentially during the service life of the structure. For different design service years, different initial resistance values and initial reliability indexes can be deduced. Based on this, the target reliability index values considering the design service life are suggested. In the example analysis, the target reliability index of the concrete main girder of a cable-stayed bridge with a design service life of 100 years is suggested as 6.24. This research provides references for the design of concrete main girders of cable-stayed bridges.
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1. Introduction


With the increasing of service life of bridges, the carbonation of concrete and the corrosion of steel bars will lead to the deterioration of bridges and even pose a safety hazard to bridges [1,2,3,4,5,6,7]. For long-span cable-stayed bridges, the design reference period is generally 100 years in China [8], so it is unreasonable to carry out major repair in 20–30 years or so [9,10]. To ensure an adequate service life, it is important to scientifically select the target reliability index values of the key components of cable-stayed bridges.



At present, most research has focused on the target reliability index of medium- or small-span bridges, while the studies on long-span bridges (including cable-stayed bridges) are fewer. The calibration method is traditionally used to study the target reliability index. This method has been used to study the target reliability index of medium- and small-span highway reinforced concrete beam bridges and railway steel bridges [11,12,13,14,15]. The recommended target reliability index basically corresponds to the current unified standard of reliable design in China. The essence of the calibration method is to obtain the implied reliability level from the current code by back-analysis and then determine the target reliability index on it. In other words, the calibration method must be based on a given code. Obviously, this is not suitable for long-span cable-stayed bridges. In fact, studies on the target reliability index of the small and medium span are not perfect either. For example, for prestressed concrete members whose design is controlled by serviceability limit states, the existing codes have not provided the target reliability index for crack resistance, deflection, and stress [16]. The research on the target reliability index of long-span cable-stayed bridges is even sparser. Zhang et al. studied the reasonable value of the target reliability index of the steel main girder of cable-stayed bridge considering durability [17,18,19].



Ang et al. and Zhu et al. proposed an approach for obtaining the optimal target reliabilities (or acceptable risks) for damage control and collapse prevention of reinforced concrete buildings against earthquake hazards [20,21,22]. However, this work was not for the long-span bridges. Nowak and Kaszynska studied the target reliability index of girder bridges under ultimate limit states and serviceability limit states [23]. The calibration method was used on the previous AASHTO LRFD bridge design specifications (1998). This work also targeted medium- and small-span bridges. Lee et al. studied the target reliability index of a long-span cable-supported bridge (LSCSB) in Korea [24]. A concept to differentiate the target reliability for the design of an LSCSB was suggested and the target reliability was determined according to the importance of a structure. However, this work only presented the target reliability index for the cable elements of LSCSBs. Although cable-stayed bridge construction has been widely used in the past decade, statistical data are scarce. In addition, due to the lack of relevant design specifications, there are few studies on the target reliability index of a cable-stayed bridge structure.



Within the last two decades, many scholars have comprehensively considered different factors to determine the target reliability index of structures. For example, Wen took into account the uncertainty of the loading process and structural response for buildings in the new structure’s design and existing structure’s evaluation, and minimized the expected lifetime cost to determine the corresponding target reliability index [25]; Katade and Katsuki proposed to determine the target reliability index of structures based on the trade-off between the probability of failure and structural cost [26]; Huaco et al. considered the socially acceptable risk and economic concerns to define the target reliability index [27]; Holicky regarded construction cost, failure consequences, design life, and discount rate as characteristic parameters, trying to find out the influence of characteristic parameters on the target reliability index of structures [28]; Yanaka et al. analyzed the target reliability index of prestressed girders of bridges subjected to corrosion conditions under considering the optimization of the initial, maintenance, and failure costs [29]; Ghasemi and Nowak established an optimization procedure to determine the target reliability index of structures with consideration of the construction cost, failure cost, maintenance cost, structural lifetime, discount rate, time-dependency of the load and resistance, and structural importance factors [30]. These studies determine target reliability index based on the perspective of structural life-cycle costs. Kim et al. presented a novel probabilistic approach to determine the target reliability index of an individual bridge at the bridge network level [31]. The target reliability index of a bridge is determined according to the structural importance indicator of the bridge in a network. This research moves the research perspective from an individual bridge to the bridge network. The optimization for the reliability index in the above research requires the minimum threshold level of the reliability index to be known, while the target reliability index in the design codes and standards is the recommended reliability level to be kept annually. Therefore, it is essential to figure out the variation law of the target reliability index of structures within the design service life. Nguyen et al. presented a probabilistic model and approach to formulate and analyze the reliability-based design optimization of prestressed concrete box girder bridges with consideration of the pitting corrosion phenomenon of shear, torsion reinforcements, and post-tensioned tendon, while this study only posed the target reliability index range for the simple support prestressed concrete box girder bridges [32].



In summary, the research on the influence factors, reasonable values of target reliability index, and its determination methods is sufficient for small- and medium-span structures, but currently there is little such work on that of the complex large-scale structures, including long-span cable-stayed bridges. In order to discuss and provide a reasonable value of the target reliability index of the cable-stayed bridge, this paper studies the deterioration law of the resistance of the concrete main girder of the cable-stayed bridge with the increase in the service life considering concrete carbonation and steel corrosion. Then, based on the quantitative relationship between the design service life and the target reliability index of the structure, a reasonable value of the target reliability index for the concrete main girder of the long-span cable-stayed bridges is presented. The research results will provide a theoretical reference for the design, operation, and maintenance of concrete cable-stayed bridges.




2. Statistical Analysis of Load and Resistance


2.1. Statistical Analysis of Load


2.1.1. Statistical Analysis of Dead Load


The dead load can be approximated as a constant during the design reference period, so the random variable probability model is used to describe it. Existing studies have conducted surveys on a dead load of reinforced concrete and prestressed concrete bridges. The actual measurement includes the self-weight of reinforced concrete, prestressed concrete T-beams, box beams and slabs, and the unit weight and thickness of asphalt concrete and cement concrete on the bridge deck. Through analysis of the measured data, the dead load does not reject the normal distribution. A dead load of a bridge is composed of component weight and bridge deck weight, combining their statistical parameters, taking the bridge deck weight as 10%, 15%, 20%, 25%, and 30% of the total weight of the structure for a combination. Analysis shows that the different ratios between bridge deck weight and component weight have little effect on the statistical parameters of the dead load. The combined statistical parameter distribution type is still normal distribution and can be taken as


KG = μG/Gk = 1.0148










δG = 0.0431








where μG is the mean value of the measured component weight or bridge deck weight. Gk is the component standard weight or bridge deck standard value specified in the current code (i.e., the standard unit weight multiplied by the design volume). δG is the coefficient of variation of statistical parameters [33].




2.1.2. Statistical Analysis of Vehicle Load


The vehicle load varies depending on some factors such as traffic flow, geographic area, and grade of the bridge, and the distribution of the lane load must satisfy the requirements of the specification [34]. Using the Road Vehicle Dynamic Tester, the vehicle load is investigated. Measurement points are set up on some representative highways, and then the continuously measured data of the natural fleet are removed, and the abnormal values are selected as the vehicle load samples. In the statistical analysis of the vehicle load, dense traffic state and general traffic state are considered. The former represents a state in which the time interval between two adjacent vehicles is less than 3 s, and also includes a traffic jam state, and the latter represents a state in which the time interval between two adjacent vehicles is 3 s or more. Finally, on the basis of vehicle load investigation and analysis, various types of vehicle load effects with control functions are obtained through a large number of calculations for different bridge types and various spans. Obviously, different vehicle load effects (e.g., moment, shear) have different statistical parameters. The calculation of the vehicle load effect also contains general and dense traffic states for statistical analysis, and the dimensionless parameter is also used in its reliability analysis,


KSQ = SQ/SQK



(1)




where SQ is the calculated effect value of the vehicle load, divided into general and dense traffic states, and SQK is the nominal value of the vehicle load specified in the current code [33].





2.2. Time-Varying Model of Resistance Degradation


2.2.1. General Trend of Resistance Degradation


In a reinforced concrete structure, the steel bar starts to rust when carbonation reaches a certain depth. Therefore, it is considered that there is no corrosion on the surface of the steel bar from the beginning of service to a certain time tc.



The effect of concrete carbonation on a structure is to decrease the stress area, damage the sectional size, and reduce the bearing capacity. Darmawan et al. set up statistical parameters of concrete cube compressive strength that change with time [35]. Enright et al. analyzed the data of existing bridges and corrected the result of the analyses [36]. It was concluded that the strength of the concrete will increase with time. In new bridges, the design of concrete mix to fulfil certain durability requirements would prevent the onset of the carbonation process. The increase in the compressive strength of concrete after 2 to 5 years of service is very small and can be safely assumed to be constant.



At time tc, the corrosion occurring with carbonation reaches the surface of steel bars. The resistance degradation of the structural members becomes relatively large because the concrete carbonation and the steel bar corrosion causes the concrete section size and the reinforcement section area to decrease. In addition, the material properties of the members will degrade over time, as shown in Figure 1.



In recent years, many scholars have studied the resistance degradation model and obtained many different models [37,38,39,40,41,42,43,44,45,46]. However, the expressions of these models are basically the same, as they adopt a degradation function of the initial resistance of the structure multiplied by a coefficient less than 1, as shown below:


R(t) = R0φ(t)



(2)




where R0 is the initial resistance of the structure member at time t = 0, and φ(t) is the resistance degradation function [47].




2.2.2. A Time-Varying Resistance Model Considering the Concrete carbonation and Steel-Bar Corrosion


This section mainly considers the impact of concrete carbonation and steel bar corrosion on the reinforced concrete main girder of cable-stayed bridges and establishes a resistance degradation model by the coefficient of section loss of the member. The structures are in a natural environment. Sarja and Vesikari studied the resistance degradation function of reinforced concrete flexural members in a natural environment and gave it the form


  φ  t  =          1   0  ≤ t ≤  t c           1 - λ = 1 - ω ( t -  t c  )    t c   ≤ t ≤ T        



(3)




where ω is the coefficient of section loss of the member, and tc is the duration of carbonation reaching the surface of the steel bar, ignoring the effects of carbonation residue [48].



	
Initial Time of Steel-bar Corrosion






According to the theoretical analysis and experiments, in a general atmospheric environment, the formula of the initial time for steel-bar corrosion is


    t c     =      c K     2   



(4)




where c is the concrete cover depth (40 mm), and K is the coefficient of concrete carbonation, which has the form


     K = K    e l    K  e i    K t      24  . 48       f  c u        - 2   . 74     



(5)




where Kel is a local coefficient (1.0 in the north, and 0.5–0.8 in the south and foreland) because the impact of freeze-thaw and deicing salts should be considered in northern China, while the impact of freeze-thaw and deicing salts is less considered in the southern region, and the air humidity in the south is greater than the north, Kei is an indoor and outdoor coefficient (1.87 inside and 1.0 outside), Kt is the coefficient of concrete curing time (1.50 in general construction), and fcu is the cubic concrete compressive strength (C50) [49,50,51].



Through the calculation according to Equations (4) and (5), tc can be obtained as 14 years.



	
Ratio of Concrete Section Loss






In the natural environment, steel-bar corrosion can be considered to start when the concrete carbonation in reinforced concrete reaches its surface. According to this principle, the prediction model of concrete carbonation depth is generally accepted as


  D  t  = K  t   



(6)




where D is carbonation depth, t is carbonation duration, and K is the carbonation coefficient [52,53].



Concrete carbonation results in the reduction of section size. A box girder is used as the research object in this paper, and a simplified box section is considered, as shown in Figure 2 (h’f is the height of compression flange, h is the height of section, hf is the height of tension flange, d is the thickness of web, and b is the width of section).



The reduction coefficients of the section sizes b and h of the structural member are [54]


  α    b , t     =      b  0   - 2 D ( t )      b  0     = 1 -     2 K   t     b ( 0 )       



(7)






  α    h , t     =      h  0   - 2 D ( t )       h ( 0 )     = 1 -     2 K   t     h ( 0 )       



(8)







The time-varying side length of the member is


  b  t   = α     b , t    ·  b ( 0 )   



(9)






  h  t   = α ( h , t )  ·  h ( 0 )   



(10)







The ratio of concrete section loss is


   ω 1   =    b  0  h  0   - b   t  h  t    b  0  h  0     = 1 - α     b , t    α    h , t    = 0  . 001001   t   - 0   . 0000964 t     



(11)







	
Ratio of Steel-Bar Section Loss






The area of corroded steel-bar is


  A  t   = α ( A , t )  ⋅  A ( 0 )   



(12)




where A(0) is the initial maximum area of longitudinal reinforcement, and α(A,t) is the reduction coefficient of the steel area caused by corrosion,


  α    A , t     = 1 - λ ( t )  ⋅ t  



(13)




where λ(t) is the section loss ratio of the corroded steel bar, which can be obtained by the width of the corrosion crack [55]. The equation is


  λ  t  = 0.01  β 1   β 2   β 3      4.18    f  c u     − 0.073     1.85 − 0.04 c       5.18  d  + 0.13     t −  t c       



(14)




where β1 is the curing coefficient of formed concrete under standard conditions, which is taken as 1.0; β2 is the influence coefficient of the cement variety (1.7 for slag cement, 1.0 for P.O.); β3 is the coefficient of the local environment which varies by region and is usually taken as 1.0; c is the concrete cover depth; and d is the diameter of the steel-bar.



The ratio of steel-bar section loss is


   ω 2    A  0  − A  t    A  0    = 1 − α   A , t   = 0.000000272   t − 14   × t    



(15)







Before the corrosion, the resistance can be considered unchanged, i.e., ω2 = 0 and φ(t) = 1 in the period [0, 14]. In the time segment [14, T], the structure’s resistance has been reduced where corrosion occurs. In addition, the resistance degradation is affected by both concrete carbonation and steel-bar corrosion. Hence, the coefficient of section loss is ω = ω1 + ω2, and the function of resistance degradation of the structural member can be obtained as


  φ  t  =         1   0 ≤ t ≤ 14       1 − ω   t − 14     14 ≤ t ≤ T        



(16)




where


  ω =  ω 1  +  ω 2  = 0.001001  t  − 0.0000964 t + 0.000000272   t − 14   × t  



(17)










3. Reasonable Selection of the Target Reliability Index of the Long-Span Main Girder


3.1. Analysis Flow of Relationship between Service Life and Target Reliability Index


For the main girder of a long-span cable bridge, it is assumed that the dead load and live load are time invariant while the resistance decreases with time; and the dead load is normally distributed, the live load follows an extreme type I distribution, and the resistance is lognormal distributed. The time-varying limit state equation is established as below:


  Z  t  = R  t  − G − Q  



(18)




where R(t) is the time-variant structural resistance; G is the dead load; and Q is the vehicle load.



Based on the model of resistance degradation considering concrete carbonation and steel corrosion, a reliability index that can be calculated by the first-order reliability method, and the steps of calculating and analyzing the target reliability index of a concrete girder of a cable-stayed bridge can be obtained as follows:




	
calculate the standard values of the dead load, and vehicle load of the main girder;



	
obtain the mean, standard deviation, and coefficient of variation of dead load, vehicle load, and resistance from the Unified Standard for Structural Reliability Design of Highway Engineering [33];



	
calculate the reasonable resistance at the end of the design service life according to the recommended reliability index;



	
calculate the resistance deterioration φ(t) at different times according to the resistance degradation model;



	
correct the standard and mean value of resistance according to the resistance deterioration;



	
calculate the reliability index at different times by the first-order reliability method;



	
calculate the suggested value of the initial reliability index under different service life, and then obtain a quantitative relationship between the design service life and the target reliability index.









3.2. Analysis of Internal Force and Resistance of Main Girder of Cable-Stayed Bridge


3.2.1. General Engineering Situation


The structure of a long-span cable-stayed bridge with double cable planes uses a concrete beam with a length of 708 m and a span arrangement of 174 m + 360 m + 174 m. In addition, self-gravity is considered in the dead load; and the vehicle load is considered in the live load.



	
Material Properties






For the main girder and cable tower, E =   3.5 ×   10   10     kN/m2, ρ = 2600 kg/m3, μ = 0.17; for the cross-beams connecting the main towers and rigid fishbone cross-beam, E =   1.0 ×   10   16     kN/m2, ρ = 0, μ = 0; for the stayed-cable, E =   1.9 ×   10   11     kN/m2, ρ = 1200 kg/m3, μ = 0.27.



	
Geometric Property of Section






For the main girder, a = 16 m, b = 1.6 m, A = 25.6 m2, Iy = 2000 m4, Iz = 20 m4, Ix = 21.8 m4; for the cross-beams in the cable tower and the rigid fishbone beams, a = 1 m, b = 1 m, A = 1 m2, Iy = 1/12 m4, Iz = 1/12 m4, Ix = 1/3 m4; for the stayed-cable, A = 0.72 m2.



	
Structural Size






The width of the bridge is 28 m; the height of the tower is 162 m; the length of the crossing-girder joining the main towers is 30 m; the distance from the bridge deck to the bifurcation point of the inverted Y is 60 m; the distance from the bottom of the bridge tower to the bridge deck is 30 m; and the lateral distance of the tower’s bottom is 20 m, as shown in Figure 3.




3.2.2. ANSYS Model and Results of Finite Element Analysis


ANSYS was used to establish the special fishbone model. It is considered that all the mass of the cable-stayed bridge is concentrated on the main girder and that the cross-beams are rigid components without weight and only act as passing-force components. Other model and analysis assumptions are as follows.



	
The main girder of the cable-stayed bridge is completely floating, and at the end of the cable tower and the cable-stayed bridge, the main girder releases longitudinal constraints.



	
The middle- and lower-tower columns are simulated by the same beam element, while the upper-tower column is simulated by four beam elements and the cable-tower beam by two rigid beam elements.



	
According to General Specifications for Design of Highway Bridge and Culverts (JTG D60-2015, Beijing China), use the Road-I level load as the live load, which contains a uniform load with the value of 10.5 kN/m and a concentrated load with the value of 360 kN. Considering the most dangerous internal force of mid-span section (control section generally), the uniform load is fully distributed between the two towers, and the concentrated load is located at the mid-span position.



	
Boundary conditions: Freedom constraints are imposed in both the vertical and lateral directions on the left end of the bridge, and for the rigid cross-beams on the main girder of the cable tower on the right end of the bridge, they are imposed on the right end of the bridge in the lateral direction and on the bottom of the cable tower, and complete hinge constraints are imposed on all cable and beam elements.






The calculation results of the finite element model under dead and live loads are as below.



	
Under the dead load, the most unfavorable displacement of the main girder in the middle of the span is DG = 0.1197 m, and the most favorable moment is MG = 22,200 kN·m, as shown in Figure 4 and Figure 5.



	
Under the vehicle load, the most unfavorable displacement of the main girder of a cable-stayed bridge is DQ = 0.0079 m, and the largest bending moment is MQ = 2200 kN·m, as shown in Figure 6 and Figure 7.







3.2.3. Parametric Statistics


	
Parametric Statistics of Dead Load






The mean, standard deviation, and coefficient of variation of the main girder of a long-span cable-stayed bridge under a dead load are, respectively


   μ G  = 1.0148  M G  = 1.0148 × 22,200 = 22,528.6    kN  ⋅ m  










   σ G  = 0.4374  M G  = 0.4374 × 22,200 = 971    kN  ⋅ m  










  δ = 0.0431  











	
Parametric Statistics of Live Load






The maximum value of the vehicle load effect depends on the distribution of the maximum value in the design working life, which obeys an extreme I distribution.



The mean and standard deviation can be obtained from the parametric statistics of the vehicle load [33].



The mean and standard deviation in general traffic state are


   μ  Q 1   = 0.686  M G  = 0.686 × 2220 = 1522.9    kN  ⋅ m  










   σ  Q 1   = 0.1098  M Q  = 0.1098 × 2220 = 243.76    kN  ⋅ m  











The mean and standard deviation in dense traffic state are


   μ  Q 2   = 0.7995  M Q  = 0.7995 × 2220 = 1774.9    kN  ⋅ m  










   σ  Q 2   = 0.0719  M Q  = 0.0719 × 2220 = 159.6    kN  ⋅ m  











In a practical situation, it can be assumed that the bridge is under a dense traffic state at 10 percent of its service time, and at other times it is under a general traffic state. Therefore, the mean value, standard deviation, and coefficient of variation can be calculated as


   μ Q  = 90 % ×  μ  Q 1   + 10 % ×  μ  Q 2   = 1534.5    kN  ⋅ m  










   σ Q  =       90 % ×  σ  Q 1      2  +     10 % ×  σ  Q 2      2    = 218    kN  ⋅ m  










  σ = 0.142  











	
Resistance Parameters






The Unified Standard for Structural Reliability Design of Highway Engineering (Industry Standards of the People’s Republic of China) [8] requires carrying out ultimate limit states design of bearing capacity under persistent design situations, the target reliability index of components in highway bridge should not be less than 4.7. This target reliability index comes from calibration methods and mature engineering experience, and the current structural design complies with this requirement. This means that in the case of determining the load effect, the reasonable design value of the resistance of the member can be estimated if the coefficient of variation of the resistance statistics is known.



There are many factors that affect the resistance of structural members, but the following three are usually considered: the uncertainty of material properties, the uncertainty of structural geometric parameters, and the uncertainty of calculation modes. Collecting and analyzing their statistical parameters, the resistance statistical parameters of different components can be calculated by using the resistance calculation formula and the error propagation formula. Existing studies have shown that for reinforced concrete members subjected to bending at the normal section, the statistical parameters of the resistance are [33]


   K R  =    μ R     R k    = 1.2262  










   δ R  = 0.1414  








where Rk is the resistance value of the member obtained by the resistance calculation formula according to the standard values of material properties and geometric parameters; μR is the mean value of resistance; δR is the coefficient of variation of resistance.



Knowing μG, σG, μQ, σQ, and δR and taking the target reliability index βT as 4.7, μR can be calculated. Select the initial value of μR, calculate the reliability by the JC method, compare it with 4.7 and through repeated iterations, the value of μR is finally obtained. The iteration termination condition is 4.7 < β < 4.71. The calculation results are as follows.


  β = 4.7058  










   μ R  = 48,316    kN  ⋅ m  










   σ R  =  δ R  ⋅  μ R  = 6831.9    kN  ⋅ m  













3.3. Calculation Results of Target Reliability Index


μR and σR calculated above are used to be the statistical parameter of the resistance of the main beam after servicing 100 years, which ensures that the reliability index of the main beam after servicing 100 years is not less than 4.7. Then, through Equations (2) and (16) and assuming that δR remains unchanged, the resistance and reliability index of the component from 0 to 100 years can be calculated. MATLAB is used to calculate the time-varying reliability index. The results are shown in Table 1.



According to the data in Table 1, the expression of the time-dependent reliability index can be obtained using the Origin software for exponential function fitting,


  β  t  = 6.31379 − 0.03294  e   t  25.65951        



(19)







The fitting curve for the reliability index β(t) is shown in Figure 8.



The exponential function is also used to fit the data of the reliability index attenuation Δβ(t) in Table 1, and the expression is obtained as


  Δ β  t  = − 0.07129 + 0.03294  e   t  25.65952        



(20)







The fitting curve for the reliability index attenuation Δβ(t) is shown in Figure 9.



From the calculation results above, it can be obtained that



	
Based on the resistance model concerning concrete carbonation and steel corrosion, the degradation curve of the reliability index changes slowly.



	
Before carbonation reaches the steel surface, the structural reliability index is almost constant. The later the steel bar starts to rust, the better the structural reliability. The initial time of steel bars corrosion is closely related to the local environment. Thus, even if the steel bars have already started to rust, as long as the micro-environment of the main girder is under control, its structural load carrying capacity can be guaranteed.







3.4. Relationship between Target Reliability Index and Service Life


For a structure with a design service life of 100 years, the target reliability index is suggested to be 4.7 in ultimate limit states. The design service life and target reliability index βT are interconnected, and according to the dynamic reliability analysis of the main girder in a previous paper, it can be obtained that the reliability index decreases with the service time, and therefore, it is necessary to adjust the target reliability index to ensure the reliability of the structure during the whole service life [56]. Additionally, the adjustment range is related to the degree of resistance degradation and the design working life.



In the same way as above, take μR and σR as the statistical parameters of the resistance of the main girders after servicing 90, 80, 70, 60, 50, 40, 30, and 20 years, then the time-varying reliability can be obtained. The results shown in Table 2 and Figure 10 pose the decay process of different initial reliability during the corresponding service life. Experiencing the corresponding service life, the initial reliability indexes become about 4.7. In other words, these initial reliability indexes are the target reliability indexes which ensure that the reliability index is still slightly greater than 4.7 when the component has gone through the corresponding service life.



Different design service life and corresponding target reliability indexes are shown in Table 3. According to the data in Table 3, the expression of the target reliability index can be obtained by using the Origin software for exponential function fitting.


   β T  = 4.63205 + 0.03339  e   t  25.74022        



(21)







The fitting curve of the target reliability index βT is shown in Figure 11.



In summary, when resistance degradation caused by concrete carbonation and steel bar corrosion is considered, the target reliability index βT based on the design working life can be set as


   β T  =         4.7   0 ≤ t ≤ 14       4.63205 + 0.03339  e   t  25.74022       14 < t < T        



(22)








3.5. Discussion


The above work constructs the method framework for the determination of target reliability indexes of cable-stayed bridge’s main girder. Some simplified methods are used in the analysis process, which needs more discussion as below.



Regarding the most dangerous internal forces of the control section under vehicle load, the work in Section 3.2.2 only performs a rather approximate analysis. To be strict, the uniform load should be distributed fully on the influence line with the same sign and the concentrated load should be placed at the peak value position of the corresponding influence line. Further, for more accuracy, the vehicle load should be regarded as moving load and vehicle–bridge coupling vibration analysis should be implemented to obtain the most dangerous internal forces under random traffic flow. However, it can be thought that the simplified live load arrangement would have limited impact on the final reliability analysis results.



Regarding the applicability of this model, it should be pointed out that this function relation result is partly based on a specific cable-stayed bridge’ force analysis, thus it would be applicable only for this specific cable-stayed bridge. A long-span cable-stayed bridge is complex large-scale infrastructure, whose reliability design should be constructed through case-by-case analysis, including the reasonable value of target reliability index and actually there is no specification to follow currently for long-span cable-stayed bridges.



Finally, it should be pointed out that this work considered the failure mode of bending, which is the main failure mode for a girder. For more comprehensive results, other failure modes of the main girder of cable-stayed bridges should be considered, but the target reliability index determination method will be the same as the one presented.





4. Conclusions


With the increasing of long-span bridges, the target reliability index for such bridges is attracting increasing attention. A reasonable value of the target reliability index can ensure the safety of the structure during its service life. Considering the concrete carbonation and steel corrosion in the natural environment, the quantitative relationship between the target reliability index and the design service life of the concrete main girder of a cable-stayed bridge was investigated, which can provide a scientific basis for the design of the concrete main beam of a long-span cable-stayed bridge.



	
Through the analysis using the resistance degradation model concerning concrete carbonation and steel corrosion, the reliability index of main girder of cable-stayed bridges decreases exponentially during the structural service life under the failure mode of bending.



	
A hybrid analysis framework composed of numerical method and analytical method is constructed for the cable-stayed bridge’s target reliability index analysis, in which the most dangerous moment of the main girder under vehicle load is calculated by finite element analysis and the reliability index calculation is calculated by the first order second moment method.



	
The quantitative relationship between the target reliability index and the design service life was obtained as Equation (22). Based on that, the target reliability index of the concrete main girder of a cable-stayed bridge with a design service life of 100 years is suggested as 6.24, which is higher than the suggested values from the current relevant codes.
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Figure 1. Schematic diagram of resistance vs. time. 
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Figure 2. Box section model. 






Figure 2. Box section model.
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Figure 3. Structural size of the bridge. 
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Figure 4. Deformation of main girder of cable-stayed bridge under dead load. 






Figure 4. Deformation of main girder of cable-stayed bridge under dead load.



[image: Buildings 12 02249 g004]







[image: Buildings 12 02249 g005 550] 





Figure 5. Bending moment distribution of main girder of cable-stayed bridge under dead load. 
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Figure 6. Deformation of main girder of cable-stayed bridge under vehicle load. 
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Figure 7. Bending moment distribution of main girder of cable-stayed bridge under vehicle load. 
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Figure 8. Time-varying reliability index of main girder of cable-stayed bridge. 
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Figure 9. Reliability index degradation of main girder of cable-stayed bridge. 
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Figure 10. Time-varying reliability index of main girder of cable-stayed bridge with different initial reliability. 
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Figure 11. Relationship between target reliability index and design working life. 






Figure 11. Relationship between target reliability index and design working life.



[image: Buildings 12 02249 g011]







[image: Table] 





Table 1. Time-varying reliability index β(t) and its attenuation Δβ(t) of main girder of cable-stayed bridge.
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	t
	14
	20
	30
	40
	50
	60
	70
	80
	90
	100





	φ(t)
	1
	0.997
	0.995
	0.990
	0.980
	0.964
	0.939
	0.904
	0.858
	0.799



	β(t)
	6.2425
	6.2219
	6.2082
	6.1736
	6.1041
	5.9913
	5.8113
	5.5512
	5.1935
	4.7058



	Δβ(t)
	0
	0.0206
	0.0343
	0.0689
	0.1384
	0.2512
	0.4312
	0.6913
	1.0490
	1.5367







Note: t is the service life, φ(t) is the resistance degradation values.
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Table 2. Time-varying reliability index β(t) of cable-stayed bridge.
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	t
	14
	20
	30
	40
	50
	60
	70
	80
	90





	φ(t)
	1
	0.997
	0.995
	0.990
	0.980
	0.964
	0.939
	0.904
	0.858



	β(t)
	5.7545
	5.7339
	5.7201
	5.6856
	5.6161
	5.5033
	5.3234
	5.0633
	4.7058



	β(t)
	5.3968
	5.3762
	5.3625
	5.3280
	5.2584
	5.1457
	4.9658
	4.7058
	/



	β(t)
	5.1367
	5.1161
	5.1024
	5.0679
	4.9984
	4.8857
	4.7058
	/
	/



	β(t)
	4.9568
	4.9362
	4.9225
	4.8880
	4.8185
	4.7058
	/
	/
	/



	β(t)
	4.8441
	4.8235
	4.8098
	4.7753
	4.7058
	/
	/
	/
	/



	β(t)
	4.7746
	4.7540
	4.7403
	4.7058
	/
	/
	/
	/
	/



	β(t)
	4.7401
	4.7196
	4.7058
	/
	/
	/
	/
	/
	/



	β(t)
	4.7264
	4.7058
	/
	/
	/
	/
	/
	/
	/







Note: t is the service life, φ(t) is the resistance degradation values.
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Table 3. Relation between design service life and target reliability index.
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	t
	14
	20
	30
	40
	50
	60
	70
	80
	90
	100





	βT
	4.7000
	4.7264
	4.7401
	4.7746
	4.8441
	4.9568
	5.1367
	5.3968
	5.7545
	6.2425
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