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Abstract

:

High-stiffener-web combined opening girders used on passenger ships are prone to plastic hinge failures around the opening area and overall instability under combined and vertical loads, exhibiting complex buckling behaviors. In response to such situations, a series of numerical simulations and experiments on combined opening girders were conducted, considering several affecting factors such as opening shapes, initial crack defects, strengthening measures and stiffener web dimensions. On the basis of the verification of the reliability of the numerical method, the load-bearing characteristics of the combined open plate girders were investigated. It is concluded that the lumbar round opening can lead to localized plastic hinge failure phenomena, complicating the buckling behavior. In contrast, the inclusion of stiffeners can significantly improve the load-bearing capacity after the point at which instability occurs in the original specimen. In addition, detailed relationships between deformation trends and external loads are illustrated, which can be used as a reference for the optimal design of combined opening plate girders in actual ship structures.
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1. Introduction


The hull structure of modern ships is usually made up of a plate frame structure. As for passenger ships, a large number of long-span high-web combined opening girders have been introduced in the accommodation area to meet the needs of individual room arrangements [1,2] and the laying of cables and pipelines [3,4]. Compared to common girder structures on ships, these structures have a higher stiffener web height, a greater number of openings and more complex opening shapes, resulting in a more complex buckling form of the structure under a combination of axial compression loads caused by overall longitudinal bending and local loads on the deck [5,6,7]. Therefore, it is necessary to investigate the load-bearing capacity and buckling behavior of the structure under combined loads, taking into account some factors such as dimensional parameters, initial crack defects and strengthening measures.



The opening girder structure is usually made up of an opening web and upper and lower wing plates. Thus, the original investigations can be traced back to the opening plate structure. Brown et al. [8,9,10] investigated the relationship between the load-bearing capacity of opening steel loads and the bending and shear loads, considering the size and location of the openings. This was basically the beginning of the investigation of the load-bearing capacity of opening structures [11]. Shanmugam et al. [12,13] investigated the effect of opening shapes, opening sizes and the length–width ratio of the opening plate with the aid of the finite element method. Sawy et al. [14] investigated the effect of the opening bias at the center of the plate on the elastic buckling behavior of the plate based on the Timoshenko theory. Paik [15,16,17] used a non-linear finite element method to investigate the relationship between the ultimate strength of opening plates and the proportion of bending and shear loads, and to propose a critical stress equation. In terms of experimental methods, Saad-Eldeen, from the University of Lisbon, conducted a systematic study. Saad-Eldden first investigated the failure behavior of opening plates under combined lateral and axial loads, considering the shape and size of the openings [18]. In further investigations, he considered the effects of initial crack defects, material corrosion and reinforcement on the structural load-bearing capacity of opening plates and found that reducing the area of a single opening and increasing the number of openings could improve the load-bearing capacity when the openings were of the same size. Controlling the initial defects of the structure increased the load capacity of the structure more significantly, and the reinforcement made the deformation of the structure more linear [19,20,21,22,23].



Based on the investigation of opening plates, the research has been extended to opening girders. Cristopher et al. [24] used the T-section method and the hole-section method to model the mechanics of opening girders, but there were problems concerning the poor computational accuracy for dense opening structures. Chung et al. [25,26] proposed a method using action curves to predict the load-bearing capacity of opening girders of different shapes and sizes under bending and shear loads, simplifying the difficulty of application in engineering scenarios. The team of Renjun Yan, from the Wuhan University of Technology in China, designed relevant ballast experiments to investigate the load-bearing capacity of specimens for conventional ship opening girders and compared them with the results of numerical calculations, finding that the buckling behavior and the ultimate load-bearing values of the specimens obtained from the numerical simulation fit well with the experimental results. In addition, the comparison revealed a significant influence of the initial axial force in accelerating the buckling of the structure when it reached the yielding stage. For the elastic phase, the effect is not obvious [27,28,29].



As can be seen from the above literature, the conventional analytical method is not sufficiently adaptable to complex combined open beam-bearing-capacity calculation problems, and it is complex to solve and difficult to apply. But with the development of computer hardware and software technology, finite element numerical simulation methods have become a common method for fast and convenient predictions of complex engineering problems. And the experimental method can help in validating the results of numerical simulations and aid in the correction of individual parameters of numerical simulations.



In this study, the ultimate strength and buckling behavior of typical combined opening girders were investigated using numerical simulations combined with experimental verification. Firstly, tensile experiments were carried out to determine the parameters of the material for the subsequent calculation. Next, considering factors such as opening shapes, initial crack defects, strengthening measures and stiffener web dimensions, the relationship between the load-bearing capacity, buckling behavior and surface strain of the specimen was investigated using numerical calculation methods combined with experiments. Finally, on the basis of confirming the reliability of the numerical calculation method, the load-bearing capacity and buckling behavior of the combined opening plate frame structure were investigated using numerical methods, and optimization measures are proposed.




2. Experimental Design


2.1. Specimen


The specimens investigated were selected from a longitudinal deck girder with openings from a passenger ship. Unlike conventional ships, passenger ships have many interferences in the hull structure due to the dense arrangement of pipelines and cables, which require a large number of combined openings in the web and result in a large loss of structural strength. The actual structure is shown in Figure 1.



The combined opening girder between two bulkheads was selected for investigation, consisting of three parts, i.e., plate, stiffener web and stiffener flange. The common opening form specimens on passenger ships were selected for investigation, identified as specimens A and B. In addition, some girders were reinforced by ribs (as shown in Figure 1b). Specimen D was identified based on this form, and the ribs were simplified to the shape of stiffeners. Furthermore, to investigate the relationship between initial crack defects and the buckling behavior of the structure, specimen C was identified. Finally, to compare the difference between the high-web structure of passenger ships and the low-web structure of conventional ships, specimen E was identified.



In conclusion, to investigate the load-bearing capacity and buckling behavior of the specimens under combined loads, factors such as opening shapes, initial crack defects, reinforcement measures and stiffener web dimensions were taken into account, and comparison specimens were designed for a systematic experimental investigation. The dimensions of the specimens are shown in Figure 2.



As shown in Figure 2, 450 mm web height girders with round and lumbar round openings were selected as the objects of investigation (specimens A and B). For specimen C, the web height and opening sizes were the same as those of specimen B. However, a 2 mm width crack was cut in the middle of the stiffener flange to investigate the effect of the initial crack on the load-bearing capacity and buckling behavior of the specimens. For specimen D, the web height and opening sizes were also the same as those of specimen B. But in the middle of the round opening and lumbar round openings, there were ribs to support the plate and the stiffener flange. Finally, for specimen E, the web height was reduced to 225 mm, half that of the specimens above. Correspondingly, the size of the openings was scaled down in the same proportion. The detailed opening dimensions are shown in Figure 2. The specimens used for the experiment were welded using carbon dioxide gas shield welding. The manufacturing process was carried out in segments. After welding, the maximum horizontal deformation was measured to be 5.3 mm, and the maximum vertical deformation was 2 mm, which enabled effective control of the deformation during the manufacturing process.




2.2. Experimental Design


2.2.1. Equipment Arrangement


A loading system was designed to have an axial compression load and a uniform load across the span. In the axial direction, a hydraulic jack with 500 kN thrust was used for loading. And in the vertical direction, a 4000 kN thrust servo actuator was used. To simulate the vertical uniform load applied around the span (±355 mm), three spacers were placed to simulate the uniform load. Above this, a distribution girder was arranged to apply the vertical load. At the ends of the girders, rollers and pulleys were set to release the rotational freedom of the ends. In addition, the height of the rollers and pulleys was adjusted with wooden blocks, and the center was aligned with the neutral axis of the girder. In order to keep the axial forces stable, pretensioned ropes were placed on both sides of the girder to limit the slight deformation of the reaction frame. The layout of the experimental setup is shown in Figure 3.



In order to evaluate the deformation of the specimen, electronic displacement gauges were arranged at several measuring points on the girders. In addition, stresses at typical locations such as around openings were monitored by posting strain gauges and strain flowers on the surface of the girders. The displacement gauge was of type YWD, with a range of 100 mm and a measuring accuracy of ±0.01 mm. Seven displacement gauges (D1 to D7) were arranged for each specimen to measure the displacement values at the corresponding measurement points. Two displacement gauges were arranged in the plate to measure the vertical displacement at the ends of the plate. And for the stiffener flange, five displacement gauges were arranged, and the positions of the displacement gauges for the five specimens were aligned for comparison with each other. For specimen C only, displacement gauge D5 was eliminated due to the presence of the initial crack, which made it impossible to arrange displacement gauges at the mid-span position. In addition, for the arrangement of the strain gauges and rosettes, at areas where the stresses around the openings were more complex, strain flowers were set up to collect the strain values. For areas with a relatively simple stress distribution, strain gauges were set up for measurement. For the following analysis, the values of the displacement (D5) and stress (F-G-3) in the middle of the stiffener flange were selected. The complete arrangement of the displacement gauges, strain gauges and strain rosettes is shown in Figure A1 and Figure A2 in Appendix A.




2.2.2. Material Properties


To determine the material properties of the steel used for the specimens, tensile experiments were carried out. The geometry of the tensile experiment specimens was determined according to the Chinese National Standard (GB/T 228.1-2021) [30]. The five AH36 specimens were machined from the base material via line cutting. The dimensions of the specimens are shown in Figure 4. The experiment was carried out using a 500 kN universal testing machine, and the stretching rate was 0.2 mm/min [31]. Strain gauges were attached to both sides of the tensile zone of the specimens to monitor the strains.



During the experiment, in the elastic phase, the deformation of the specimens was small as the load increased. When entering the yield phase, the load oscillated around 375 MPa, and the deformation of the specimens was similarly insignificant. Subsequently, the external load increased again by a certain amount, and the deformation of the specimens increased significantly. When the ultimate load was reached, the specimens suddenly cracked with a loud clang. The fractures largely occurred in the middle of the marking area and showed significant necking. The shape of the fracture is shown in Figure 5a, and the stress–strain curves for the five specimens are shown in Figure 5b.



As shown in the figures above, the five specimens showed similar trends in the stress–strain curves. The yielding strength    σ s   , tensile strength    σ b    and elongation rate  δ  were selected for comparison. Here,  δ  was defined according to Formula (1):


  δ =    L 1  −  L 0     L 0    × 100 %  



(1)







As shown in Table 1, the data measured from the 5 specimens were similar. The yielding strength    σ s    was around 375 MPa, and the tensile strength    σ b    was around 485 MPa. These measured material parameters were used in further investigations.






3. Experimental Results and Numerical Comparison


In this section, observations were performed on the buckling behavior and structural load-bearing capacity of the five specimens under external loading. In addition, non-linear finite element calculations were carried out with the aid of ABAQUS, and the results were compared with those of the experiments. The material parameters for the finite element calculations were taken from the tensile experiments in Section 2.2.2.



Specimens A, B, D and E failed in a relatively similar way. As the external load increased, the vertical deformation of the structures increased. However, there were some differences in the buckling behavior of the structures due to differences in web heights, opening shapes and strengthening measures. In addition, for specimen C, the buckling behavior differed relatively significantly compared to the other specimens due to the presence of the initial crack. The buckling behavior of the structure was analyzed in relation to the opening shapes, web height, strengthening measures and initial crack defects.



3.1. Numerical Simulation Settings


To verify the reliability of the experimental results, the same numerical simulations were carried out, and the results were compared with the experimental values. For the application of the load, a uniform load was applied in the area of ±355 mm in the middle of the plate, and an axial force was applied along the length of the girder. In addition, during the numerical simulation, a C3D8R hexahedral unit was used. The grid size of the main body was determined to be 10 mm after verification of the grid independence. Moderate encryption was applied at the openings and plate junctions to improve the accuracy of the calculation. For specimen A, the number of the completed units divided was 221,428. The remaining specimens also remained on the order of 200,000 girders, with slight differences due to the area of the openings. For the material parameters of Ah36, the elastic modulus of the material was 206 GPa, and the yield strength was 375 MPa. The tangent modulus of the material was taken as 10%. The boundary conditions were set as shown in Figure 6a and the gridding of specimen A is shown in Figure 6b.



As shown in the figure, Rx, Ry and Rz are the rotational degrees of freedom in the x, y and z directions; Ux, Uy and Uz are the translational degrees of freedom in the x, y and z directions.




3.2. Effect of the Combined Opening Shapes


To investigate the effect of the opening shapes on the load-bearing capacity and buckling behavior of the structures, the experimental phenomena of specimens A and B were compared and verified via numerical simulations. The load–displacement curve for the middle of the stiffener flange is shown in Figure 7. The buckling behavior of the specimens is shown in Figure 8.



As shown in Figure 7 and Figure 8, due to the difference in the shape of the opening, the load–displacement curves as well as the buckling behavior of the two specimens differed to some extent. As shown in Figure 7, the trends and the extreme values in the load–displacement curves of the two specimens were very different. During the o-a and o-a’ phases, the deformation of the structure increased in small steps as the external load increased linearly. However, the slope of the curve for specimen A was greater, which means that in the elastic phase, the same external load was applied and the deformation occurred more significantly in specimen B. When reaching points a and a’, the specimens could no longer bear the load. At this point, the maximum load that specimen A could bear was 558 kN, while for specimen B, it was 385 kN. Compared with specimen A, the reduction in the maximum load-bearing capacity of specimen B reached 31%.



The buckling behavior of the two specimens was investigated next. For specimen A, due to the small size of the round web openings, the stress transferred smoothly around the round openings, and thus the whole specimen displayed a bending behavior under external loads. When the external load increased, the stiffener web could provide sufficient support for the plate. But due to the large thickness of the stiffener flange, it was hard for the bending moment from the stiffener web to cause great deformation. As a result, a slip in the horizontal direction occurred in the middle of the stiffener web and plate. The deformation form of the middle section of specimen A is shown in Figure 9b. For specimen B, like specimen A, the middle of the stiffener web and plate also displayed a degree of slip in the horizontal direction under the action of the bending moment. But unlike specimen A, the lumbar round openings had a bigger opening area, and there were stress concentrations at the corners. As shown in the structure, there was a degree of shearing action at the corner of the opening, and the stiffener flange was bent. As shown in Figure 8a, plastic hinge failure occurred in the plate and stiffener flange near the lumbar round opening.



In order to present the effect of the failure mode on the stress distribution in the middle of the stiffener flange, the stresses at point F-G-3 were analyzed. The stress distribution of the two specimens is shown in Figure 9.



As shown in Figure 9, the strain at the measurement point F-G-3 for specimen B was greater. It could be seen that under external loads, the web with round openings was more resistant to loads transmitted from the plate due to the smaller strength loss of the web, and the load-bearing capacity of the structure was greater, while the stiffener flange was subjected to less tensile stress in the middle. When the load limit was reached, the structure showed more instability due to the lateral slip of the middle of the plate and lower bending action of the middle of the stiffener flange. For specimen B, the deformation of the stiffener flange was more pronounced than in specimen A due to the plastic hinge failure at the corner of the lumbar round openings. The instability of the specimen was moderate compared to specimen A, and the tensile stress at point F-G-3 was slightly higher. It could be seen that the bending effect for specimen B was more pronounced in the middle of the stiffener flange.




3.3. Effect of the Initial Crack Defects


In actual scenarios, localized cracks may occur in the girder structure due to manufacturing defects and harsh service conditions. Under extreme conditions, tearing failure may occur at the crack. To investigate the effect of initial crack defects on the load-bearing capacity and buckling behavior of the structures, the experimental phenomena of specimens B and C were compared. In this section, human damage was inflicted on the middle of the lower wing to simulate the conditions in which a crack would exist. The dimensions and physical appearance of the damage are shown in Figure A3 in Appendix A. Due to the initial crack in the middle of the stiffener flange of specimen C, it was not possible to arrange the displacement gauge; therefore, the data from the displacement transducer of the servo actuator were chosen for comparison. The load–displacement curve for the middle of the stiffener flange is shown in Figure 10. The buckling behavior of specimen C is shown in Figure 11.



As shown in Figure 10, the trends and extreme values in the load–displacement curves of the two specimens were very different. Compared to specimen B, the presence of the initial crack made specimen C more prone to vertical deformation. The ultimate load that the structure of specimen C could bear was 290 kN, with a reduction of 25% compared to the 385 kN of specimen B.



In addition, there was considerable variation in the form of the failure of specimen C. When analyzed in conjunction with Figure 10 and Figure 11, the vertical displacement of specimen C increased linearly with the increase in the external load during the o-a’ phase. During this phase, the width of the initial crack on the stiffener flange gradually increased, and no significant deformation occurred in the stiffener web and plate. For the a’-b’ phase, there was a small increase in the load-bearing capacity of the structure, but the vertical deformation increased significantly. As shown in the actual structure, the stiffener web tore from the crack in the stiffener flange, gradually expanding towards the lower edge of the round opening. At this point, it was accompanied by the distinct tearing of the steel plate. The plate at the top of the round opening showed no significant bending. For the phase after point b’, the structure could not bear more load, the data recorded by the load sensor decreased and the vertical deformation of the structure became noticeably bigger. The stiffener web was completely torn below the round opening. The plate was bent under external loads, and the phenomenon of plastic hinge failure occurred.




3.4. Effect of the Strengthening Stiffeners


In Section 3.2, specimens A and B were unstable due to the lateral slip of the plate and failure to bear more load. In actual ships, the structure is often strengthened by means of welding ribs where the load is concentrated. To investigate the effect of the strengthening stiffeners on the load-bearing capacity and buckling behavior of the structures, the experimental phenomena of specimens B and D were compared and verified via numerical simulations. The load–displacement curve for the middle of the stiffener flange is shown in Figure 12. The buckling behavior of specimen D is shown in Figure 13.



As shown in Figure 12, due to the reinforcing effect of the stiffeners on the structures, there was significant variation in the ultimate load and buckling form of specimens B and D. The ultimate load that the structure of specimen D could bear was 484 kN, with a reduction of 25% compared to the 385 kN of specimen B.



As shown in the load–displacement curve, during the o-a’ phase the two specimens displayed similar trends of vertical deformation. As the external load increased, the vertical deformation of the two specimens increased linearly. However, when the external load reached 365 kN (point a’), the following form of deformation of the two specimens differed. As analyzed in Section 3.2, a lateral slip in the middle of the plate occurred in specimen B, and the structure became unstable and was unable to bear more load. But for specimen D, due to the lateral slip of the structure being restrained by the stiffeners, no premature instability of the structure occurred. Therefore, in the load–displacement curve, the displacement increased linearly to point b’ as the external load increased. During the phase after b’, the value of the load sensor decreased rapidly, and the structure displayed significant vertical deformation. Significant wavy deformation occurred in the steel plates around the lumbar round opening corners (as shown in Figure 13). In addition, the magnitude of the lateral slip in the middle of the plate was significantly smaller compared to that of specimen B. Plastic hinge failure was evident at the corner of both lumbar round openings (as the area marked by red circles in Figure 13). The central area of the girder was restrained by the stiffeners, forming a frame structure around the round openings. When the structure buckled, significant vertical displacement occurred in this frame area.



In order to present the effect of the failure mode on the stress distribution in the middle of the stiffener flange, the stresses at point F-G-3 were analyzed. The stress distribution of the two specimens is shown in Figure 14.



As shown in Figure 14, the strain at the measurement point F-G-3 for specimen B was greater. It could be seen that due to the restraint of the ribs, specimen D was subjected to significantly less tensile stress than specimen B in the middle of the stiffener flange. When analyzed in conjunction with the buckling behavior, the stiffeners formed a complete frame structure around the round opening, resulting in local self-restraint. Therefore, as the external load increased, the specimen displayed an overall vertical displacement in the region that was restrained by stiffeners, and the plastic hinge failure phenomenon occurred at the lumbar round openings. The deformation energy of the specimen was released from the plastic hinge bend of the steel plate and the wavy deformation around the corner of the lumbar round openings, and the strain values measured at point F-G-3 were much smaller than those of specimen B.




3.5. Effect of the Stiffener Web Height


In Section 3.2, specimens A and B were unstable due to the lateral slip of the plate and failure to bear more load. Formally, due to its high stiffener web height, the lateral slip in the middle of the plate was exacerbated to some extent, causing instability in the structure. In contrast, in common ships (bulk carriers, tankers, etc.), the stiffener web height of the girder is usually smaller (about half that of passenger ships). To investigate the effect of the stiffener web height on the load-bearing capacity and buckling behavior of the structures, the experimental phenomena of specimens B and E were compared and verified via numerical simulations. The load–displacement curve for the middle of the stiffener flange is shown in Figure 15. The buckling behavior of specimen E is shown in Figure 16.



As shown in Figure 15, due to the reduced height of the stiffener web of specimen E, the cross-sectional area was smaller, and the load-bearing capacity for external loads was significantly reduced. In the initial phase of loading, specimen E displayed greater vertical deformation for the same load. When the external load reached 219 kN, the structure buckled and could not bear any more load. Compared to the extreme value of specimen B (385 kN), the reduction was 43%. When analyzed concerning the buckling phenomenon in Figure 16, the vertical deformation as well as the lateral slip of the plate increased significantly when the load reached point a’. In addition, a relatively pronounced plastic hinge failure was produced at the corner of the lumbar round opening (as the area marked by red circles in Figure 16).



In order to present the effect of the failure mode on the stress distribution in the middle of the stiffener flange, the stresses at point F-G-3 were analyzed. The stress distribution of the two specimens is shown in Figure 17.



As shown in Figure 17, the strain at the measurement point F-G-3 for specimen E was much larger. It could be seen that due to the reduced height of the stiffener web, the structure was more prone to the occurrence of vertical deformation in the central region. As shown in the strain values at the measurement point F-G-3, the strain gauge values increased rapidly with the increase in the external load. This showed that when the stiffener web height was reduced, the vertical deformation in the middle of the specimen under the bending moment was more pronounced. In contrast, for the structures with high stiffener web heights, structural instability due to the lateral slip of the plate occurred more often.





4. Numerical Investigation of the Buckling Behavior of Combined Opening Plate Frame


In the above section, the load-bearing capacity and buckling behavior of combined opening girders with different parameters were investigated mainly by means of experiments combined with numerical simulations, and the reliability of the numerical calculation method was also illustrated. In the investigation above, the deck was mainly selected for the calculations for an area with a slab. In this section, a plate frame structure containing combined opening girders was taken as the object of study, and its buckling behavior was investigated using numerical simulation.



The chosen combined opening frame was from the seventh deck of a passenger ship and consisted of longitudinal girders, stringers and transverses welded together to form the plate frame structure. The physical and model diagrams are shown in Figure 18. The dimensions of the plate frame are shown in Figure A4 in Appendix A.



In order to simulate the combined loading conditions above the extreme span opening, a 120 mm width area in the middle of the lengthwise plate was loaded. And above the longitudinal girders, two 120 × 120 mm areas were selected for loading. The ends of the longitudinal girders were restrained with fixed ends. After verification of the grid independence, the size of the grid was determined to be 10 mm, and the number of elements was determined to be approximately 300,000. The means of the load application and the form of the boundary conditions are shown in Figure 19.



For comparison, an additional form of plate frame with ribs between the stringers and transverses was introduced. The arrangement of the ribs is shown in Figure A5 in Appendix A. The buckling form and the load-bearing capacity of the two plate frames under external loads were analyzed. The buckling behavior of the two frames is shown in Figure 20.



As shown in Figure 20, the buckling behavior of the two plate frames was generally similar. For the plate, due to the cross-shape loading pattern, the structure showed a contraction towards the center of the plate. The center formed a shell-shaped low-stress area arranged symmetrically along the length. For the longitudinal girder, plastic hinge failure was evident at the corner of the central lumbar round openings. There was an overall vertical deformation in the area of the middle transverse. For the transverses, the vertical deformation was generated by the external load. In addition, in the middle position, a plastic hinge failure phenomenon in the stiffener flange was observed. For plate frame A, a lateral slip of the stiffener flange also occurred in the middle of the transverses, with large twisting deformations occurring at the plastic hinge. For plate frame B, the overall form of deformation was the same as that of plate frame A. However, due to the support of the ribs, the lateral slip of the stiffener flange in the middle was reduced, and the twisting deformation at the plastic hinge was also reduced. In addition, the ultimate load that plate frame A could bear was 408 kN. Meanwhile, for plate frame B, the addition of the ribs resulted in an ultimate load of 450 kN, with an increase of 10.3%. In addition, the restraint of the ribs provided some improvement in the deformation pattern of the transverses in the event of failure. Therefore, in actual ship structures, the strengthening of the structure could be achieved by adding a reasonable number of ribs in regions where the load is high.




5. Conclusions


A series of numerical simulations and experiments on the load-bearing capacity and buckling behaviors of combined opening girders was conducted, where several affecting factors such as opening shapes, initial crack defects, strengthening measures and stiffener web dimensions were analyzed. On this basis, the ultimate load-bearing capacity and buckling behavior of a plate frame structure on a passenger ship under external loads were simulated using a numerical method. Several observations, conclusions and recommendations are stated based on the investigation results above.



The increase in the stiffener web height significantly changed the buckling behaviors of the combined opening girders. When the stiffener web height was low, the structure exhibited a combination of vertical deformation in the mid-span and lateral slip of the plate. For specimens with a higher stiffener web height, the structure was more likely to exhibit a lateral slip of the plate, causing structural instability, with surface stresses much lower than the strength limit of the material.



For specimens with a high stiffener web height, the lumbar round opening structure showed stress concentrations at the corner near the middle of the girder, with wavy deformation of the steel plate around the openings and plastic hinge failure of the stiffener flange. However, due to the dissipation of energy by local deformation, the lateral slip instability of the structure was mitigated compared to the specimen with a round opening.



With the addition of specimens, during the linear phase the structure exhibited more vertical deformation, and the stiffeners had little effect on the deformation pattern of the structure. When reaching the point of instability of the original structure, the stiffeners effectively limited the lateral movement of the structure. When the structure buckled, it exhibited plastic hinge failure at the intersection of the lower edge of the stiffeners and the stiffener flange. The instability phenomenon of the structure was greatly improved, and the load-bearing capacity was significantly increased.



The finite element method was used to simulate the buckling behavior of the specimens in the experiment, and it is concluded that the finite element modeling predicted elastic and inelastic behavior well and allowed us to assess the ultimate load capacity with reasonable/acceptable accuracy. After applying the finite element method to the simulation of the load-bearing capacity and buckling behavior of the combined opening plate girders, the results showed that the reasonable installation of ribs limited the local instability of the transverse and longitudinal girders and improved the load-bearing capacity of the plate frame structure to a certain extent (around 10%).
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Figure A1. Diagram of the arrangement of the displacement gauges (mm). 






Figure A1. Diagram of the arrangement of the displacement gauges (mm).
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Figure A2. Diagram of the arrangement of the strain gauges and rosettes. 






Figure A2. Diagram of the arrangement of the strain gauges and rosettes.
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Figure A3. Diagram of the size dimensions and physical appearance of the damage: (a) dimensions (mm); (b) physical appearance. 






Figure A3. Diagram of the size dimensions and physical appearance of the damage: (a) dimensions (mm); (b) physical appearance.
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Figure A4. Diagram of the plate frame dimensions (mm). 






Figure A4. Diagram of the plate frame dimensions (mm).
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Figure A5. Diagram of the structural form of the plate frame with ribs. 






Figure A5. Diagram of the structural form of the plate frame with ribs.
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Figure 1. Diagram of the actual view of combined opening girders (a) without ribs and (b) with ribs. 
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Figure 2. Diagram of the specimen dimensions (mm). 
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Figure 3. Diagram of the experimental scenario: (a) principal models; (b) physical models. 






Figure 3. Diagram of the experimental scenario: (a) principal models; (b) physical models.



[image: Metals 13 01256 g003a][image: Metals 13 01256 g003b]







[image: Metals 13 01256 g004 550] 





Figure 4. Diagram of tensile specimen dimensions (mm). 
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Figure 5. Diagram of tensile experiment results: (a) Specimen failure modes; (b) Stress–strain curves. 
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Figure 6. Diagram of the settings of the numerical simulation: (a) boundary conditions and loads; (b) grid division. 
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Figure 7. Diagram of the load–displacement curves of specimens A and B. 
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Figure 8. Diagram of the buckling behaviors of specimens A and B. (a) Numerical and experimental comparison. (b) Deformation form of the middle section of specimen A. 
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Figure 9. Diagram of the surface strain values of point F-G-3 for specimens A and B. 
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Figure 10. Diagram of the load–displacement curves of specimens B and C. 
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Figure 11. Diagram of the failure process of specimen C. 
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Figure 12. Diagram of the load–displacement curves of specimens B and D. 
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Figure 13. Diagram of the buckling behavior of specimen D. 
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Figure 14. Diagram of the surface strain values of points F-G-3 for specimens B and D. 
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Figure 15. Diagram of the load–displacement curves of specimens B and E. 
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Figure 16. Diagram of the buckling behavior of specimen E. 
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Figure 17. Diagram of the surface strain values of points F-G-3 for specimens B and E. 
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Figure 18. Diagram of the structural form of the plate frame: (a) actual view; (b) model view. 
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Figure 19. Diagram of the load application means and boundary conditions. 
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Figure 20. Diagram of the buckling behaviors of the two plate frames. 
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Table 1. Values of the material parameters from the tensile experiments.
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	No.
	     σ s     

   ( MPa )   
	     σ b     

   ( MPa )   
	  δ  

(%)





	1
	383
	490
	26.98



	2
	372
	479
	25.93



	3
	377
	480
	24.87



	4
	376
	480
	27.51



	5
	371
	482
	26.46
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