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Abstract

:

During the long-term operation of an urban railway viaduct, it is subjected to multiple cyclic loads caused by the movement of a vehicle. As a result, the fatigue life of the bridge should be fully considered during the design process. Furthermore, the bridge structure will be subject to environmental corrosion for an extended period of time, resulting in concrete carbonization and reinforcement corrosion, which aggravates the bridge structure’s fatigue damage. To compensate for the disadvantage of the traditional static analysis method’s inability to consider vehicle speed, a vehicle–bridge system coupled model is established, material corrosion is considered, railway bridge damage under vehicle load is analyzed, and the service life of common 30 m and 25 m span bridges is calculated. The results show that ignoring corrosion will understate the bridge damage, and vehicle speed has a significant impact on bridge fatigue life. Finally, the recommended operating speeds for 30 m span and 25 m span bridges are provided.
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1. Introduction


The original highway transportation system was unable to meet the people’s travel needs due to the city’s rapid development. As a result, stable, fast, and special rail transit has become an important urban transportation infrastructure. The subway is currently the most important urban rail transit infrastructure. For various reasons, the subway cannot be built in some areas of the city, so a viaduct is used instead. The train will cause bridge vibration as it passes through the viaduct. Due to the high operation frequency and long operation time of urban rail transit, the fatigue resistance of the viaduct should be fully considered to ensure the line’s long-term operation safety.



At the moment, the most common type of rail transit viaduct is a reinforced concrete structure. Many academics have investigated the fatigue performance of rail bridge structures. Some scholars focused on the fatigue mechanical properties of the track bridge system, especially interlayer components, and have carried out a series of studies from the perspective of tests. For example, Sheng et al. [1] studied the fatigue performance of a unit-track slab in a long-span cable-stayed bridge through a full-scale fatigue performance test; Zhou et al. [2] and Zhao et al. [3] completed the experimental study on the mechanical properties of the CRTS II track slab bridge system under fatigue load and proposed the calculation formula of stiffness degradation of the system according to the test results. Zeng et al. [4] completed the research on the fatigue mechanical properties of a full-scale CRTS III track slab system under fatigue load. The results show that the stiffness of fasteners and interlayer components in the track system will change under cyclic load. The above researchers obtained the fatigue characteristics of track bridge system from the test results, and proposed some empirical formulas, which provided valuable data for follow-up research. Track plate structure is a multi-layer composite plate structure, and the connecting layer between plates will inevitably become a weak part [5].



Because the viaduct structure is exposed to the wind and rain for a long time, the carbonation of concrete and the corrosion of reinforcement is inevitable in the long-term operation. Many scholars believe that in considering the long-term operation, in addition to the mechanical properties, it is necessary to consider the impact of durability problems, such as carbonation and corrosion. In the work of Song et al. [6], the experimental study on the fatigue performance of small-span concrete bridge deck was completed, and on this basis, they considered the corrosion effect of the structure, and evaluated the service life of the bridge deck under the load of a heavy load train. Cui et al. [7] also considered the corrosion effect of the structure and analyzed the fatigue life of the bridge in different environments. In addition to the corrosion fatigue of track plate components, the corrosion fatigue of rail components is also an object that needs attention [8].



The vehicle–bridge coupled system analysis approach is commonly used in the dynamic response analysis of track and bridge structures under train load, as it can more correctly represent the bridge reaction under train load [9]. The coupled system analysis method, as opposed to the static method that considers the dynamic impact factor, can take into account the influence of vehicle speed and track irregularity [10,11,12,13]. Different from the component research, the system model usually needs to be studied by means of numerical calculation. For example, in the work of Li et al. [14], the reliability of the anti-fatigue performance of the steel structure bridge was evaluated based on the numerical model of the vehicle–bridge coupled system considering randomness. Wang et al. [15] evaluated the fatigue performance of a concrete bridge based on the vehicle–bridge coupled model and compared the calculation results with the moving load method and moving mass method. Xu et al. [16] established a vehicle track system coupled model to analyze the fatigue damage evolution of the track system under vehicle load, and the results showed that compared with only considering fatigue or interface damage, the effects of both should be considered comprehensively. Nowadays, machine learning has become a hot topic. Similarly, the fatigue performance of bridges can be analyzed by using the machine learning technology [17]. In addition, the fatigue analysis can also be analyzed in combination with field test and numerical technology, so as to ensure the reliability of the results; Li and Wu [18] proposed a framework for the fatigue evaluation of key details of steel bridge through multi-scale dynamic analysis of the train track bridge system and linear elastic fracture mechanics and studied the effects of track irregularity and train running speed on fatigue crack propagation life. Taking into consideration the vehicle speed and its irregularity is possible using SHM systems mounted on/in the bridges [19,20,21].



The findings of the above studies demonstrate that vehicle speed and environmental corrosion have a significant impact on fatigue life and long-term bridge damage. Although there are many studies at present, the consideration in the study of fatigue performance is still not comprehensive, such as only considering the dynamic performance and ignoring the influence of environmental factors on materials, or only studying the fatigue static mechanical performance of the track–bridge system. In order to more accurately predict the fatigue life of an urban rail viaduct so that engineering designers and researchers can refer to it, the vehicle–bridge system coupled model will be constructed, and the corrosion effect of the environment on the fatigue life of viaduct will be studied.




2. Vehicle–Bridge Coupled System


2.1. Vehicle Model


Multi-body dynamics is used to simulate the vehicle. Each vehicle is made up of one car body, two bogies, and four wheel sets, as shown in Figure 1. Secondary suspension refers to the suspension system between the car body and the bogie, while primary suspension refers to the suspension system between the bogie and the wheel set. The suspension systems are simulated using spring-viscous damping, where kp and cp represent the stiffness and damping of the primary suspension’s spring, respectively, and ks and cs represent the stiffness and damping of the secondary suspension’s spring, respectively.



Each car body has two degrees of freedom, including vertical uc and rotating θc; the front bogie has two degrees of freedom, including vertical ubf and rotation θbf; the rear bogie has two degrees of freedom, including vertical ubr and rotation θbr; and each wheel set has one vertical degree of freedom, totaling ten degrees of freedom for the entire train. Because the coupled system’s wheel rail contact uses the close-fitting model, the wheel set is always in contact with the rail, and the wheel set has no independent degrees of freedom, the entire carriage has only six degrees of freedom.




2.2. Bridge Dynamics


The viaduct is modeled by the finite element method (FEM). Since the main research object is the girder, the influence of the pier is ignored in the model. The boundary condition of the bridge is the ideal hinge at the bearing position. The mass matrix Mb and stiffness matrix Kb of the bridge can be easily obtained. The damping matrix Cb adopts Rayleigh damping, and the damping ratio of each order is 2%. More details can also be found in Ref. [10].




2.3. Coupled System Dynamics


2.3.1. System Dynamic Formula




    M  s      X  ¨   s  +   C  s     X ˙   s  +   K  s    X  s  =   F  s   



(1)




where     M  s   ,     K  s    and     C  s    denote the coupled system’s mass matrix, stiffness matrix and damping matrix respectively;       X  ¨   s   ,      X ˙   s    and     X  s    denote acceleration vector, velocity vector and displacement vector of coupled system, respectively; and     F  s    denotes the force vector of the coupled system.




2.3.2. Mass Matrix


Mass matrix     M  s    can be written as,


    M  s  =  [        M  v                M  b ′       ]   



(2)




where     M  v    denotes the mass matrix of vehicle, and it can be written by the following formula,


    M  v  = diag  [        M   v 1         M   v 2      …      M   v N        ]   



(3)




where N represents the number of carriages;     M   v i     denotes the i-th carriage mass matrix, and it can be written as,


    M   v i   = diag  [       m c       I c       m  b f        I  b r        m  b f        I  b r        ]   



(4)




where mc and Ic denote the mass and the moment of inertia of car body, respectively; mbf and Ibf denote the mass and moment of inertia of the front bogie, respectively; and mbr and Ibr denote the mass and moment of inertia of the rear bogie, respectively.



    M  b ′    denotes the mass matrix of the bridge considering the wheelset coupling, and it can be written as,


    M  b ′  =   M  b  +   ∑  h N    ∑  w 4   m w    N   h w  T    N   h w     



(5)




where mw represents the mass of wheelset; Nhw represents the shape function corresponding to the position of the w-th wheelset in the h-th carriage. It is a time-varying array, and it can be written as,


    N   h w   =  [     0   ⋯   0     N h 1   ( x )       N h 2   ( x )       N h 3   ( x )       N h 4   ( x )     0   ⋯   0     ]   



(6)




with


   {       N h 1  = 1 − 3    (  x /  l 2   )   2  + 2    (  x /  l 2   )   3         N h 2  =  (  x / l  )   [  1 − 2  (  x /  l 2   )  +    (  x /  l 2   )   2   ]         N h 3  = 3    (  x /  l 2   )   2  − 2    (  x /  l 2   )   3         N h 4  =  (  x / l  )   [     (  x /  l 2   )   2  −  (  x /  l 2   )   ]         



(7)




where l denotes the length of element, and x denotes the distance between wheelset and left node of element.




2.3.3. Damping and Stiffness Matrices


The damping matrix of the coupled system can be written as,


    C  s  =  [        C  v        C   v b           C   b v         C  b ′       ]   



(8)




where     C  v    represents the damping matrix of vehicle;     C   v b     and     C   b v     both represents the coupling damping matrix between vehicle and bridge.     C  b ′    denotes the mass matrix of bridge considering the coupling of primary suspension.



    C  v    can be expressed as,


    C  v  = diag  [        C   v 1         C   v 2      …      C   v N        ]   



(9)







    C   v i     denotes the i-th carriage damping matrix, and it can be written as,


    C  v  =  [      2  k s     0    −  k s     0    −  k s     0         2  k s   L 2 2      −  k s   L 2     0     k s   L 2     0            2  k p  +  k s     0   0   0               2  k p   L 1 2     0   0                  2  k p  +  k s     0      s y m m .                 2  k p   L 1 2       ]   



(10)




where L1 denotes the distance between two wheelsets, and L2 denotes the distance between the two bogies.



    C  b ′    can be expressed as,


    C  b ′  =   C  b  +   ∑  h N    ∑  w 4   c p    N   h w  T    N   h w     



(11)




    C   v b     and     C   v b     can be expressed as,


    C   v b   =   C   v b     T  =   ∑  h N    ∑  w 4    C   v b , h w    



(12)




with


   {        C   v b , h 1   =    [     0   0   ⋯    −  c p    N   h 1       −  c p   L 1    N   h 1      ⋯   0   0     ]   T          C   v b , h 2   =    [     0   0   ⋯    −  c p    N   h 2       −  c p   L 1    N   h 2      ⋯   0   0     ]   T          C   v b , h 3   =    [     0   0   ⋯    −  c p    N   h 1       −  c p   L 1    N   h 1      ⋯   0   0     ]   T          C   v b , h 4   =    [     0   0   ⋯    −  c p    N   h 1       −  c p   L 1    N   h 1      ⋯   0   0     ]   T         



(13)







The stiffness matrix of the system can be obtained by replacing the letter c in Equations (8) to (13) with k.




2.3.4. Force Vector


The force vector of system     F  s    can be expressed as,


    F  s  =    [        F  v        F  b       ]   T   



(14)




with


    F  v  =    [        F   v 1         F   v 2      ⋯      F   v N        ]   T   



(15)






    F   v h   =  c p     [     0   0      u ˙   r , h 1   +   u ˙   r , h 2        L 1   (    u ˙   r , h 1   −   u ˙   r , h 2    )        u ˙   r , h 3   +   u ˙   r , h 4        L 1   (    u ˙   r , h 3   −   u ˙   r , h 4    )       ]   T   +  k p     [     0   0     u  r , h 1   +  u  r , h 2        L 1   (    u ˙   r , h 1   −   u ˙   r , h 2    )       u  r , h 3   +  u  r , h 4        L 1   (   u  r , h 3   −  u  r , h 4    )       ]   T   



(16)






    F  b  = −   ∑  h N    ∑  w 4   (   m w     u ¨    r , h w   +  c p    u ˙   r , h w   +  k p   u  r , h w   +  (  0.25  m c  + 0.5  m t  +  m w   )  g  )    N   h w     T   



(17)




where    u  r , h w     denotes the irregularity amplitude of w-th wheelset of h-carriage;     u ˙   r , h w     and      u ¨    r , h w     denote the first derivative and the second derivative of    u  r , h w    , respectively.





2.4. Dynamic Stress Calculation


The stress dynamic response of the bridge is computed using the vehicle–bridge coupled system, and the fatigue performance of the structure or member is generally evaluated based on the stress under load. The displacement–strain relationship can be calculated using FEM theory, assuming that both ends of the element are solely subjected to the bending moment and shear force [14,15]; therefore, the relationship between strain and displacement is as follows,


  ε =  B  δ  



(18)




where  ε  denotes the strain of element;  δ  represents the displacement of the element node, and it can be expressed as,


  δ =  [       u i       θ i       u j       θ j       ]   



(19)




where    u i    and    θ i    denote the vertical and the rotation displacement of left node of element;    u j    and    θ j    denote the vertical and the rotation displacement of right node of element.   B   is the matrix of displacement–strain relationship, and it describes the transformation relationship between the strain at any point in the element and the displacement of the node in the element, and it is equal to the following formula,


   B  = − y    d 2   N    d  x 2     



(20)




where N is the shape function, and it is the same as Equation (7); y is the distance from the strain calculation point to the central axis (including sign). Further, B can be transformed into the following formula,


   B  =  [       φ 1       φ 2       φ 3       φ 4       ]   



(21)




with


   {       φ 1  =   6 y    l 2     (  1 − 2  x l   )         φ 2  = −   2 y  l   (  2 − 3  x l   )         φ 3  = −   6 y    l 2     (  1 − 2  x l   )         φ 4  = −   2 y  l   (  1 − 3  x l   )         



(22)







After obtaining the strain, the stress can be calculated by the following formula,


  σ =  D  ε  



(23)




where D is the stress–strain relationship matrix, and when assuming that the material stress–strain relationship D in the long-term operation of the bridge is linear elasticity, then D equal to the elastic modulus E of material.




2.5. Validation


In the work of Xiang et al. [22], the dynamic performance of a railway simply supported bridge was tested on site. In order to verify the accuracy of the numerical model in this paper, the field test results were compared with the numerical calculation results, as shown in Figure 2. It can be found that the peak value and trend calculated by the numerical model are close to the field test results, which shows the reliability of the numerical calculation results.





3. Fatigue Assessment Theory


3.1. Reinforcement Corrosion Considered Carbonation


Carbonation will lead to reinforcing bar depassivation. Then, reinforcement corrosion will occur in the presence of oxygen and water. When the reinforcing bar is corroded, the cross-sectional area of the reinforcing bar decreases, resulting in a decrease in the fatigue resistance of the reinforcement. With the accumulation of corrosion products, the corrosion-induced cracking of concrete cover occurs, which also accelerates the transport of aggressive agents and the reinforcing bar corrosion rate. The fatigue damage caused by repeated loading accelerates the process of concrete carbonation and reinforcing bar corrosion, and corrosion decreases the fatigue resistance of the reinforcing bar. The following formula can be used to determine when the reinforcement begins to rust [6],


   t  cr , c   =  d  cr , c   /  i  ini   +  t  i n i    



(24)




with


   t  i n i   =    (    c −  X 0   K   )   2   



(25)






  K = 3  K 1   K 2   K 3   T  0.25   R  H  1.5    (  1 − R H  )     C  C  O 2    / 0.03    (    58    f  c u     − 0.76  )   



(26)






   X 0  =  (  1.2 − 0.35  K  0.5    )   D k  −  6   m  e f   + 1.6    (  1.5 + 0.84 K  )   



(27)






   i  ini   = 7.53  K  cl    m  ef    (  0.75 + 0.0125 T  )    ( R H − 0.45 )   2 / 3    c  − 0.675    f  cu   − 1.8    



(28)






   d  cr , c   = 0.012 c /  d 0  + 0.00084  f  cu   + 0.018  



(29)




where tini denotes the start time of reinforcement corrosion caused by concrete carbonization; c is the concrete cover thickness; K is the carbonation coefficient in the theoretical carbonation model proposed by Papadakis et al. [23], and K1 denotes the location factor, and it equals to 1.4 for the component corner and 1.0 for other areas respectively; K2 denotes the curing factor, and it equals to 1.2; K3 denotes the stress factor, and it equals to 1.0 for compression and 1.1 for tension respectively [24]; RH denotes the environmental relative humidity; fcu is the compression strength of cube concrete; Cco2 represents the CO2 concentration around the concrete surface; X0 is the carbonization residue; mef is the local environmental coefficient; Dk is the coefficient related to c and carbonation coefficient K; iini is the corrosion rate of reinforcement before cracking of concrete cover, and Kcl is the correction factor of reinforcement position; d0 is the initial diameter of reinforcement; the details can be found in Ref. [6].



Under the action of vehicle fatigue load, the concrete cover of the bridge will also crack, and the cracking time can be calculated by the following formula,


   t  cr   =   10     1.3681 −  f  t , s   m a x   /  f t    0.1214     ⋅   ∑      n  cr , i    



(30)




with


   f  t , s   m a x   =  (  1.3681 + 0.1214 lg     ∑      n  cr , i   ⋅   10      f  t , i   m a x   /  f t  − 1.3681   0.1214         ∑      n  cr , i      )   f t   



(31)




where ft is the tension strength of concrete;     ∑      n  cr , i     is the total maximum tensile stress cycles of tensile concrete;    f  t , i   m a x     is the i-th maximum tensile stress under vehicle load.



Therefore, the first time of rust expansion cracking (calculated by Equations (24)–(29)) and fatigue cracking (calculated by Equations (30) and (31)) is the cracking time, and it can be expressed as,


   t  cr   = min  {   t  cr , c   ,    t  cr , f    }   



(32)







When the concrete cover is cracked, the internal reinforcement loses its protection and will be in direct contact with the external environment, resulting in the increase in the reinforcement corrosion rate. The corrosion rate icr after cracking can be estimated by the following formula,


   i  cr   =  (  4.5 − 340  i  ini    )   i  ini    



(33)







If the fatigue cracking of the concrete cover occurs before the rust expansion cracking, the corrosion depth dcr,f of the reinforcement can be calculated by the following formula,


   d  c r , f   =  {      0 ,      t  cr , f   ⩽  t  ini          i  ini    (   t  cr , f   −  t  ini    )  ,      t  cr , f   >  t  ir          



(34)







Then the corrosion depth dcr of reinforcement when concrete cracks can be calculated by the following formula,


   d  cr   = min  {   d  cr , c   ,  d  cr , f    }   



(35)







According to the above calculation model, the corrosion depth   d  ( t )    of reinforcement can be expressed as


  d  ( t )  =  {      0 ,     T <  t  ini          i  ini    (  T −  t  ini    )  ,      t  ini   < T ⩽  t  cr          d  cr   +  i  cr    (  T −  t  ini   −  t  cr    )  ,     T >  t  cr          



(36)








3.2. Fatigue Assessment Method


According to the S-N curve of reinforcement without considering corrosion, i.e.,


  lg N = lg C − m  lg Δ  σ  



(37)




where C and m are both coefficient of steel reinforcement;   Δ σ   is the stress range of steel reinforcement; and N is the number of stress cycles.



When the corrosion of material is considered, the coefficient of reinforcement C is a time-variable parameter, and it can be written as,


  C  ( t )  =  C 0  ϕ  ( t )   



(38)




where   ϕ  ( t )    is a time-varying coefficient fitted by experience, and it can be calculated by the following formula [25]


  ϕ  ( t )  =  {      1 ,     d  ( t )  < 1.34   mm       − 0.79 d   ( t )  2  + 1.88 d  ( t )  − 0.1 ,     1.34   mm ⩽ d  ( t )  ⩽ 2.33   mm       0 ,     d  ( t )  ⩾ 2.33   mm                         



(39)




where C0 denotes the coefficient of steel reinforcement without corrosion, and   d  ( t )    is the corrosion depth, and it can be calculated from Equation (36).



Because the rusted part of the reinforcement can no longer withstand the original force, the non-rusted part must bear the entire original force, resulting in an increase in the reinforcement stress amplitude. The following is the time-varying model of reinforcement stress amplitude,


  Δ σ  ( t )  = Δ  σ 0  /  (  1 − ε  ( t )   )   



(40)




with


  ε  ( t )  =   4 a  ( t )     d 0    −   4  a 2   ( t )     d 0 2     



(41)




where   Δ  σ 0    is the stress amplitude when the reinforcement is not corroded under fatigue load, and   ε  ( t )    is the loss rate of reinforcement.



It is important to count the stress amplitude and number of cycles after generating the stress time–history curve using the vehicle–bridge coupled system model. The rain-flow counting method can be used to conduct this process. The rain-flow method’s core concept is to rotate the time–history curve by 90 degrees, as shown in Figure 3, the rain flows down the roof, and the corresponding amplitude is recorded. In Figure 3, there are two entire cycles, 2-3-2′ and 5-6-5′, and two half cycles, 1-2-4-5-7 and 7-8. More details about rain-flow can be found in Ref. [15]. After obtaining the stress amplitudes and their corresponding cycle times, the equivalent stress amplitude can be calculated by the following formula,


   S  re    ( t )  =    (    ∑        n i     (  Δ  σ i   ( t )   )   m      ∑      n i     )    1 / m    



(42)




where    n i    denotes the cycle number of i-th stress amplitude.



According to Miner [26], the fatigue damage Ds(t) of reinforcement caused by single vehicle passing can be calculated by the following formula,


   D s   ( t )  =    S  re  m   ( t )    ∑      n i    C  ( t )     



(43)







In the long-term operation process, the fatigue cumulative damage of bridge increases monotonically with the service time. After n years of bridge operation, the fatigue cumulative damage Dt can be calculated by the following formula,


   D t  =  ∑  g = 1  n   D  s , j    ( t )   N y   



(44)




where Ny denotes the number of vehicles passing the bridge in one year.





4. Case Study


The research object is an urban rail viaduct in Zhengzhou, China, and the viaduct is a reinforced concrete structure with a box type section, as shown in Figure 4. The bridge span includes 30 m and 25 m, the strength grade of the bridge concrete is C55, the reinforcement is HRB400 with diameters of 12 mm and 16 mm, the concrete cover thickness is 35 mm, and the carbonation environmental action grade is T2. The second dead load is 35.05 kN/m, and the concrete volume weight is 25 kN/m3. The bridge is simply supported, and the support of the girder is ideally hinged. The detail parameters of viaduct are shown in Table 1. The influence of the axial stiffness of the bridge is included in the FE model, and its axial stiffness is mainly related to the cross-sectional area and elastic modulus. It should be noted that the cross-sectional area and elastic modulus here adopt the cross-sectional area A and elastic modulus of the girder Ec. The vehicle is a six-car metro vehicle. The vehicle’s specifications are listed in Table 2, where dv signifies the length of one carriage.



4.1. Time–History Curves


Under different vehicle speeds, the vertical displacement in the middle of the bridge span and the stress ergodic curve of the bottom longitudinal reinforcement of the 30 m-span bridge are calculated, as shown in Figure 5, where the abscissa represents the distance that the vehicle’s first wheel set passes through the left end of the bridge.



As can be seen from Figure 5a, the ergodic curve trend of bridge displacement response under different vehicle speeds is basically the same. When the vehicle speed is small (below 100 km/h), its dynamic deflection is relatively small, and its dynamic amplitude is small.



It can be found from Figure 5b that as the vehicle enters the bridge, the stress of the tensile reinforcement at the bottom of the girder gradually increases, peaking at around 70 MPa, and then presents vibrations of varying amplitudes as the vehicle continues to move forward (the amplitude is about 13 MPa below 100 km/h and about 20 MPa above 100 km/h), with multiple peaks and troughs. After the vehicle leaves the bridge, the tensile stress decreases gradually, and finally oscillates near 0 MPa and disappears gradually.



There are 10 peaks in both Figure 5a,b, as can be observed by comparing them. The number of peaks is related to the distribution of wheel sets, vehicle speed, and the bridge’s natural vibration characteristics, according to Liu et al. [28].



The vertical displacement at the bottom of the girder and the stress of the bottom longitudinal reinforcement of a 25 m-span bridge are depicted in Figure 6. The displacement in the middle of the span steadily grows as the car passes the bridge, and then shakes moderately, as seen in Figure 6a. When a car leaves the bridge, the bridge’s displacement progressively reduces, until it oscillates and decreases to near zero. Furthermore, when compared to Figure 5a, the peak displacement is minimal, with only five peaks and four troughs. The stress ergodic curve of the bottom longitudinal reinforcement gradually grows with the vehicle entering the bridge, then oscillates in the 20–35 MPa region, as shown in Figure 6b. Despite its small displacement in comparison to the 30 m bridge, its dynamic stress amplitude is comparable. The stress ergodic curve similarly has five peaks and four troughs.




4.2. Stress Amplitude


The rain-flow counting approach can be used to calculate the stress amplitude and number of cycles after obtaining the reinforcement’s stress ergodic curve. The stress amplitude and number of cycles of the 30 m-span bridge are shown in Figure 7. The stress amplitude with the greatest number of cycles is found to be within 10 MPa at various vehicle speeds. The number of cycles of the stress amplitude above 10 MPa grows when the vehicle speed exceeds 100 km/h, whereas the number of cycles of the stress amplitude within 10 MPa decreases. There is no stress amplitude of 30 MPa to 65 MPa under varied vehicle speeds, and the number of cycles of stress amplitude greater than 30 MPa is less. This feature can also be found from the stress ergodic curve in Figure 5b.



The stress amplitude and cycle durations of a 25 m-span bridge are shown in Figure 8. The stress amplitude is mostly concentrated within 5 MPa at 80 km/h and 100 km/h, and the number of cycles is greater, reaching 180 and 140 times correspondingly, with a few cycles at 10 MPa and 30 MPa. When the vehicle is traveling at 120 km/h, the stress amplitude is widely distributed, and each stage has a set number of cycles. The distribution of stress amplitude and numbers of cycles when the vehicle speed is 120 km/h is comparable to that of 80 km/h and 100 km/h. Overall, vehicle speed has a significant impact on the stress amplitude and number of cycles, which has an impact on the bridge’s fatigue life.




4.3. Cumulative Damage


The frequency with which the vehicle operates has a direct impact on the bridge structure’s fatigue life. The line runs from 6 a.m. to 22 p.m. for a total of 16 h, of which the interval between 6 a.m. to 7 a.m. and 21 a.m. to 22 a.m. is long, so the whole day is calculated as 15 h of operation. The vehicle intervals are 4, 6, 8, and 10 min, and the number of vehicles going through the single-track bridge is 24× operating hours/ interval = 225, 150, 113, and 90 times every day, the total number of vehicles traveling through the year is 365× daily operating train number = 82,125, 54,750, 41,063, and 32,850.



Figure 9 illustrates the cumulative damage of a 30 m-span bridge under various vehicle intervals, speeds, and whether corrosion fatigue is taken into account. When the cumulative damage value reaches 1, the bridge has reached the fatigue failure stage. The cumulative damage curve takes the shape of an inverted parabola in most cases. The cumulative damage of a bridge increases with the number of years it has been in operation, and the rate of growth increases gradually. The cumulative damage to the bridge diminishes as the vehicle operation interval increases throughout the same operation time.



Taking Figure 9a as an example (the damage curve law under different train intervals is similar), the growth rate of the cumulative damage curve considering corrosion fatigue is greater than ignoring cumulative damage at the same vehicle speed, in other words, the damage degree considering corrosion fatigue is greater than that ignoring corrosion fatigue at the same operation time, demonstrating the importance of considering corrosion fatigue. When comparing the cumulative damage fatigue curves for various vehicle speeds, it can be seen that the influence of vehicle speed on cumulative damage does not appear to be very consistent.



Figure 10 depicts the cumulative damage to a 25 m-span bridge under various vehicle intervals, speeds, and whether corrosion fatigue is taken into account. Similarly, the cumulative damage curve has an inverted parabola shape. The cumulative damage of the bridge increases as the number of operating years increases, and the rate of increase is progressive. The cumulative damage of the bridge reduces as the vehicle operation interval increases within the same operation time.



It can also be seen that vehicle speed has a significant impact on the fatigue cumulative damage curve of a 25 m-span bridge, but the influence law is not readily apparent. The cumulative damage curves corresponding to vehicle speeds of 80 km/h and 100 km/h, for example, are very similar, whereas the cumulative damage curves corresponding to 100 km/h and 120 km/h are very different. The cumulative damage curve corresponding to 120 km/h has a larger slope than that corresponding to 140 km/h over the same operation time, indicating that the bridge reaches fatigue failure faster when the speed is 120 km/h. This is because 120 km/h is closer to the third-order resonance speed (126 km/h) of the first-order natural vibration frequency of the bridge than 140 km/h [27]. The bridge resonates to a certain extent, resulting in the increase in the stress amplitude of the reinforcement, which can also be found in Figure 5. The bridge resonates to a certain extent, resulting in the increase in the stress amplitude of the reinforcement, which can also be found in Figure 5. In general, neglecting a material’s corrosion will result in a low-estimated damage degree.




4.4. Fatigue Life Evaluation


The need to consider the environmental corrosion of the structure in the analysis of bridge fatigue life can be seen in Section 4.3. Furthermore, there is no clear law governing the effect of speed on the cumulative damage curve. The bridge fatigue life is calculated under different vehicle speeds and different train operation intervals in order to more systematically analyze the impact of vehicle operation speed on bridge fatigue life. The vehicle intervals are 4, 6, 8, and 10 min, respectively; the calculated train speed range is 40 km/h to 140 km/h, and the calculation is made once every 2 km/h.



The fatigue life of the 30 m-span bridge is depicted in Figure 11. The fatigue life of the bridge is found to increase as the vehicle interval increases at the same speed. With the increase in vehicle speed, the fatigue life goes through several stages at the same vehicle interval: (1) when the vehicle speed ranges from 40 km/h to 48 km/h, the fatigue life increases with the increase in vehicle speed; (2) when the vehicle speed is between 48 km/h and 76 km/h, the fatigue life reduces gradually; (3) when the vehicle speed ranges from 48 km/h to 76 km/h, the fatigue life decreases slowly with the increase in vehicle speed; (4) when the vehicle speed is between 86 and 116 km/h, the fatigue life grows rapidly; (5) when the vehicle speed is over 116 km/h, the fatigue life reduces at first, then increases as the vehicle speed increases. In terms of fatigue life, it is advised that the vehicle speed be kept within the operating speed range of about 115 km/h, and within 76 km during low-speed operation.



Figure 12 depicts the fatigue life of a bridge with a span of 25 m. It was also discovered that as the train interval increases at the same speed, the fatigue life of the bridge rises. The fatigue life curve of a 30 m-span bridge, which is primarily divided into three stages, is substantially different at the same interval: (1) when the vehicle speed is less than 60 km/h, the fatigue life reduces as the vehicle speed increases; (2) when the vehicle speed is 60 km/h to 78 km/h, the fatigue life increases fast as the vehicle speed increases; (3) when the vehicle speed is increased from 78 km/h to 116 km/h, the fatigue life drops, but the reduction range can be ignored; (4) with a vehicle speed greater than 116 km/h, the fatigue life increases first, then falls. From the perspective of fatigue life, it is recommended to control the speed within the range of 78 km/h to 116 km/h when driving on a 25 m-span bridge.





5. Conclusions


A vehicle–bridge system coupled model is developed to analyze the fatigue life of an intercity railway viaduct. FEM is utilized to build the bridge model, while multi-body dynamics is used to simulate the vehicle, and the wheel rail close fitting model is used to couple the two into a time-varying system. The bridge’s stress ergodic curve can be calculated, and the rain-flow counting method is then used to count the bridge stress amplitude and related cycle times of the vehicle passing by. The corrosion effect of the reinforcement and concrete components is also taken into account. The cumulative damage of the 30 m-span and 25 m-span bridges is evaluated at various vehicle speeds, operating intervals, and whether or not material corrosion is taken into account. Finally, the bridge’s fatigue life is assessed, and the following findings are drawn:



	(1)

	
The vehicle speed has a significant impact on the bridge’s displacement and stress ergodic curve; when the vehicle passes through different span bridges, the displacement and ergodic curve trends are drastically different, with 30 m-span bridges having higher peak displacement and stress than 25 m-span bridges. However, the dynamic stress amplitudes of the two types of spans are close.




	(2)

	
Vehicle speed has a significant impact on the stress amplitude and cycle times, with the majority of cycles concentrated in the small stress amplitude stage.




	(3)

	
According to cumulative curves, material corrosion should be considered, and there is no evident law governing the impact of vehicle speed on the cumulative damage curve.




	(4)

	
The bridge fatigue life is inconsistent at different speeds, and the fatigue life of bridges with different spans is vastly different. Based on this, the recommended vehicle speed is proposed from the standpoint of fatigue life. For bridges with a 30 m span, it is recommended that the speed be kept between 115 km/h and 70 km/h; for bridges with a 25 m span, the speed should be kept between 78 km/h and 116 km/h.




	(5)

	
Under the long-term fatigue load, the structure will have stiffness degradation, which will increase the stress amplitude of reinforcement and concrete. In addition, the interlayer components may be damaged. How to reasonably consider the degradation and damage is a problem that needs to be paid attention to in the future.
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Figure 1. Vehicle–bridge coupled system. 






Figure 1. Vehicle–bridge coupled system.



[image: Mathematics 10 01663 g001]







[image: Mathematics 10 01663 g002 550] 





Figure 2. Validation of numerical model. 
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Figure 3. Rain-flow counting method. 
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Figure 4. Section size of girder (Unit: cm). 
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Figure 5. Time–history response curves of midspan of 30-m bridge. 
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Figure 6. Time–history response curves of midspan of 25 m-span bridge. 
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Figure 7. Stress range of steel rebar of 30 m-span bridge. 
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Figure 8. Stress range of steel rebar of 25 m-span bridge. 
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Figure 9. The cumulative damage of 30 m-span bridge. 
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Figure 10. The cumulative damage of 25 m-span bridge. 
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Figure 11. Fatigue of 30 m bridge under various vehicle speed. 
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Figure 12. Fatigue of 25 m-span bridge under various vehicle speed. 
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Table 1. Parameters of bridge [27].






Table 1. Parameters of bridge [27].





	Parameter
	Symbol
	Value





	Elastic modulus of concrete
	Ec
	3.45 × 1010 Pa



	Sectional area
	A
	3.6552 m2



	Section moment of inertia about horizonal axis
	Iy
	1.3514 m4



	Section moment of inertia about vertical axis
	Iz
	9.1108 m4



	Line weight
	ρ
	126.43 kN/m



	Damping ratio
	ξ
	2%



	Span length
	L
	30 m and 25 m



	Compression of cube concrete
	fcu
	50 MPa



	Yield strength of steel reinforcement
	fy
	400 MPa



	Elastic modulus of steel reinforcement
	Es
	2.0 × 1011 Pa



	Local environmental coefficient
	mef
	2.5



	Environmental relative humidity
	RH
	65°



	Fatigue coefficient of steel reinforcement
	m
	1.7637



	Fatigue coefficient of steel reinforcement
	C0
	1.4213 × 1010
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Table 2. Vehicle parameters [27].






Table 2. Vehicle parameters [27].





	L1/m
	L2/m
	dV/m
	mc/kg
	mt/kg
	mw/kg





	2.2
	12.5
	19.0
	21,920
	2550
	1420
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