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Abstract

:

Steel girder bridges with member decks belong to the most frequently used types of superstructures of old riveted steel railway bridges. During their service life, the bridge deck members are affected by escalating effects of the traffic loads that significantly exceed those for which they were originally designed. As a result, these structures are often subject to the increased effects of fatigue degradation. One of the typical cases of fatigue damage on steel riveted bridges is a fatigue crack in the web of the stringer at the point of its connection to the cross girder. Such a connection used to be considered to transmit the axial and shear forces only, and so no fatigue crack was expected to develop in this detail during the bridge service life. However, the relatively frequent occurrence of fatigue cracks indicates the incorrectness of this assumption. This article is divided into two parts. Firstly, the bending stiffness of the stringer-to-cross-girder connection with different structural arrangements is analysed. Theoretical and experimental analyses of fictitious steel superstructures as well as of a real superstructure of an existing steel riveted bridge were performed to clarify the real stiffness behaviour of this detail. The results of the analyses confirm the assumption of a certain bending stiffness of the observed connection. Subsequently, attention is paid to the fatigue resistance of the riveted stringer-to-cross-girder connection in terms of the use of European standards. The results of fatigue tests performed on specially prepared test samples are presented with the aim to define the fatigue detail category.
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1. Introduction


Steel riveted bridges built after the Second World War or even earlier still represent, in terms of number, a significant type of bridge superstructure on railway lines in Slovakia but also in Europe. During their service life, they have often been exposed, in addition to adverse environmental effects, to the escalating effects of traffic loads that have significantly exceeded those for which they were originally designed [1,2,3,4,5,6], both in terms of the values of the axle forces and the total volume of traffic. As a result, these structures are very often subject to the increased effects of fatigue degradation processes. The origin and development of fatigue cracks on old steel riveted bridges are also related to commonly used structural details at the time of their design as well as to the insufficient description of their actual behaviour in global analysis using more or less simplified computational models of the bridge superstructures. Naturally, degradation caused by corrosion processes also contributes to the increased occurrence of fatigue damages, especially in the case of neglected maintenance of steel bridges [7,8], resulting both in the creation of notched details prone to fatigue cracking and in increased stress of critical cross sections weakened by corrosion losses [9,10,11,12].



Steel girder bridges with open member decks belong to the most frequently used types of superstructures of old riveted steel railway bridges. Depending on the length and nature of the bridged obstacle, the main girders may be designed as plate girders, truss girders or as bowstring girders (so-called tied-arch bridges). The member bridge deck consists of cross girders and longitudinal beams (stringers) on which the rails are attached by means of usually wooden sleepers. Depending on the position of the bridge deck in relation to the main girders, we then distinguish between bridges with an upper deck (so-called deck bridges), bridges with a lower deck (called through bridges) or bridges with an intermediate bridge deck (half-through bridges).



Regardless of the type of main girders or the position of the bridge deck, the bridge deck members are usually the ones that are most affected by the aforementioned negative factors. A usually greater extent of corrosion attack of these members is related to a greater accumulation of moisture under the sleepers or more humid air under the sheets covering the sleepers and the bridge deck members themselves but also with potentially unwanted leaks of aggressive chemical substances from rail vehicles passing over the bridge. The more frequent occurrence of fatigue damage, in turn, is related to the direct dynamic stressing of bridge deck members caused by the passage of trains resulting in a significantly greater number of load cycles.



One of the typical cases of fatigue damage on steel riveted bridges is a fatigue crack in the web of the stringer at the point of its connection to the cross girder (Figure 1), which is realised only by connecting the webs of the stringer and the cross girder to each other using connecting angles while the flanges of the adjacent stringers are not connected. At the time of the design of the mentioned types of bridges, such a connection was commonly considered to transmit only axial force and shear force in the plane of the web. Based on this simplifying assumption, no fatigue crack was expected to develop in this detail during the bridge service life. However, the relatively frequent occurrence of fatigue cracks indicates the incorrectness of this assumption. To explain this phenomenon, it is possible to consider that, although not great, a certain real bending stiffness of this connection has resulted in higher normal stresses in the web of the stringer at the upper edge, mainly tensile, due to hogging moment. Increased concentration of normal stresses usually in the place of the first rivet connecting the web plate and the flange angles, in combination with a large number of loading cycles, have led to the initiation and subsequent growth of a fatigue crack. The bending stiffness as well as the fatigue resistance of the stringer-to-cross-girder connection is the subject of several works, e.g., [13,14]. However, they are focused on fatigue cracks in the connecting angles as well as rivet failures, not on cracks in the stringer web as shown in Figure 1.



The configuration of the stringer-to-cross-girder connection underwent a certain development, especially during the second half of the last century, together with the development of welded structures using preloaded bolted joints, with the aim of achieving a smoother flow of stresses in the stringers at the connection point. In the first part, this article focuses on an analysis of the bending stiffness of the aforementioned structural detail with different structural arrangements. Subsequently, attention is paid to fatigue resistance of a riveted stringer-to-cross-girder connection in terms of the use of European standards.




2. Stiffness of the Stringer-to-Cross-Girder Connection


The bending stiffness of the stringer-to-cross-girder connection depends primarily on the way in which the flanges of two adjacent stringers are interconnected. In the case of old riveted bridges, the connection of stringers was usually solved only by connecting the webs of the stringers using connecting angles, while the flanges were not connected at all (Figure 2a). Therefore, in global analysis, such a connection was considered by default as a hinged one, i.e., transmitting only shear and normal forces. In the case of a structural modification with a strengthening haunch according to Figure 2b, primarily aimed at increasing the shear resistance of the connection and also reducing the span of the stringer, a certain small increase in bending resistance can also be assumed.



A significant increase in bending stiffness and resistance of this connection was achieved in the 1970s with the expansion of welded structures and bolted joints by supplementing the previous structural modification (Figure 2b) with the connection of the upper flanges of the adjacent stringers with a splice plate passing through a slot cut in the web of the cross beam (Figure 3a). Although the lower flanges are not connected to each other, the compressive stresses in their level from the negative bending moment are transferred by direct contact, so this detail can be considered partially continuous. The complete continuity of the stringers was achieved only by the structural arrangement according to (Figure 3b), in which, in addition to the webs, both flanges of the longitudinal members are also interconnected using splice plates.



2.1. Theoretical Study


The analysis of the bending stiffness of the stringer-to-cross-girder connection was the subject of a parametric study, which we have processed in our department. In this study, we observed the influence of different configurations of a stringer-to-cross-girder connection corresponding to those in Figure 2 and Figure 3 on the bending moment in the stringer at the place of its connection to the cross girder. Three types of joint configurations were considered in this study:




	
Type 1—stringers are connected to the cross girder by their webs only using connecting angles;



	
Type 2—in addition to the web connection, the upper flanges of the adjacent stringers are also interconnected using splice plates. The lower flanges are not connected directly, but the bottom part of the joint is stiffened by haunches;



	
Type 3—in addition to the web connection, both stringer flanges are interconnected using splice plates.








Theoretical analysis of the behaviour of these three types of connections was carried out using three different types of finite element models (FEM models) of a fictitious superstructure of a plate girder bridge with a lower member deck. The numerical models were processed with SCIA Engineer software [15]. The two models represented a common way of modelling this type of bridge when all the structural members of the superstructure were modelled with beam elements (Figure 4a,c). The stringer-to-cross-girder connection was considered once as fully hinged and once as a perfectly rigid joint. In the third model, the whole superstructure was modelled using shell elements for all load-carrying structural members (Figure 4b). Such a model allowed for a better approximation of the behaviour of the analysed type of connection at the cost of a more demanding modelling process as well as the necessary computing time.



Visualizations of the shell models of the three considered types of stringer-to-cross-girder connections are illustrated in Figure 5. The bolts joining the connecting angles and webs of the stringers and cross girders as well as the splice plates and stringer flanges were modelled by means of beam elements rigidly connected with the shell elements modelling webs, flanges and angles. The shell elements modelling the cross girders were rigidly connected to the shell elements modelling the main girders including vertical stiffeners. Standard rectangular 2D finite elements were used in the mesh generation by the computational program. The average size of the 2D elements was considered to be 150 mm, with a refinement to the value of 20 mm in the case of the examined stringers and 10 mm in the case of the connecting angles. Two different spans of stringers, given by the cross girder distances D, have been considered for each investigated case in this study, namely D = 2.0 m and D = 3.0 m. Thus, 18 numerical models were processed for the needs of this study in total. In order to eliminate the global effects of the considered loads, the main girders were supported in the vertical direction at the locations of the cross-girder connections.



The results of the theoretical study are presented in Figure 6. The bending stiffness of the observed three types of stringer-to-cross-girder connections is compared indirectly by means of the courses of bending moments from the uniformly distributed load on an intermediate stringer calculated with respect to the different boundary conditions as they are presented hereinbefore. The bending moments are given in a relative scale related to the minimum calculated moment corresponding to the beam FEM model with a perfectly rigid stringer-to-cross-girder connection (My,min,RC). The results of the numerical analysis confirmed the expected behaviour of the three investigated types of stringer-to-cross-girder connections. The behaviour of the Type 1 connection is close to perfectly hinged, although from the moment diagrams in Figure 6, a certain stiffness of this connection is evident when the bending moment above the cross girder reaches about 19% of the bending moment on the perfectly rigidly connected stringer with a span of D = 3.0 m, or about 14% in the case of the stringer with a span of D = 2.0 m. On the contrary, the behaviour of the Type 3 connection is very close to perfectly rigid when the bending moment above the cross girder reaches 87% or 86% of the one on the perfectly rigidly connected stringer with a span of D = 3.0 m or D = 2.0 m, respectively.



It is obvious that for common practical modelling using beam FEM models, the Type 1 connection can be modelled with sufficient accuracy as fully hinged, while the Type 3 connection can be modelled as fully rigid. However, if it is necessary to analyse the stresses in the joint area in more detail, it may be necessary to model the Type 1 connection more accurately. Alternatively, the effect of the partial stiffness of the Type 1 connection can be taken into account simply by considering a local hogging moment above the cross girder equal to 15% of the bending moment in the middle of the hinged stringer. The behaviour of the Type 2 connection is somewhere between Type 1 and Type 3 when the bending moment above the cross girder reaches 62% or 52% of the bending moment on a perfectly rigidly connected stringer with a span of D = 3.0 m or D = 2.0 m, respectively. Although it nears more to the rigid behaviour, especially in the case of the longer stringer span of D = 3.0 m, this type of connection requires a generally more precise way of modelling, e.g., as a semirigid connection. As a simplification for practical use, assuming the application of a rigid model of the Type 2 connection, it is possible to take into account its real stiffness by reducing the local hogging moment above the cross girder by 20% and, at the same time, increasing the local sagging moment in the middle of the stringer by 80%. Alternatively, when assessing the splice plates connecting the upper flanges of the stringers, it is possible to determine the normal force in it by dividing the bending moment determined for the case of a rigid connection by the distance between the centres of gravity of the stringer flanges, increased by one-third of the end haunch height.




2.2. Experimental and Numerical Analyses of a Real Railway Bridge


In order to verify the validity of the results of the presented theoretical study, also in the case of riveted bridge structures, we performed another experimental–numerical analysis on a real steel riveted bridge. The observed bridge is situated near the railway station in Turany at km 303.309 of the Žilina–Košice track. The investigated superstructure forms the first span of a three-simple-span truss bridge with a lower member deck. The theoretical span of the main girders is 43.4 m.



The bridge superstructure with a width of 5.510 m consists of two main truss girders with a theoretical height of 4.500 m. The length of one field of the truss structure is 4.340 m. The open member bridge deck is created with stringers with a length of 4.340 m and cross girders. The global depth of the riveted plate-girder stringer is 600 mm, and it is created with a web made of P 14 × 586 mm and flanges made of angles L 100 × 100 × 14 mm. The riveted cross girder of 1130 mm high is created with a web made of P 14 × 1100 mm, flanges made of angles L 140 × 140 × 14 mm and a sheet P 15 × 320 mm.



The bridge was built in 1950 from steel 10,372 (according to previous Czechoslovak standard ČSN 1230) corresponding to the current designation of the steel strength class S235. At the time of testing, the bridge was in very good condition.



The bridge superstructure was analysed using a beam FEM model by means of SCIA Engineer software [15]. The members of the main truss girders are connected rigidly, while the connections of the cross girders and the horizontal bottom bracing members to the main girders are considered fully hinged. The superstructure was, similarly to the theoretical study, analysed using two types of numerical models, one with hinged stringers and one with rigidly connected stringers. The numerical analysis with a shell FEM model was replaced by an experimental analysis using strain gauges, with the help of which we recorded the stress response of the structure to a real railway traffic load on the chosen stringer in the stringer midspan and near its connection to the cross girder. The measured records of the stress response in the monitored locations were subsequently confronted with the records obtained using numeric simulations of train sets by means of FEM models. During the experimental measurements, the passage of 23 train sets was recorded, namely, 7 freight trains, 8 express trains and 8 passenger trains. The necessary technical data on the train sets (the type of locomotive, the type and number of wagons and the corresponding values of axle forces and their distances) were obtained from the operational information system, which is disposed of by the railway operator of the Slovak Republic.



A view of the bridge and scheme of the numerical model of the superstructure are presented in Figure 7 and Figure 8, respectively. The basic geometric parameters of the bridge cross-section are evident in Figure 9. The second stringer from the support was chosen for the analysis. Its connection to the cross girder is made similarly to Type 1 in the theoretical study (Figure 5), i.e., by connecting only the webs using connecting angles but with the use of stiffening haunches. The geometric parameters of the connection as well as the placement of strain gauges installed on the chosen stringer are presented in Figure 10.



A comparison of the stress responses in the selected locations obtained from the experimental measurements as well as from the numerical simulations using the beam FEM model in Figure 8 is illustrated in the graphs in Figure 11, where the time courses of the stress response to the passing train set consisting of one electric locomotive of the 162 series and eight-passenger wagons are presented. The locomotive and each of the passenger wagons was characterised by axle forces 4 × 212.5 kN and 4 × 112.5 kN, respectively. In order to eliminate the horizontal effects of the real railway traffic load, the average values of the corresponding pairs of normal stresses recorded in the monitored locations of the bottom and top flange of the stringer were evaluated, i.e., (S0, S1) and (S2, S3) in the bottom and the top flange, respectively, in the middle of the stringer as well as (S4, S5) and (S6, S7) in the bottom and top flange, respectively, near the cross girder.



It can be seen that the stiffness of the stringer-to-cross-girder connection in Figure 10 is significantly influenced due to strengthening haunches connecting the stringer bottom flange with the cross-girder bottom flange. This connection considerably increases the joint stiffness so that its behaviour seems to be closer to the rigid one than to the nominally hinged connection. At the same time, however, it should be noted that the stress response courses also include, in addition to the local effects of the traffic load on the stringers, global effects due to the cooperation of the bridge deck with the main girders. In this case, the local and global effects cannot be separated as in the theoretical study where we separated the local effects by simply supporting the main girders at the cross-girder connection points. The total stress consisting of local, mainly bending, stresses and global, mainly axial (tensile), stresses due to the cooperation is thus influenced not only by the bending stiffness of the connection but also by its normal stiffness. In addition, the degree of cooperation of the bridge deck with the main girders is also partially influenced by the bending stiffness of the connection of the cross girders to the main girders in the horizontal direction, which was considered as nominally hinged in the numerical analyses (Figure 8). Considering the certain stiffness of this joint, the stresses in the stringer would be affected due to the higher cooperation of the bridge deck with the main girders. Therefore, in order to minimize these effects, a stringer near the abutment, where the interaction effects are not very significant, was chosen for the analysis.




2.3. Discussion of the Theoretical and Experimental Analyses Results


The results of the theoretical analyses confirmed the fundamental importance of the connection of the flanges of the two adjacent stringers connected to the cross girder in terms of the rigid behaviour of the joint. The joint including the connection of both the upper and lower flange (Type 3 in Figure 5) ensures the full continuity of the stringers, and thus its modelling with a rigid connection reliably describes its real behaviour. The joint without mutually connecting the lower flanges of the stringers (Type 2 in Figure 5) shows a semirigid behaviour and generally requires more accurate modelling. In common practical cases, it is possible to use a perfectly rigid connection with the consideration of certain local bending moment corrections. The Type 1 connection realised only by connecting the webs of the stringers and cross girders using connecting angles can be modelled in common cases as nominally hinged. However, in order to better consider the stresses near the connection, even in this case, it is necessary to take into account the partial stiffness of the connection in a more appropriate way.



Experimental and numerical analyses on the real riveted bridge structure in principle confirmed the validity of the conclusions from the theoretical analyses. The influence of the strengthening haunches under the lower flange of the stringers has been shown to be important. In addition to the shear resistance of the connection, the haunch also significantly increases its bending stiffness, even in the case of the unconnected upper flanges of the stringers. At the same time, the experimental analysis pointed out the more complicated stress state near the riveted connection, which cannot be adequately described using simple computational models of the connection.





3. Fatigue Resistance of the Riveted Stringer-to-Cross-Girder Connection


The fatigue assessment of dynamically loaded structures according to standard methods is generally based on evaluating critical structural details prone to fatigue failure, which are classified into corresponding standard fatigue categories. After assigning a detailed category, the structural detail can be assessed using the appropriate S-N curve, which relates the design fatigue life of the detail to the constant cyclic stress range caused by the variable load. Since the greatest research expansion in the field of fatigue resistance of steel structures and bridges is connected with the development of steel welded structures in the second half of the last century [16,17], this fact has subsequently been reflected in the European standard methodology for assessing the fatigue resistance of steel structures. Knowledge regarding the ability of riveted structures to withstand the fatigue process had not initially been investigated to the same extent as for modern welded structures. Therefore, Eurocode 3 [18] does not give relevant instructions for assessing the riveted details. More extensive research in the field of the fatigue of riveted structures began to take place at the turn of the 20th and 21st centuries. Currently, quite a lot of works dealing with this issue are already available [19,20,21,22,23,24,25,26,27,28,29], in which some recommendations for the categorisation of typical riveted structural details prone to fatigue failure can be found. In our department, we have focused on the fatigue behaviour of the aforementioned structural detail, i.e., the stringer-to-cross-girder connection, which is typical for the occurrence of fatigue cracks. We have performed the laboratory fatigue tests of this detail to define its fatigue detail category according to Eurocode 3 [18].



3.1. Laboratory Specimens


Due to the effective use of the limited possibilities of the used hydraulic pulsator as well as for economic reasons, we chose a cantilever beam loaded with a force at the free end as a static scheme when designing the test samples (Figure 12). The use of a standard simply supported stringer would require the use of up to eight times the pulsating loading force or eight times the length of the test specimen or some suitable combination. Initially, six test samples were made of steel S235 with the following guaranteed yield and ultimate strength characteristics: fy = 235 MPa, fu = 360 MPa. The I-cross-section of the stringer samples consisted of the web from steel plate P 10 × 390 mm and flanges from two angles L 80 × 80 × 8 mm. The flange angles were connected to the web by means of 22 mm diameter rivets. The stringer was connected to the cross girder of hot-rolled profile IPE 700 by means of two connecting angles L 80 × 80 × 8 mm and 16 high strength bolts M24-8.8. Three of the samples denoted as Type A were made without stiffening haunches, and three (Type B) were reinforced with triangular haunches at the connection point.



After these six samples were tested, another five test specimens without reinforcing haunches were prepared by modifying them, designated as Type C. One of the original six samples was used for necessary material destructive tests. The new connecting angles 2 L 120 × 120 × 12 mm were shortened in order to situate strain gauges above the first and below the last rivet, respectively. A total of eleven test samples were thus tested.




3.2. Fatigue Tests


The parameters of the fatigue tests, related mainly to the values of the amplitudes of the acting variable forces, were determined using numerical shell FEM models in the SCIA Engineer software (Figure 13), which were subsequently calibrated according to the test results and used for further numerical analyses. Standard rectangular 2D finite elements were used in the mesh generation by the computational program. The average size of the 2D elements was considered to be 20 mm, with a refinement to the value of 10 mm in the case of the web of the stringer as well as the connecting angles. The considered material characteristics corresponded to the material of the tested samples, i.e., steel class S235. The linear stress–strain diagram was used in the models.



All test specimens were tested under a variable moment load induced by an alternating force acting on the free end of the cantilever with constant amplitude. The upper and lower limits of the alternating force were gradually chosen for individual samples in such a way as to induce alternating stress with different levels of the stress range at the critical section, i.e., so that the normal stresses oscillate around a zero value. The range of the loading force, and thus also the induced normal stress, were constant during the entire fatigue test of the individual sample. Normal stresses in the stringer web were noticed by means of strain gauges located according to Figure 12. Illustration photos from the fatigue tests are presented in Figure 14.




3.3. Fatigue Test Results


The crack initiation was considered the failure criterion during the tests. Since the rivet holes were covered by the connecting angles, the initiation of the fatigue crack was difficult to follow. However, extensive plasticization around the rivet holes and subsequent crack initiation caused significant deformations of the free end of the monitored sample where the alternating force was acting. Then, it was a problem to ensure the set vibration mode of the sample, and the test had to be stopped. Thus, fatigue failure was defined indirectly as the inability of the specimen to sustain the applied load. Typical failures of the investigated detail are presented in Figure 15. The failures themselves were recorded only after the samples were disassembled when the tests were completed. The picture on the left side shows the out-of-roundness of the hole diameter due to material cyclic plasticity, after which, the global deflection of the beam increased rapidly. The right figure shows the final failure of one sample induced by static loading only after finishing the fatigue test itself. Although a total of eleven fatigue tests were performed, we could finally use the results of only ten to determine the fatigue detail category, as in one case, the fatigue crack did not appear in the web of the stringer (Figure 15) but in the connecting angle (Figure 16). The shape of the growing fatigue crack is somewhat different from the shape that appears on real stringers (Figure 1). The difference is due to the different static scheme of the test specimens, which was chosen as a cantilever beam for both practical and economic reasons. The actual stringer with the connection to the cross girder according to Figure 1 can be considered at the beginning of its service life as a beam with a semirigid connection to the cross girder on both sides, albeit with relatively low bending stiffness. In the case of the fatigue crack origin, the bending stiffness of the cross-section at the connection point gradually decreased with the gradual crack growth, which made the static scheme of the stringer closer and closer to a double-hinged beam. The result is a gradual decrease in the bending moment in the connection and the related redistribution of stresses in the stringer. It is reflected by the gradual curvature of the shape of the crack growing in the direction perpendicular to the main tensile stresses, as well as by slowing down or even stopping the crack growth. On the other hand, in the case of the cantilever, which is a statically determinate structure regardless of the actual stiffness of the joint (higher than zero, of course), the bending moment at a constant loading force is constant even in the case of fatigue crack development, and the direction of the main tensile stresses does not change much. However, this discrepancy in the static schemes does not have a fundamental impact on the recorded design life of the investigated detail because the design life (in terms of fatigue) is generally related to the crack initiation, and it is reasonable to assume that the crack initiation period will be the same for both static schemes.



The results of fatigue tests in the form of normal stress ranges and the corresponding numbers of load cycles to the fatigue failure are summarized in Table 1. The stress range values determined from the measurements during the experiments had to be modified, as the mean stress value was always a little different from zero, but the standard S-N curves of fatigue resistance are derived for fully reversed loading. The nonzero value of the mean stress was caused on the one hand by the structural asymmetry of the joint (Specimen Type B) and, on the other hand, by the asymmetric behaviour of the preloaded bolted joint subjected to a perpendicular bending moment, where only the cross-sectional area of the screws acted in the tensioned part of the joint, while the entire contact compression area of the angle flanges adjacent to the cross-girder web was effective in the compressed part. To modify the stress ranges with nonzero mean stress, we used the Goodman relation [30]:


     σ a     σ e    +    σ m     f u    = 1 ,  



(1)




where σa is the alternating stress amplitude with nonzero mean stress σm ≠ 0, σe is the fully reversing stress amplitude corresponding to the mean stress σm = 0 and fu is the ultimate strength of the material. From Equation (1), the fully reversing stress amplitude σe can be derived as follows:


   σ e  =    σ a    1 −    σ m     f u      ,  



(2)








3.4. Determination of the Fatigue Detail Category


For high-cycle fatigue of steel structures, the relation between the applied stress range Δσ (also denoted as S) and the corresponding number of stress cycles N to fatigue failure follows an exponential law given by the well-known equation


  N = C ⋅ Δ  σ  − m   ,  



(3)




which is, for practical reasons, usually indicated in logarithmic form.


  log N = log C − m ⋅ log Δ σ ,  



(4)




where m is a parameter indicating the slope of the S-N curve in logarithmic form (4) and C (or log C) is a parameter dependent on the type of notch detail representing the intercept of the S-N curve on the horizontal axis, i.e., the theoretical number of cycles corresponding to the stress range Δσ = 1 MPa, or log Δσ = 0.



Based on the experimental data in the form of n coordinate pairs [Δσi, Ni], the parameters C and m can be calculated using the procedures of mathematical statistics [31], namely, linear regression analysis.



According to the procedure in origin, Slovak standard STN 73 1401 [32], the parameter log Δσ represents an independent variable (xi = log Δσi), and log N represents a dependent variable (yi = log Ni) with a normal probability distribution. Then, the regression line for 50% survival probability can be expressed by the equation


  y = α + β ⋅ x ,  



(5)




in which the parameters α and β corresponding to the parameters log C and m, respectively, in Equation (4) and can be calculated as follows:


  β =    ∑   x i   y i    −  1 n     ∑   x i         ∑   y i         ∑   x i 2    −  1 n       ∑   x i       2    ;   α =    ∑   y i  − β  ∑   x i       n  ,  



(6)







The stress range ΔσP on the regression line corresponding to the number of cycles N = 2 × 106 is


  Δ  σ P  =       2 ×   10  6      10  α        1 / β   .  



(7)







The left-sided prediction limit of log NP corresponding to the stress range ΔσP is given by the formula


  log  N P  = log   2 ×   10  6    −  t  0.05 , n − 2   ⋅  s R  ⋅   1 +  1 n  +       log Δ  σ P  −      ∑   x i       / n     2     ∑   x i 2    −  1 n       ∑   x i       2      ,  



(8)




where t0.05,n–2 is the fifth percentile of the Student’s t-distribution with n–2 degrees of freedom (it means 95% survival probability), and sR is the standard deviation given by the formula


   s R  =    1  n − 2      ∑   y i 2    −  1 n       ∑   y i       2  − β ⋅    ∑   x i   y i    −  1 n     ∑   x i         ∑   y i            .  



(9)







Finally, the characteristic stress range for the determination of the detail category can be calculated from the equation


  Δ  σ C  = Δ  σ P  ⋅       2 ×   10  6     N P         1 / β    .  



(10)







Applying the procedure mentioned above and using the data in Table 1, we have determined the values of parameters α = 12.41, β = −3.02 and the characteristic value of stress range ΔσC = 83.9 MPa.



General principles for statistical evaluation of experimental tests according to Eurocode are given in EN 1990, Annex D [33]. A more detailed procedure for evaluating fatigue tests can be found in the background document [34] to EN 1993-1-9 [15]. Application of these procedures can be found in works [35,36]. In contrast to the procedure above, the slope of the S-N curves is assumed to be of a constant value m = 3 for structural details subjected to normal stresses. Then, the second parameter of the regression line for 50% survival probability (here denoted as    C ^   ) can be derived using Equation (4).


  log  C ^  =  1 n     ∑  log  N i    + m ⋅  ∑  log Δ  σ i      .  



(11)







The standard deviation s in terms of log N is given by the equation


  s =    1  n − 1        ∑  log  N i    −   log  C ^  − m ⋅  ∑  log Δ  σ i         2    .  



(12)







To derive characteristic values with 95% survival probability, the factor kn according to [33] may be used. The values of kn factors are obtained from the prediction method of fractile estimation [37] depending on whether the standard deviation s (or the coefficient of variation Vx) is known or unknown. Then, the characteristic value of the intercept log Ck is defined by the equation


  log  C k  = log  C ^  −  k n  ⋅ s .  



(13)







Finally, the characteristic value ΔσC of the fatigue strength at 2 × 106 stress cycles amounts to


  log Δ  σ C  =   log 2 ×   10  6  − log  C k    − m     ⇒   Δ  σ C  =   10   log Δ  σ C    .  



(14)







Applying this procedure with the value of factor kn = 1.92 for a number of samples n = 10 and the unknown value of Vx from table D.1 in [33] and using the data in Table 1, the parameter   log  C ^    takes on a value 12.35, and the characteristic value of stress range is ΔσC = 85.6 MPa. The graphic evaluation of the fatigue test results is shown in Figure 17.



Both the procedures for processing the fatigue test data provide very similar results, which is understandable since both are based on the same mathematical–statistical principles. However, the procedure according to the original Slovak standard [32] enables the determination of the slope of the S-N curve. The results of this procedure confirmed the validity of the assumption of the slope of the S-N curve obtained by the value m = 3 even for the investigated riveted detail. Based on the calculated characteristic values of the stress range ΔσC corresponding to 2 × 106 stress cycles, the investigated detail of the stringer-to-cross-girder connection can be classified, in accordance with [18], to the category 80 with characteristic fatigue strength ΔσC = 80 MPa.





4. Conclusions


The article deals with the analysis of a typical construction detail of old steel riveted bridges with member bridge decks, namely, the connection of the stringer to the cross girder where a fatigue crack growing in the stringer web quite often occurs (Figure 1). The main conclusions of the performed numerical and experimental analyses are as follows:




	
The results of the performed analyses confirmed the connection between the appearance of fatigue cracks in this detail and the actual bending stiffness of the stringer-to-cross-girder connection, which used to be neglected at the time of the design of these bridges.



	
Although from the point of view of the rigidity of this joint, the mutual connection of the flanges of the stringers connecting to the cross girder is of fundamental importance; even the joint realised only by connecting the webs of the stringers and the cross girder using connecting angles shows a certain bending stiffness. This can be safely neglected when assessing the bending resistance of the stringer in the middle of its span.



	
The real stiffness of such a connection causes a more complex stress state in its vicinity than can be provided by simple theoretical models, such as a hinged connection or a rigid connection. In this context, the connection strengthening by end haunches at the lower flange of the stringer proved to be very important.



	
In cases where it is necessary to carefully consider the stress in the joint area, it is recommended to model this joint more accurately, for example, by using shell elements when processing the FEM model of the superstructure.



	
The fatigue tests of this structural detail were performed on specially prepared laboratory test specimens.



	
Based on the linear regression analysis of the obtained test results, the fatigue category of the investigated detail was determined, given by the fatigue strength value ΔσC = 80 MPa corresponding to the number of load cycles of 2 × 106.



	
This detail category can be used to verify the fatigue resistance of old riveted bridges according to European standards.
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Figure 1. Illustrative picture of a fatigue crack occurrence in the web of the stringer. 
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Figure 2. Arrangement of a typical stringer-to-cross-girder riveted connection (a) without a reinforcing haunch and (b) with a reinforcing haunch. 
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Figure 3. Arrangement of a typical stringer-to-cross-girder bolted splice connection (a) without lower flange connection and (b) with both flanges connection. 
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Figure 4. Three types of numerical models of the bridge superstructure: (a) beam FEM model with hinged stringers, (b) shell FEM model, (c) beam FEM model with continuous stringers. 
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Figure 5. Shell FEM model visualisations of the different connection types: (a) Type 1; (b) Type 2; (c) Type 3. 
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Figure 6. Relative bending moment diagrams My of the stringers with different span D and types of connections to the cross girder. 
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Figure 7. View of the bridge in Turany. 
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Figure 8. Numerical beam FEM model of the bridge superstructure. 
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Figure 9. Cross-section of the bridge superstructure in Turany. 
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Figure 10. Configuration of the chosen stringer-to-cross-girder connection and placement of strain gauges. 
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Figure 11. Courses of the stress response in the chosen locations of the stringer. 
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Figure 12. Configuration of laboratory specimens and arrangement of strain gauges. 
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Figure 13. Visualisation of numerical shell FEM models of the test samples. 






Figure 13. Visualisation of numerical shell FEM models of the test samples.



[image: Applsci 13 02278 g013]







[image: Applsci 13 02278 g014 550] 





Figure 14. Illustration photos from fatigue tests. 
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Figure 15. Fatigue cracks in the web of stringer. 
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Figure 16. Fatigue crack in the connecting angle. 
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Figure 17. Results of fatigue tests and characteristic S-N curve for the stringer-to-cross-girder connection. 
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Table 1. Results of fatigue tests.
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	Specimen No.
	Specimen Type
	Equivalent Stress Range Δσe [MPa]
	Number of Cycles to Failure N [cycles]





	1
	A
	97.2
	2,218,900



	2
	A
	147.7
	629,000



	3
	A
	125.4
	798,350



	4
	B
	114.9
	1,276,750



	5
	B
	136.6
	571,000



	6
	B
	88.0
	3,653,000



	7
	C
	121.7
	1,240,450



	8
	C
	116.3
	1,863,760



	9
	C
	142.5
	1,406,080



	10
	C
	119.0
	1,697,600
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