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Abstract

:

Featured Application


The new findings highlight for the first time the fatigue life enhancement of rib-to-deck joints using the innovative thickened edge U-rib in a real application. It also brings an in-depth insight to the effect of lateral position on the fatigue life of rib-to-deck joints. The method in the article can be used as a reference for the research and design of orthotropic steel decks.




Abstract


Rib-to-deck (RD) joints in orthotropic steel decks (OSDs) are highly prone to fatigue cracking under heavy traffic. An innovative longitudinal rib, named the thickened edge U-rib (TEU), has been proposed to enhance the fatigue strength of RD joints and validated through model tests. However, more studies are still required on the effect of TEUs in real engineering applications. To this end, a typical OSD bridge in China has been investigated, based on the experimental results. In the analysis, a stochastic traffic model is employed to simulate the vehicle-induced fatigue actions comprehensively. The framework of the stochastic model is proposed by considering the randomness in both the vehicles and their lateral distribution. Then the traffic model is instantiated using standard truck models in conjunction with the codes of practice as well as the observed data. A multi-scale finite element model is later established to determine the stochastic stress responses, whereas the influence surface method is used to improve computational efficiency. In this study, Monte Carlo simulations have been carried out to derive the stress spectra for the RD joints at different critical locations. Based on the test data and the derived spectra, an engineering assessment has been performed to obtain the fatigue life of RD joints in OSDs with and without TEUs, respectively. The new findings show that the position of joints has a remarkable influence on the stress spectra of RD joints, which results in the notable difference in fatigue life of the joints. Further, the fatigue life of RD joints can be significantly prolonged by using TEUs, and the prolongation rates are varied from 141% to 161% depending on the calculation methods and traffic models used.
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1. Introduction


Orthotropic steel decks (OSDs) have been extensively applied in steel bridges since the reconstruction efforts following the Second World War due to their excellent performance such as light self-weight, short construction period, high loading capacity, and large redundancy etc. [1]. The application of OSDs in China could serve as an illustrative example. Since the 1990s, OSDs have been successfully applied in long-span bridges to reduce the self-weight [2]. Meanwhile, OSDs are also widely employed in urban bridges to speed up the construction process and minimize the disruption of daily traffic. For many cases, the OSD has become a crucial symbol of modern steel bridges. Further, the OSD is also believed as the only deck system that can provide an engineering service life of more than 100 years [3].



In the OSD system, the deck plate is stiffened by the longitudinal ribs and transverse floor beams in orthogonal directions. Welding joints are extensively used to connect the components, which in turns result in the fatigue issue. Under the persistent loading-and-unloading process by vehicles, premature fatigue cracks are frequently observed in the rib-to-deck (RD) joints in OSDs after several decades of operation [4]. In some extreme cases in China, the deck could be poorly designed and fabricated, while the truck traffic can be heavy and of dynamic conditions [5,6]. Under this situation, fatigue cracks could even begin to initiate in the RD joints within only a few decades after construction [7,8]. Thus, the fatigue issue is now of particular concern, and may hinder the further application of OSDs.



Many attempts were undertaken by various researchers in dealing with this problem [9,10,11,12,13]. Among them, the thickened edge U-rib (TEU) has been proposed as a feasible way to enhance the fatigue strength of RD joints [13]. In TEUs, the thickness of the rib wall is remarkably increased at the edge, without a significant increase in the self-weight and fabrication costs. As a result, the allowable welding depth of RD joints could be improved a lot, which may in turns enhance the fatigue strength. A series of experimental studies [14,15] has been carried out on the OSDs with TEUs, including the tests of rib-to-deck specimens and OSD specimens. The results suggested that the fatigue strength of RD joints could be significantly improved using TEUs, which in turns may prolong the fatigue life of the joints. However, more investigations are now urgently required on the exact fatigue performance of the RD joints in OSDs with TEUs, by considering the situation of real engineering applications.



Generally, fatigue evaluation includes both fatigue strength (resistance) and fatigue action (loading effects) [16,17,18,19]. In OSDs, the vehicle load is the dominated factor inducing the fatigue damage in welding joints [15]. In most of the design codes and engineering specifications, vehicle loads are represented by the standard truck model with deterministic configurations [20,21,22]. The stress history in the welding joints could be solved using the truck model. Through the cycle-counting method [23], the stress history can be transformed into the equivalent stress range, which is then used in fatigue evaluation to reflect the fatigue action. Although the above approach is concise in engineering practices, it is not comprehensive enough to describe the highly complicated fatigue action. Thus, measurement-based traffic data have recently been employed in fatigue evaluation. Liu et al. [24] proposed a traffic model based on the measured data from a cable-stayed bridge in China. In the model, both the uncertainties in the vehicle and lane occupancy were considered. Yan et al. [25] employed the measured traffic data to calculate the stress response of welding joints in OSDs. In the study, the in-lane lateral position of vehicles was considered, but the differences in lane occupancy and vehicle type were ignored. Lu et al. [26] adopted the machine learning algorithm with a proposed traffic model to derive the stress spectra of welding joints in OSDs. Zhu et al. [27] applied the standard truck model with the measured weight in solving stress spectra, in which the Gaussian process surrogate model was used to improve efficiency.



In this paper, for the first time the fatigue life of rib-to-deck joints in OSDs with TEUs are investigated, considering the novel engineering application and stochastic traffic model. Through the fatigue tests, the effectiveness of TEUs has been validated in enhancing the fatigue strength of rib-to-deck joints. A typical OSD bridge in China has been selected as the prototype for further investigation based on the test results. In the analysis, a stochastic traffic model has been employed in deriving the vehicle-induced stress spectra to simulate the fatigue action comprehensively. The framework of the stochastic model is established considering the randomness in both the vehicle model and their lateral distribution. The traffic model is first instantiated using the standard truck models in the design codes including the Chinese Code for Design called ‘JTG’ (China) [20], Eurocode 1 (Europe) [21] and AASHTO (USA) [22]. After that, the observed traffic data is also used to construct the model. The multi-scale finite element (FE) model is established for the prototype bridge to transform the traffic into stress, and the influence surface method is applied to improve computational efficiency. Monte Carlo simulations are carried out with a large sample size (i.e., 107 in this study) to derive the stress spectra for RD joints at different critical locations. Finally, comparative assessment is conducted on the fatigue life of RD joints in OSDs with TEUs and those with conventional U-ribs (CUs). The method applied in this study could be referred to as a general approach in the fatigue design of OSDs. Meanwhile, the result demonstrates the effects of position of RD joints on fatigue life. Moreover, this study also highlights the advantage of OSDs with TEUs in improving the fatigue life of RD joints.




2. Comparative Fatigue Tests of Rib-to-Deck Joints


A series of fatigue tests have been carried out to investigate the fatigue strength of RD joints in OSD with TEUs [13,14]. A total of eleven specimens have been tested using the cyclic loads, including five CU specimens and six TEU specimens. Figure 1a shows the sectional view of the two types of specimen. Among the specimens, three CU specimens and four TEU specimens are tested with the central loading [13], as shown in Figure 1b. Further, the eccentric loading has been applied to two CU specimens and two TEU specimens [14], as shown in Figure 1c. The specimens are fabricated with the structural steel Q345qD [28] under the same welding process. As a common practice, each specimen consists of an 8 mm-thick U-rib and a 16 mm-thick deck plate, connected by the one-sided welding. As shown in Figure 1a, part of the rib wall (i.e., 2 mm) is left unwelded in order to avoid the weld-melt-through, which is harmful to the fatigue strength of joints. Compared with the CU specimens, the penetrated depth of the rib wall is increased from 6 mm to 10 mm (i.e., around 67%) in the TEU specimens. As a result, the weld leg length on the deck side is increased from 11 mm to 15 mm. Meanwhile, a smooth transition is achieved near the welding joint in TEU specimens, which could further reduce the local stress concentration in the joint.



The specimens are supported on a testing platform with bearing rubber plates to allow for rotation displacement. Constant amplitude loads have been applied by the actuator located at the centre of the specimen, as shown in Figure 1b. Dye penetration (DP) checks have been conducted to detect the crack during loading. In all the specimens, the same cracking pattern has been observed: the crack first initiates at the deck toe near the end and then propagates along both the length and thickness of the deck plate. Figure 2 shows the typical cracking pattern of the RD joint, including the result of DP checks during loading and the macro-section cut after the test. Since the crack occurs at the weld toe on the deck side in all the eleven specimens tested, the following investigation has been mainly focused on the deck toe-failure. Meanwhile, the “thickness penetration” criterion is employed to define the failure of the specimens: once the fatigue crack could be identified from both the top and bottom surfaces of the deck plate, the crack is regarded as a penetrated crack and failure of the specimen is achieved. Correspondingly, the number of loading cycles at the time is considered as fatigue life.



The stress range measured near the deck toe is taken as the fatigue strength since it is the initiation point of cracks. The fatigue strength of the specimens is expressed in terms of the nominal stress approach and the hot spot stress approach, respectively [29,30]. Due to the physical limitation on the size of strain gauges, the “0515” rule suggested by Niemi et al. [30] has been applied to determine the hot spot stress. In another words, the hot spot stress is determined through linear extrapolation based on the two reference points, which are 0.5t and 1.5t (where the parameter t is the plate thickness) away from the weld toe line, respectively.



Generally, the design of stress-life curves are derived under a specified survival probability and then used in the fatigue evaluation, in dealing with the variation in fatigue strength. As a result, the conservative result can be expected at the given survival rate. In this study, the design curves have been derived though the regression analysis based on the stress-life model shown in Equation (1):


log N=log C−m·log Δσ



(1)




where N is number of the failure cycles; C and m are the material constant and power index; ∆σ is the applied stress range.



The method proposed by Hobbacher [29] has been applied in the regression, which employs the critical value at 95% survival probability. Since the experimental data are limited, the power index m is fixed as 3 [29]. The experimental data are listed along with the derived curves in Figure 3a,b, in terms of the nominal stress and the hot spot stress, respectively.



According to the result, the fatigue strength of RD joints in TEU specimens is notably higher than in CU specimens. In terms of the nominal stress, the FAT value (i.e., the design fatigue strength at 2 million cycles) is 78 MPa for CU specimens and 93 MPa for TEU specimens, respectively. Meanwhile, the FAT value in the hot spot stress is respectively 99 MPa and 118 MPa for the two types of specimens. Although the enhancement in fatigue strength has been validated for the OSD with TEUs through the test, further investigations are still urgently required on the application of TEUs in the real engineering project.




3. Engineering Background: The Prototype Bridge


A typical OSD bridge in Chengdu, China has been selected as the prototype for the investigation, as shown in Figure 4. The bridge consists of a 68 m-long main span and two 45 m-long side spans, which is a typical layout of urban steel bridges in China. The OSD system is divided by the transverse floor beams into 112 segments with similar configurations. The deck is 12.25 m-wide, carrying three lanes. Within each lane, there are 15 U-ribs located at different lateral positions, which are numbered from U1 to U15. For better illustration, the RD joints are represented by the numbers and a following subscript “L” or “R”, standing for the joint on the left or right sides of Uribs, respectively. Some other basic information could be found in Table 1.



Since the prototype bridge is on a major urban expressway with heavy traffic volume and a high proportion of trucks, the fatigue damage will accumulate with the time of operation and gradually lead to cracking in the RD joints. To this end, the OSD with TEUs have been applied in the design to prevent premature fatigue cracking in the joints. Investigations will be performed on the prototype bridge in order to compare the fatigue life of RD joints in the OSD with TEUs and the OSD with CUs.




4. Stochastic Traffic Model


4.1. Framework of the Stochastic Traffic Model


In cases of fatigue evaluation, it is crucial to determine the stress spectra. With advanced monitoring systems, the stress spectra can be now directly established from measurements [31]. However, due to the limitations of budget and feasibility, the monitoring system could not yet be extensively applied [32]. Further, the spectra are not available at the design stage since it is not transferable for all the bridges. Alternatively, finite element (FE) analysis can be employed to derive the stress spectra in combination with the traffic model. As a result, the accuracy of the spectra largely depends on the rationality of the applied traffic model. In most of the codes and specifications, the vehicles are represented by the deterministic truck model. Several coefficients are usually applied to account for the randomness in traffic [20,21,22,23,24]. As a matter of fact, this method deviates from the random nature of vehicle loads, which may lead to inaccurate results [31].



Thus, a stochastic traffic model is proposed and applied in this study. The framework of the model is established by considering two primary elements: (1) the probabilistic model of vehicle properties; (2) the lateral distribution of vehicles. Since the stress response in RD joints are extremely sensitive to the configuration of the vehicle model [1,33], it is modelled in detail with the parameters including the axle number, axle spacing, axle weight, axle track and footprint. In the assumption, the lateral distribution is determined after both the occupancy rate and in-lane position. Table 2 summarizes the parameters defined in the framework, along with a brief description.




4.2. Data Source and Instantiation


After the framework is established, the parameters could be determined after two primary sources: (1) the existing traffic data in the publications such as design codes and guidelines; (2) the direct measurement by the monitoring systems installed on bridges, e.g., the weigh-in-motion system. Due to the lack of traffic data in the bridge site, the traffic model is first instantiated based on the fatigue truck models in the Chinese code JTG [20], European code Eurocode 1 (EC1) [21] and American code AASHTO [22]. Figure 5 shows the standard truck models proposed in the three codes. It is worth noting that no considerable difference could be found between the truck models in the JTG and EC1 except for the footprint. Also, the dynamic impactor factor is already considered in these two models. On the contrary, an additional impact factor of 1.15 should be applied when using the AASHTO truck since it is not included [22]. Furthermore, according to the measurements on the Williamsburg bridge and Bronx-Whitestone bridge [34,35], an extra amplification factor of 1.5 is suggested by the AASHTO in the fatigue evaluation of RD joints. Thus, when employing the AASHTO truck model, an overall amplification factor has been applied as 1.15 × 1.5 = 1.725.



According to the EC1 [21], 10% of the truck number in the slow lane can be used for the lane mainly occupied by light-weight cars, e.g., the fast lane in Figure 4. Under this assumption, the occupancy rate could be determined. In the AASHTO [22], the occupancy rate is related to the number of lanes available to trucks. Due to the traffic regulations and physic limitation, trucks seldom choose the fast lane when running on the three-lane highway, especially when heavily loaded. Thus, two lanes are assumed to be available to trucks for the prototype bridge, i.e., the middle lane and slow lane. As suggested by the AASHTO [22], the occupancy rate is determined as 85% for the slow lane and 15% for the middle lane. In the JTG [20], no specific provision could be found on the occupancy rate. As proposed by a supplementary document about the design of OSDs in China [36], the occupancy rate is kept the same as the value in the AASHTO. The occupancy rate in different traffic models is also listed in Figure 5.



Apart from the occupancy rate, the in-lane position is another essential factor in determining the lateral distribution of vehicles. In this aspect, no suggestion could be found in the AASHTO [22] while a distribution model is proposed in the EC1 [21] and adopted in the JTG [20]. Thus, the distribution has been employed for all three traffic models. As per the EC1 [21], the vehicle centre is considered as a random variable, discretely distributed over the width of lanes with the highest density in the lane centre, as shown in Figure 5. However, the lateral position is more likely a continuous variable that the vehicle can occur at every possible. Thus, the distribution has been fitted to the normal distribution using the maximum likelihood estimation [37], as shown in Figure 6. As a result, a zero mean and a standard deviation of 100 have been obtained.



Furthermore, the observed data [38] has also been used to instantiate the observation traffic model, as shown in Figure 7. The data were measured on a typical highway bridge in China, in which vehicles were classified into six groups according to the axle number, axle spacing, and axle weight. The brief description of each group is listed in Table 3, along with the lane occupancy rate.



Other details about the observed data could be found in the article [38]. Since the in-lane position was not provided, the distribution model previously discussed has been employed in the observation model. Meanwhile, since the data were measured in China, the footprint is kept the same as in the Chinese code JTG [20], i.e., 300 × 200 mm for the front axle and 600 × 200 mm for the rear axle. Similar to the AASHTO model, an extra impact factor of 1.15 should be applied when using the observation model in the analysis since the dynamic effect is not considered.





5. Influence Surface-Based Stress Spectra Analysis


5.1. Multi-Scale Finite Element Model


Multi-scale finite element (FE) model is established for the prototype bridge using the ANSYS software [39] to derive the stress spectra under the traffic models, as shown in Figure 8. Due to the high similarity existed between the different segments of the OSD, the stress spectra are almost identical for the RD joints at the same lateral position [1,33]. To this end, the segment at midspan has been selected as a representative in the analysis.



The FE model consists of three parts: (1) the relatively coarse global model of the bridge structure, which is used to simulate the boundary condition on the segment of interests; (2) the highly refined local model in vicinity of the welding joints; (3) the refined sub-model of the segment, which serves as a meshing transition between the global model and the local model. In the global model, the 4-nodes shell element SHELL63 [40] has been applied. The sub-model and local model are established with the 8-nodes second order shell element SHELL93 [40] in order to ensure accuracy. The displacement of the sub-model is coordinated with the global model through the multi-point constraint (MPC) [41] on the boundaries, while the local model is connected to the sub-model by the sharing nodes. As a result, high accuracy could be achieved at an acceptable computational cost. It is worth stating that the element size is gradually refined to 2 mm in the local model, which meets the requirement of the hot spot stress approach [29,30]. As mentioned, the investigation is mainly focused on the deck toe-failure, i.e., cracking initiated at the weld toe on the deck side. Thus, the stress field in front of the deck toe is primarily concerned in the numerical investigation. In the FE model, all the shell elements are arranged in the middle plane, as suggested by Hobbacher [29]. In solving the hot spot stress, the extrapolation method and reference points have been kept the same as in the fatigue test, i.e., the “0515” rule. Since the local bending has influence mainly on the local nonlinear stress peak rather than the structural hot spot stress, the welds are not explicitly modelled. To this end, the reference points in the FE model have been selected through their distance to the intersecting line between the deck plate and rib wall.




5.2. Influence Surface-Based Solution


In the fatigue evaluation of welding joints, an essential step is to solve the full stress history under the vehicle model. Generally, the history induced by one vehicle should be solved with many solution steps, in which the vehicle is loaded at a series of adjacent locations in the longitudinal direction. Further, a large-size database of vehicles (i.e., 105) is often needed in deriving the stress spectra, even if the advanced Latino hyper sampling [42] is employed, which further escalates the computational complexity. Thus, the influence surface method has been employed to reduce the solving cost [1,25]. According to studies [1,33], the local stress in RD joints is highly sensitive to the location of wheel loads, and the influence of the loads is limited within one segment in length and two U-ribs in width. Based on this assumption, the loading area is selected, as shown in Figure 9.



The procedures of stress analysis are demonstrated in Figure 10, including the FE analysis, influence surface generation and stress history derivation. In the FE analysis, discrete stress responses have been solved by applying the unit nodal force on each node inside the loading area. Then, quadratic interpolation is used to construct the matrix of influence surface under the specific density, i.e., 2 mm in this study. After that, the influence surface of the unit wheel load could be easily generated through matrix operations on the influence surface of unit loads. Given the vehicle configuration and lateral position, the stress history induced by each wheel could be directly solved by vector operations. Finally, the full stress history of the vehicle could be calculated by the linear superposition of the wheel-based history over the time domain.



The approach shown in Figure 10 has been coded in the MATLAB [43], in combination with the stress result solved from the FE model. Figure 11a,b shows the influence surface of the unit nodal load in terms of the nominal stress and hot spot stress, respectively.



For a better illustration, the influence surface is unitised in Figure 10. The two results are highly similar with notable features: (1) a positive peak could be found in the vicinity of RD joints, which is extremely narrow; (2) near the positive peak there are two negative peaks, which are lower in the amplitude but much wider. Based on the above analysis, the stress history could be solved under the vehicle passing through different lateral positions. For illustration, the stress history with the highest response has been employed as the most critical history to compare the four traffic models. It can be found in Figure 4 that the joint U12L is prone to fatigue cracking since it is in the slow lane and close to the frequent loading position of wheels. Thus, the critical stress history of the U12L has been selected for the comparison, as shown in Figure 12a–d. It is worth stating that the stress history of one vehicle could be generated in less than 1/160 s by performing the influence surface-based analysis on a four-cores workstation, which may take more than 300 s using the same device (i.e., increased by almost 50,000 times in efficiency).



Unlike the standard truck models, the observation model takes into consideration the difference between vehicle groups as well as the uncertainties in axle weights of the vehicles within the same group. Thus, In the case of the observation model, the calculation is made using the most critical six-axles truck with the upper 97.7%th percentile value of axle weights [37]. The result shows that the stress history in RD joints is mainly determined by the axle number and axle weight. Further, no significant interaction could be found between the different axles. Among the three standard truck models, the AASHTO model results in the most conservative result, followed by the JTG model and then the EC1 model. In the case of the observation model, the result is similar to those solved with the standard truck models. It is worth stating that a considerable stress range could be found in the results solved with the AASHTO model and observation model (as shown in Figure 12c,d), demonstrating that the effect of front axles is not ignorable in fatigue evaluation of RD joints. Meanwhile, under all the four models, the stress history in the nominal stress and hot spot stress is highly similar, except for the difference in amplitude.




5.3. Monte Carlo-Based Spectra Derivation


Monte Carlo (MC) simulations are carried out to derive the stress spectra of the RD joints at various lateral locations. The derivation procedures are listed in Figure 13.



The Latin hypercube sampling (LHS) method [42] has been incorporated in the MC simulations to ensure better coverage over the whole distribution, which could in turns notably improve the sampling efficiency. As mentioned, a considerable number of samples is required in the MC simulations to simulate the stochastic traffic comprehensively. Thus, a large-size database is first generated based on the stochastic traffic model, i.e., 107 samples in this study. At the same time, the influence surface could be generated for the different RD joints. Then, the traffic database could be transformed into the database of stress history using the method illustrated in Figure 10. Finally, stress spectra could be established using the rain-flow method [29].




5.4. Fatigue Life Assessment


In the Eurocode 3 (EC3) [23], the three-stages stress-life (S-N) model is proposed, including two particular points, i.e., the transition point at five million cycles and the cut-out limit at 10 million cycles. Between the transition point and the cut-out limit, the power index m will change from three to five. Beyond the cut-out limit, infinite fatigue life could be expected for welding joints, indicating that the power index m is infinite. However, this only happens in the ideal situation when the pure constant amplitude loads are applied [29]. According to the fracture mechanics [44], the fatigue limit depends on both the material properties and the size of cracks, as shown in Equation (2):


ΔKth=BΔσLπai



(2)




where ΔKth is the fatigue threshold of the material, below which the crack will not grow; B is a constant related to the fatigue strength; ΔσL stands for the fatigue limit; ai is the crack size.



According to Equation (2), the fatigue limit will decrease with the increase in the crack size under the fixed fatigue threshold. Based on this assumption, the high-level stress ranges induced by heavy trucks will degrade the fatigue limit of joints with time. As a result, the stress ranges lower than the original limit will gradually contribute to fatigue damage [29]. On this end, the S-N should be expanded beyond 10 million cycles using the power index m = 5. Based on the above analysis, the S-N curves of RD joints have been modified, as shown in Figure 14a,b.



In this study, the linear damage accumulation rule is considered [45], as shown in Equation (3):


D=∑i=1n(niNi)



(3)




where D is the damage factor that failure; ni stands for the number of cycles corresponding to the stress range Δσi; Ni is the allowable fatigue life under the range Δσi.



Generally, the fatigue failure of welding joints is assumed when the damage factor D equals to 1.0 [20,22,23]. However, such consideration may lead to non-conservative results for OSDs, which is under the variable amplitude loading by different vehicles. Alternatively, the allowance of the damage factor D has been lowered to 0.5, as suggested by Hobbacher [29]. This factor is common in construction sector [46,47,48].



The fatigue life under the specific stress range could be calculated using the S-N curves, as shown in Equation (4):


Ni={(ΔσC/Δσi)3·2×106   ∀Δσi>ΔσD(ΔσD/Δσi)5·5×106    ∀Δσi≤ΔσD



(4)




where Δσc and ΔσD are the design fatigue strength at 2 million and 5 million cycles, respectively.



By setting the maximum damage factor as 0.5, the allowance of lifetime traffic volume could be solved through Equations (3) and (4).





6. Results and Discussion


6.1. Stress Spectra


As aforementioned, the joint U12L is exposed to a critical situation since it is located at the slow lane and close to the frequent loading position of wheels. Thus, the joint U12L is selected to investigate the difference in the stress spectra solved with the different traffic models. Since the spectra are highly similar in the nominal stress approach and hot spot stress approach, except for the amplitude, only the results in terms of the hot spot stress are listed, as shown in Figure 15. For clarity, the stress ranges with a small probability are truncated in Figure 15.



The result suggests that the stress ranges are highly scattered in the spectra, further illustrating that it is too concise to reflect the fatigue action in OSDs by the equivalent stress range solved with the deterministic truck model. At the same time, notable similarities could be found in the spectra solved under the three standard truck models. Although the critical joint U12L is selected, the low-level stress ranges (less than 15 MPa) still account for a considerable proportion in the spectra due to the randomness in the lateral position. As a result, it can lead to over-conservative results when only considering one or several critical lateral positions, as is the case in deterministic evaluation. It is also worth noting that the spectra solved by the JTG are more concentrated at the high-level ranges when compared with the one solved by the EC1, as shown in Figure 14a,b. The result could be explained by the only difference in footprints between the two models. Unlike the above two models, a local peak could be observed at the middle-level ranges (from 15 to 30 MPa) in the spectra solved by the AASHTO model. The front axle should be accounted for that, which further demonstrates its importance in the fatigue evaluation.



Meanwhile, compared with the results solved with the standard truck models, unique features could be observed in the spectra solve with the observation model: (1) the probability density of low-level ranges is relatively high; (2) the distribution is more even and continuous. The following factors could be accounted for: (1) six different groups of vehicles are considered in the observation model instead of a single truck; (2) the randomness in axle weight is considered in the model. As a result, the observation model could lead to a signifficant insight into the randomness in traffic, and it is applied in the following comparison.



Also, the joints U7L in the middle lane and U2L in the fast lane are selected to investigate the effect of occupancy rate on the spectra since the two joints are located at the same in-lane position as the joint U12L. The hot spot stress spectra are listed in Figure 16a,b, respectively.



The result indicates that the spectra of the joint U7L are similar to the spectra of the joint U12L, as shown in Figure 16a. According to Table 3, the difference in occupancy rate is small between the middle lane and slow lane for all the vehicles except the two-axles lightweight cars. Especially in terms of the five-axles and six-axles trucks, the differences in occupancy rate are only 10.6% and 5.8%, respectively. Meanwhile, the level of stress ranges in the joint U2L is generally lower than in the above two joints, as shown in Figure 16b. This result could be attributed to the following reason: although the total occupancy rate of the fast lane is the highest (i.e., around 42%), the proportion of heavier trucks in the fast lane is notably lower than in the other two lanes. In sum, due to the difference in the occupancy rate, the proportion of heavy trucks is higher in the slow lane and middle lane than that in the fast lane. As a result, the proportion of high-level stress ranges is significantly higher in the joints within the former two lanes than in the joints within the fast lane. Meanwhile, special care should be taken in fatigue design of not only the joints in the slow lane, but also those in the middle lane, since only a small difference exists in the occupancy rate of heavy trucks.



Further analysis has been carried out on the joint U13L, located at a different position in the slow lane, in order to investigate the effect of in-lane positions. The result is listed in Figure 17.



Although the joint U13L is also within the slow lane, the level of spectra is remarkably lower than in the joint U12L. The in-lane position could be the main reason: the joint U13L is almost laid at the centre of the lane, where the wheels could seldom act on. As a result, the level of ranges in the spectra is significantly low, even if the occupancy rate of heavy trucks is high in the slow lane. The analysis reveals a new finding that a prominent difference could be observed in the spectra of RD joints within the same lane, because of the influence of in-lane lateral position.




6.2. Fatigue Life Assessment


Based on the modified S-N curves and derived stress spectra, detailed investigations can be made to identify the fatigue life of RD joints in the novel OSD with TEUs and the traditional OSD with CUs. The four typical joints (i.e., U2L, U7L, U12L and U13L) have been used as the representatives since the effect of both the occupancy rate and in-lane position could be illustrated by the comparison on the four joints. Meanwhile, due to the lack of data on the traffic volume in the bridge site, the allowance of lifetime traffic volume has been chosen as the direct indicator. The results, which are unprecedented, are summarised in Table 4.



As aforementioned, remarkable differences could be observed in the stress spectra of RD joints at various lateral positions, which could further lead to the significant differences in the fatigue life of those joints. Two notable features could be found in Table 4: (1) with the same in-lane position, the joints within the middle lane or slow lane have a shorter fatigue life than within the fast lane; (2) within the same lane, the fatigue life is lower in the RD joints close to frequent loading position of wheels. Thus, the RD joint with the above two features can be regarded as the fatigue critical joint, to which special cares should be paid in fatigue design.



Since it is assumed in the JTG model and AASHTO model that heavy trucks seldom use the fast lane, the level of ranges is extremely low in the spectra of the joint U2L. As a result, the fatigue issue of the joint U2L could be almost ignored. In all the joints except the U2L, the JTG model leads to the most conservative result, followed by the AASHTO model, and then the EC1 model. It is also worth noting that the fatigue life is significantly higher in the results solved with the observation model than in the results solved by the standard truck models. This finding is due to the inclusion of lightweight cars in the observation model, which have the largest proportion but little contribution to the fatigue damage in RD joints. At the same time, the results also suggest a lower fatigue life could be determined by the hot spot stress approach when compared with the nominal stress approach, indicating the conservativeness of this approach.



Generally, the fatigue life of RD joints can be notably improved by the application of TEUs in OSDs. The prolongation rate is consistent under the three standard truck models, i.e., 141% in both the nominal stress approach and hot spot stress approach. Under the observation traffic model, the prolongation rate is from 141% to 143% in the nominal stress approach, and from 146% to 161% in the hot spot stress approach. In sum, this study for the first time demonstrates that the fatigue strength of RD joints can be effectively enhanced through the application of TEUs in OSDs, which in turn improves the fatigue life of RD joints under vehicle loads.





7. Conclusions


In this paper, a fatigue assessment has been performed for the first time on a novel orthotropic steel deck (OSD) with thickened edge U-ribs (TEUs) based on a stochastic traffic model. Through fatigue tests, the effectiveness of TEUs has been validated in enhancing the fatigue strength of rib-to-deck (RD) joints in OSDs. However, more investigations are still urgently required on the exact fatigue life of the joints in order to further validate the application of TEUs in engineering practices. On this end, comparative studies are conducted to determine the fatigue life of the RD joints in the OSDs with and without TEUs. A typical OSD bridge in China is selected as the prototype for the investigation. Since the vehicle load is the dominated factor inducing fatigue damage in OSDs, a stochastic traffic model is proposed and employed to highlight the uncertainties in vehicles. The framework of the stochastic model is idealised by considering both the vehicle properties and their lateral distribution. Then, the model is first instantiated through the standard truck models in the design codes, including the JTG (China), Eurocode 1 (Europe) and AASHTO (America). Further, measurement-based observation data have also been applied to construct the stochastic model, which can provide a better insight into the differences between, and within vehicle groups. At the same time, the multi-scale finite element (FE) model is established for the prototype bridge to transform the traffic model into the stress spectra required in fatigue evaluation. Influence surface method is used along with the FE analysis, which could improve the computational efficiency by almost 50,000 times. Monte Carlo simulations are then carried out to derive the stress spectra of RD joints at different lateral positions. Using the generated spectra, the influence of lateral positions has been illustrated in detail, including the lane type (fast, middle and slow) and in-lane position. Finally, based on the test data and derived spectra, a fatigue life assessment has been made for the RD joints in the OSDs with and without TEUs. According to this innovative study, the following conclusions could be drawn:




	
The four vehicle models are compared in terms of the critical stress history, including the standard trucks in the three codes and the six-axle critical truck in the observation model. The result shows that the standard truck in AASHTO will lead to the most conservative outcome, followed by the critical truck in the observation model, and then the standard trucks in the JTG, and at last the Eurocode 1. It is worth noting that, when using the AASHTO model and observation model, a notable stress range can be induced by the front axle, which is not negligible in fatigue evaluation.



	
According to the solved spectra, the vehicle-induced stress ranges are widely distributed, illustrating it is oversimplified to describe the fatigue action by the equivalent stress range calculated with the deterministic truck model. Meanwhile, through a comparison between the spectra, it is proven that the observation model can bring an in-depth insight into the randomness in traffic since the model takes into consideration not only the randomness in lateral position but also the difference within and between vehicle groups.



	
The RD joints at various positions have been compared in terms of the stress spectra. Due to the lane preference, the proportion of heavy trucks is higher in the middle lane and the slow lane than in the fast lane. As a result, the proportion of high-level stress ranges is also higher in the spectra of the RD joints within the former two lanes. Meanwhile, comparisons are also made between the RD joints within the same lane. The result exhibits a remarkable difference in the stress spectra of the RD joints within the same lane, which is induced by the in-lane distribution of vehicles.



	
Based on the test data and the derived spectra, the fatigue life of RD joints at various locations can be determined. Overall, significant differences exist between the RD joints at different locations due to the lane preference and in-lane distribution. Meanwhile, the location of fatigue-critical RD joints has been identified through the results, i.e., the joint in the middle lane or the slow lane, and close to the frequent loading position of wheels. Thus, special care should be paid to this type of RD joint in fatigue design.



	
A comparison between the OSDs with and without TEUs has been performed in terms of the fatigue life of RD joints. Since the fatigue strength of RD joints could be effectively enhanced in OSDs with TEUs, the fatigue life of the joints could also be significantly prolonged. A consistent prolongation rate has been observed under the standard truck-based traffic models, which is 141% in both the nominal stress approach and the hot spot stress approach. Under the observation traffic model, the prolongation rate is between 141% and 143% in the nominal stress approach, and 146%–161% in the hot spot stress approach.
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Figure 1. Fatigue test of rib-to-deck specimens: (a) Sectional view (Unit: mm); (b) Test set-up of central loading; (c) Test set-up of eccentric loading. 
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Figure 2. Typical cracking pattern: (a) Crack identified by DP checks; (b) Marco-section of the cracked joint. 
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Figure 3. Stress-life data of the fatigue test: (a) Nominal stress approach; (b) Hot spot stress approach. 
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Figure 4. Sectional view of the prototype bridge (Unit: mm). 
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Figure 5. Fatigue truck models in the codes. 
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Figure 6. Probability distribution of the lateral position of vehicles. 
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Figure 7. Vehicle model in the observation model. 
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Figure 8. Multiple-scale finite element model. 
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Figure 9. Loading area selected for analysis. 
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Figure 10. Flowchart of the influence surface-based stress analysis. 
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Figure 11. Unitised influence surface of joint U12L: (a) Nominal stress; (b) Hot spot stress. 
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Figure 12. The most critical stress history of the joint U12L under different models: (a) JTG; (b) EC1; (c) AASHTO; (d) Observation model. 
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Figure 13. Derivation of stress spectra using Monte Carlo simulations. 
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Figure 14. Modified stress-life curves for rib-to-deck joints: (a) OSDs with CUs; (b) OSDs with TEUs. 
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Figure 15. Hot spot stress spectra of the joint U12L solved by different traffic models: (a) JTG; (b) EC1; (c) AASHTO; (d) Observation model. 
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Figure 16. Hot spot stress spectra of the RD joints in different lanes: (a) U7L; (b) U2L. 
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Figure 17. Hot spot stress spectra of the joint U13L. 
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Table 1. Basic information about the prototype bridge.
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Information

	
Description






	
Layout of spans

	
45 m + 68 m + 45 m




	
Layout of vehicle lanes

	
Fast lane + middle lane + slow lane




	
Number of segments

	
112




	
Number of RD joints in a segment

	
15 U-ribs welded with two RD joints each




	
Welding type of RD joints

	
80% partial penetration




	
Plate thickness of the OSD

	
Deck plates

	
16 mm




	
U-ribs

	
8 mm




	
Floor beams

	
12 mm
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Table 2. Parameters in the framework of the stochastic traffic model.
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Type

	
Parameters

	
Description






	
Vehicle properties

	
Axle number

	
The number of axles in a vehicle




	
Axle spacing

	
The distance between the centre of axles




	
Axle weight

	
The weight of each axle in a vehicle




	
Axle track

	
The distance between wheels in the same axle




	
Footprint

	
The contact area of wheels on the deck




	
Lateral distribution

	
Occupancy rate

	
The distribution of the vehicle in different lanes




	
In-lane position

	
The lateral position of the vehicle within a lane
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Table 3. Vehicle groups and occupancy rate in the observation model.
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Group

	
Description

	
Lane Occupancy (%)




	
Fast

	
Middle

	
Slow






	
1

	
Two-axle cars

	
41.23

	
25.74

	
9.70




	
2

	
Three-axle trucks (I)

	
0.03

	
0.26

	
0.36




	
3

	
Three-axle trucks (II)

	
0.10

	
0.87

	
0.60




	
4

	
Four-axle trucks

	
0.04

	
0.67

	
0.92




	
5

	
Five-axle trucks

	
0.06

	
1.17

	
1.31




	
6

	
Six-axle trucks

	
0.57

	
7.94

	
8.43
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Table 4. Fatigue life of the typical rib-to-deck joints.
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Joint

	
Type

	
Allowance of Lifetime Traffic Volume (×106)




	
Nominal Stress Approach

	
Hot Spot Stress Approach




	
JTG

	
EC 1

	
AASHTO

	
OBS 1

	
JTG

	
EC 1

	
AASHTO

	
OBS






	
U2L

	
CU

	
∞

	
1,348,147

	
∞

	
1,268,173

	
∞

	
65,411

	
∞

	
106,523




	
TEU

	
∞

	
3,248,470

	
∞

	
3,055,767

	
∞

	
157,358

	
∞

	
262,168




	
Prolong 2

	
-

	
141%

	
-

	
141%

	
-

	
141%

	
-

	
146%




	
U7L

	
CU

	
11,421

	
60,150

	
17,006

	
35,351

	
1227

	
6396

	
2002

	
3483




	
TEU

	
27,521

	
144,937

	
40,977

	
85,754

	
2952

	
15,387

	
4816

	
9016




	
Prolong

	
141%

	
143%

	
141%

	
159%




	
U12L

	
CU

	
1108

	
2281

	
1400

	
29762

	
133

	
323

	
189

	
3079




	
TEU

	
2671

	
5496

	
3373

	
71928

	
320

	
777

	
454

	
7893




	
Prolong

	
141%

	
142%

	
141%

	
156%




	
U13L

	
CU

	
214,623

	
1,416,594

	
573,530

	
323,268

	
23,990

	
266,751

	
82,400

	
32,600




	
TEU

	
517,152

	
3,413,399

	
1,381,968

	
778,942

	
57,712

	
641,712

	
198,227

	
85,035




	
Prolong

	
141%

	
141%

	
141%

	
161%








1 OBS: Results solved by the observation traffic model. 2 Prolong = (NTEU − NCU)/NCU × 100%.
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