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Abstract

:

Plastic deformation during the manufacture process of electric resistance welded (ERW) pipe determines the stress–strain relationship of the steel pipe, which affects the collapse pressure of offshore pipelines. To track the deformation history of the pipe, the entire process was simulated via finite element analysis using a solid element. A material model that considered both the Bauschinger effect and strain hardening was adopted. Various sizes of pipe cross-sections were simulated. As greater compression was applied during the sizing process, the strain hardening effect became more significant, so that the compressive yield strength was increased in the circumferential direction. The strain hardening effect was most prominent for a smaller diameter-to-thickness ratio (D/t), so that an increase in the collapse pressure could be obtained with a larger sizing ratio. Therefore, current design criteria for the collapse pressure recommended by Det Norske Verita (DNV) and API could be enhanced for a smaller D/t to consider the strain hardening effect during the sizing process.
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1. Introduction


Electric resistance welded (ERW) pipes have excellent productivity and economic efficiency because they are manufactured in a single continuous process from beginning to end. Thus, demand has increased for ERW pipes as the material of choice for deep-water offshore pipelines [1,2,3]. Due to extremely high pressure in deep-water applications, the collapse pressure governs the design of offshore pipelines. Since ERW pipes are manufactured via a cold-forming process, variation in the material properties of the ERW pipes due to plastic deformation is an important factor for evaluating the collapse pressure. The nature of the continuous manufacture process of ERW pipes, however, creates difficulties in tracking the plastic deformation [4].



The manufacture process of an ERW pipe generally involves the sequences of leveling, breakdown, finpass, welding, and sizing. In the leveling process, the coil supplied from the steel mill is uncoiled, and the uncoiled steel plate simultaneously passes through a breakdown roller to form both sides of the steel plate. In the finpass process, the curvature of the plate becomes constant while the cross-section is formed into a circular shape. The welding surfaces are brought into contact with the fin of the roller to increase the quality of the welding surfaces before the welding. During this process, there is compression in the circumferential direction of the pipe. During welding, both surfaces are welded by a high frequency current and are bounded by a physical external pressure as they pass through the squeezing roller. Finally, the pipe passes through sizing rollers to improve the out-of-roundness of the cross-section by compressing the steel pipe circumferentially to match the final target diameter.



During manufacture, plastic deformation is governed by the Bauschinger effect and strain hardening occurs with repeated cyclic loading [3,5,6,7]. Since this plastic deformation changes the yield strength of the steel plate, evaluation of the post-manufacture yield strength is essential to accurately determine the quality of the pipe. Recent studies on changes in the yield strength during manufacture have confirmed that changing the stress–strain curve by manipulating the compression during the sizing process increases the longitudinal tensile yield strength [6,7,8]. On the other hand, there are several limitations in evaluating yield strength in the circumferential direction. While a specimen can be extracted directly from the pipe to evaluate yield strength in the longitudinal direction, flattening is required in order to evaluate the yield strength in the circumferential direction. However, it is questionable whether the actual stress–strain curve in the circumferential direction of the pipe can be obtained because plastic deformation during the flattening process could have caused changes in the material properties [9,10]. Moreover, the flattening process is not standardized, which places limitations on compensating for the plastic deformation caused by the flattening when attempting to trace the steps that determine the yield strength of the pipe [10,11]. Repeated cyclic loading during cold forming creates differences between the tensile and compressive yield strengths in the circumferential direction. Therefore, the stress–strain curves in establishing the tensile and compressive stresses should be individually evaluated. Due to these limitations, it could be effective to derive a compressive stress–strain curve in the circumferential direction using finite element analysis.



Establishing the collapse pressure is essential for designing offshore pipelines, because this determines the buckling strength against external pressure, which is significantly influenced by the circumferential compressive stress–strain curve of the pipe [4]. A hardening of the stress–strain curve could increase the collapse pressure and affect the post-buckling behavior, but the effect of hardening depends on the slenderness of the pipe, which is the diameter-to-thickness ratio [12]. In the case of UOE pipes, which are manufactured by the sequential processes of U-forming, O-forming and expansion, compression could be used instead of expansion to accomplish the strain hardening effect at the end of the manufacture process [4,13]. Offshore Standard DNV-OS-F101 [11] also mentions the possibility that collapse pressure may increase when external cold compression is applied, but how much the collapse pressure could be increased is unclear.



Han et al. [3] conducted three-dimensional finite element analysis to simulate the actual manufacture of an ERW pipe and used the sizing portion of the process to evaluate the possibility of improving the collapse pressure. That study confirmed that improving the out-of-roundness of the cross-section via the sizing process leads to an increase in the collapse pressure. The roundness was affected by the compression rate during sizing, which is called the sizing ratio. However, the effect of residual stress was minor. In that study, a finite element model was established using a shell element for the initial part of the manufacture process and a solid element was used for the sizing portion of the process. Thus, deformation and residual stresses in the shell model were transferred to the solid element. Stress conditions and a deformed shape at the middle section of the shell model were mapped to the solid model. This led to a conservative evaluation of the collapse pressure.



The advantages of the external cold compression by sizing process on the collapse pressure of the ERW pipe was evaluated. To reflect the continuity of the ERW pipe manufacture process, the entire process was simulated using a single finite element model with a solid element. The analysis model incorporated the material model that included both the Bauschinger effect and strain hardening. Actual shapes of the rollers and the contact conditions between the roll and the steel plate were considered. That simulation resulted in modifications to the compressive stress–strain curve in the circumferential direction to accommodate various compression rates in the sizing process. Collapse pressure was evaluated by focusing on changes to the circumferential compressive stress–strain curve. In particular, the relationship between the collapse pressure and the sizing process was investigated with respect to the slenderness of the pipe. Moreover, the possibility of increasing the collapse strength of the ERW pipe by using the recommended current design standards was discussed.




2. Change in the Material Stress–Strain Curve during Manufacture


Prior to simulating the manufacture process, a material model that included the Bauschinger effect and strain hardening was established. The process used to manufacture the ERW pipe was simulated using commercial finite element analysis software, ABAQUS 2018 [14], to examine changes in the circumferential stress–strain curve due to the manufacture process.



2.1. Material Model


Simulation was performed using API-5L-X70 steel, which is a popular choice for steel pipes. During the manufacture process, repeated cyclic loadings between tension and compression creates kinematic and isotropic terms of hardening, which results in translation and expansion of the yield surface, respectively, and changes the stress–strain curve of a steel plate. The modified Chaboche model, which is suitable for the simulation of cyclic loading, was adopted [3,15]. The kinematic and isotropic hardenings of the yield surface are defined by the von Mises function as represented by Equation (1).


  f = ‖ σ − χ ‖ − η  



(1)







In Equation (1),  σ  is stress and  χ  and  η  are terms representing the kinematic and isotropic forms of hardening, respectively.



The kinematic and isotropic terms of hardening are defined by Equations (2) and (3), respectively.


  χ = ±  C γ  +  (   χ 0  ∓  C γ   )  e x p  (  − γ  |   ε p  −  ε  p 0    |   )   



(2)






  η =  {         σ 0  +  (   σ a  −  σ 0   )  ·  (  1 − e x p  (  −  b a  p  )   )  ,   p ≤ Δ  ε  p l a t e a u           ψ + Q ·  (  1 − e x p  (  − b p  )   )  ,   p ≥ Δ  ε  p l a t e a u            



(3)







In Equations (2) and (3),  C ,  γ ,    σ a   ,     b a    and  ψ  are the material hardening parameters.  Q  and    σ 0    are the saturated isotropic hardening stress and the initial yield strength, respectively.    ε p    and      ε  p 0     are the plastic strain and the plastic strain at the beginning of the manufacture process, respectively.   Δ  ε  p l a t e a u     is the length of the yield plateau.  p  is the accumulated plastic strain.



The kinematic and isotropic hardenings can be calculated by the strain that occurred during manufacture. The material model was calibrated by the stress–strain curve obtained from the tension–compression–tension cyclic loading test, as shown in Figure 1. The test was conducted for a dog bone specimen with a thickness of 10 mm. Maximum strains of ±2% were applied. The material model showed good agreement with the experimental result including the Bauschinger effect and strain hardening. The yield strength at an offset strain of 0.5% and the tensile strength of the tested specimen were 555 MPa and 620 MPa, respectively.




2.2. Simulation of the Manufacture Process for ERW Pipe


As shown in Figure 2, a three-dimensional finite element model was constructed to simulate the manufacture process from breakdown to sizing. The rollers were rigid, and the dimensions, arrangement and spacing of the rollers were determined based on the information obtained from the manufacturer. The specific information of the rollers provided by the company is confidential. The steel plate was modeled using an eight-node linear brick element with reduced integration, which is referred to as C3D8R in ABAQUS [14]. When uncoiled, the steel plates are much longer than their width. However, the length of the steel plate in the simulation was limited to seven times the width. Seven layers of elements were applied through the thickness direction, and 52 and 110 equally spaced elements were applied along the width and the length directions, respectively. Convergence testing confirmed that the number of elements in each direction was sufficient to provide converged stresses.



The ERW pipe is formed by passing a steel plate through the rollers in a fixed position. Numerical simulation, however, is conducted in the opposite way. Rigid rollers are passed over the steel plate to avoid any development of stresses caused by moving the steel plate. As shown in Figure 3, the front surface of the plate was constrained in the longitudinal direction, and movement in the transverse direction of the cross-section along the center line was also constrained. The roller was moved at a velocity of 30 m/min, which is within the range used in practice. Explicit dynamic analysis was performed using a time increment (Δt) of 2.0 × 10−6 s, which was confirmed by convergence testing.



During the simulation, as shown in Figure 4, two surfaces were tied together to simulate welding in the squeezing process. Neither separation nor slip occurred after the tying. Elastic friction was applied between the rollers and the steel plate. The friction coefficient was determined using various factors such as the roughness of the roller surface, the moving speed of the plate, and the type of lubricant. In this study, a friction coefficient of 0.15 was applied [16,17].




2.3. Results of Simulation


Simulation results for a 5.46 mm thick pipe with a diameter of 236 mm are shown in Figure 5. The width of the uncoiled steel plate was 220 mm. Figure 5a is a roll-flower that represents the gradual changes of the cross-section at the center of the plate along the longitudinal direction. Deformed shapes of the cross-section were captured when the cross-section passed the rollers.



Figure 5b shows a cross-section of the plate in contact with the roller to show the functions of each roller type. Since the squeezing process is similar to sizing, it was not shown in the figure. The manufacture process consists of 26 roller sets with each roller set composed of either upper and lower rollers or left and right rollers. The role of the upper and lower rollers is to form the plate, and the left and right rollers guide the movement of the plate between the upper and lower rollers. The breakdown process consisted of five sets of the upper and lower rollers. The width of the upper rollers was gradually decreased to form the plate from the edge to the center, as shown in Figure 5a. The finpass process consisted of three sets of upper and lower rollers. The plate was formed to achieve the curvature prior to welding by gradually reducing the size of the rollers and the width of the fin in the upper roller. The squeezing process was composed of one set of upper and lower rollers, and the welding surface was bonded. The sizing process consisted of four sets of upper and lower rollers, and the radii of the upper and lower rollers were adjusted to gradually decrease the outer diameter.



Figure 5c shows the stress history in the circumferential direction of the pipe at the opposite line of the seam weld. It was assumed that there was no initial residual stress on the plate since the circumferential stress applied by the leveling process would have been insignificant [5]. During the manufacture process, significant increases in, and releases of, stress occurred repeatedly when passing through each roller set. As the plate passed through the breakdown process, the edges of the plate formed first, and tensile and compressive stresses occurred at the outermost and innermost layers, respectively, due to bending. Residual stresses gradually increased as the process progressed. In the finpass process, the fins in the finpass rollers significantly compressed the steel plate in the circumferential direction developing reverse bending in the plate. Due to the reverse bending, the stress conditions were opposite in the innermost and outermost layers. After passing through each finpass roller set, the springback restored the stress conditions to compression in the innermost layer and tension in the outermost layer. Compression occurred in both the innermost and outermost layers when passing through the squeezing and sizing rollers. Since the welding surfaces of the plate were bonded, the fluctuation of the stress due to springback was relatively small, and the change in the residual stress before and after the sizing process was minimal.



Figure 6 shows the distribution of the circumferential stress during the squeezing and sizing processes. When the section was compressed by the rollers, the entire cross-section was mostly under compression. Significant compressive stress concentration was identified in some portions of the cross-section. The concentrated stress was spread out through the entire cross-section by stress redistribution after the last sizing roller, and the magnitude of the stress was reduced. Finally, compressive and tensile residual stresses remained in the inner and outer layers, respectively.



After sizing, both the tensile and compressive stresses were maximum at 0, 60 and 300 degrees from the seam weld. Stress at the opposite side of the seam weld is the next highest. According to API Specification 5L: Specification for line pipe [18], the yield strength of a steel pipe should be evaluated at least 90 degrees away from the seam weld. In addition, the yield strength is generally evaluated opposite the seam weld where the influence of the welding is minimal and the deformation history is most complex [13,15,19]. Therefore, evaluating stress and strains at the opposite side of the seam weld could be justified.



The stress–strain histories of the innermost and outermost layers were evaluated at the opposite line of the seam weld, as shown in Figure 7. During the breakdown process, the innermost and outermost layers showed compressive and tensile stress, respectively. On the other hand, during the finpass and sizing processes, both the innermost and outermost layers fluctuated between tension and compression, but mostly showed compression. In the finpass process, the state of loading–unloading–loading was repeated as the compressed outermost layer was tensioned by the springback right after passing through the finpass rollers. At this time, as shown in Figure 5, the direction of the stress was opposite on the innermost and outermost layers during cyclic loading, and stress migrated to the elastic region. In other words, during the finpass process, strain hardening and the Bauschinger effect occurred alternately at the innermost and outermost layers. During the sizing process, we compared the stress–strain histories of the two sizing ratios, which amounted to the changing rate of the outer diameter of the pipe before and after the sizing process, as follows.


  S i z i n g   r a t i o =   O u t e r   d i a m e t e  r  b e f o r e   s i z i n g   − O u t e r   d i a m e t e  r  a f t e r   s i z i n g     O u t e r   d i a m e t e  r  b e f o r e   s i z i n g      



(4)







When the sizing ratio was 0.1%, stresses at the innermost and outermost layers varied in the elastic region. When the sizing ratio was 1.0%, however, there was distinct compressive plastic deformation in both the innermost and outermost layers. Large amounts of compression occurred during the sizing process due to strain hardening, which resulted in the translation and expansion of the initial yield surface in the compression direction. Therefore, the compressive yield strength could be increased with sizing. The behavior was not observed for a sizing ratio of 0.1%, which suggests the effect is larger as the sizing ratio becomes greater.



As shown in Figure 8, the circumferential strain history during manufacture was plotted for each layer in the thickness direction. During the breakdown process, the deformation of the center layer (i.e., layer 4) was insignificant by pure bending, but the outer layers (i.e., layers 1–3) were tensioned and the inner layers (i.e., layers 5–7) were compressed. As Figure 7 shows, during the finpass process, the compression and tension on the inner and outer layers occurred in alternating fashion. Springback occurred immediately after passing through each finpass roller, and the farther from the center layer, the greater the fluctuation of the strain due to springback. In the squeezing and sizing processes, all layers were compressed, and the magnitude of the compression at each layer was similar. Following manufacture, we confirmed that the layers were compressed overall by the squeezing and sizing processes.





3. Evaluating Collapse Pressure


In this chapter, the effect of the sizing ratio on the collapse pressure of the ERW pipe was examined. Various sizes of the ERW pipes were considered. Variations in the strength of the compressive yield and in the out-of-roundness due to the changing sizing ratios were discussed. Moreover, the collapse pressure of the ERW pipe was compared with the design standards to evaluate the advantage of the sizing process.



3.1. Collapse Analysis after Manufacture


Collapse pressures were examined for pipes with various dimensions and sizing ratios. After simulating the manufacture process, new boundary conditions and external pressure was applied as is. Thus, the residual stress, deformed configuration and modified stress–strain curve after manufacture could be directly transferred. A pipe diameter four times longer than the length direction from both ends of the pipe was fixed in all directions, as shown in Figure 9a. Uniform external pressure was applied to the remaining part of the pipe, which was 14 times the diameter. According to Bastola et al. [20], collapse pressure is not affected by the boundary conditions if the minimum length of the pipe exposed to the external pressure is ten times that of the diameter. The deformed shape of the pipe and the stress contour shown in Figure 9a confirmed that the length of the pipe exposed to the uniform pressure was long enough not to have been affected by the boundary conditions. Modified Riks method was used to perform nonlinear analysis to consider negative stiffness after buckling [21].



As shown in Figure 9b, the stiffness of the pipe gradually decreased under the external pressure near the peak, and the displacement rapidly increased even though the external pressure decreased. Decreasing stiffness near the peak indicates the yielding of the pipe so that the collapse pressure could be influenced by the compressive stress–strain curve after the elastic region. Local buckling occurred when the maximum external pressure was applied. The maximum external pressure was defined as the collapse pressure. The stress distribution of the deformed configuration of a cross-section of the pipe, after collapse, is also shown in Figure 9a.




3.2. Effect of the Sizing Process


The effect of the sizing ratio on the collapse pressure of pipes with various sizes was compared, as shown Figure 10. The collapse pressure was normalized by the nominal yield strength and the diameter-to-thickness ratio (D/t). The maximum sizing ratio was approximately 1.0%, and the D/t ratio ranged from 14 to 36, which is commonly used in practice. The results clearly show that the collapse pressure was greater for a smaller D/t. Moreover, the correlation between the sizing ratio and the collapse pressure was more distinct for a smaller D/t. When the D/t was 14, the collapse pressure increased with an increase in the sizing ratio. An approximate 10 to 15% increase in the collapse pressure could be achieved with sizing ratios greater than 0.4%, because inelastic local buckling occurs for a smaller D/t so that the collapse pressure could be additionally affected by the plastic behavior of the material, as well as by the improved out-of-roundness of the cross-section. Han et al. [3] confirmed an improvement in out-of-roundness due to a larger sizing ratio. For a D/t greater than 22, there was no clear correlation between the sizing ratio and the collapse pressure. Dispersion of the collapse pressure became smaller with a greater D/t, because elastic local buckling was dominant for a larger D/t. Since improvement in the collapse pressure due to a larger sizing ratio was unclear, either the sizing process is unnecessary or only a smaller sizing ratio is needed for a D/t greater than 22.



As shown in Figure 11, the maximum strains that initiated collapse for various D/t ratios are marked on the stress–strain curves in the circumferential direction. The sizing ratios of all cases were approximately 1.0%. The results clearly show that the maximum strain at the point of collapse was greater for a smaller D/t. This observation indicates that a smaller D/t could withstand more strain energy because the collapse pressure is greater. When D/t is 31 or greater, the maximum strains were located before the yield plateau due to elastic buckling. Thus, the influence of the sizing was minor.




3.3. Factors That Improve the Collapse Pressure


The factors that increase the collapse pressure were analyzed for the pipe with a D/t of 14, and those factors were heavily influenced by the sizing ratio. To evaluate the plastic behavior of the material in the circumferential direction, a finite element model with a square cross-section was constructed to simulate a compression test, as shown in Figure 12a [22]. Residual stresses and modified stress–strain curves after manufacture were applied as an initial condition to maintain continuity of the analysis. Since the pipe had seven element layers in the thickness direction, the specimen model also had seven element layers to take into account the different plastic deformation histories in the thickness direction. The mapping length of the specimen was 1.4 times the width of the cross-section. If the length of the specimen was too long, a global buckling could occur before securing sufficient deformation to derive a stress–strain curve [4]. Convergence testing confirmed that the mesh size of the mapping region was constructed as 3640 elements divided into 10 and 52 equal parts along the width and length directions, respectively.



The difference between the stress–strain curves before and after manufacture was examined, as shown in Figure 12b. To evaluate the effect of the compression during the sizing process, sizing ratios of 0.1, 0.3, 0.7, and 1.0% were considered. The results showed that the slope of the strain hardening beyond the elastic region was increased following manufacture. Depending on the sizing ratio, however, there was a difference in the stress–strain curve in the vicinity of a 0.5% offset strain, which was the yield strength evaluation position suggested by API Specification 5L: Specification for line pipe [18]. When the sizing ratio was 0.1%, the Bauschinger effect appeared immediately after the elastic region due to the intense effect of the breakdown and to the finpass processes that caused compression and tension at the inner and outer layers, respectively. As the sizing ratio was increased, on the other hand, the Bauschinger effect disappeared, and the strain hardening showed an increased slope directly after the elastic region. Thus, the strength of the compressive yield became greater as the sizing ratio increased. This is because the yield surface was gradually moved and expanded in the compressive direction by the kinematic and isotropic hardenings with an increase in the sizing ratio.



To examine the effect of the sizing ratio in more detail for a D/t of 14, the collapse pressure with respect to the sizing ratio was compared together with the ovality and the compressive yield strength, as shown in Figure 13. Ovality is a widely used indicator of out-of-roundness, as follows.


  O v a l i t y =   O u t e r   d i a m e t e  r  max .   − O u t e r   d i a m e t e  r  m i n .     O u t e r   d i a m e t e  r  a v g .      



(5)







Up to a sizing ratio of 0.4%, the collapse pressure was increased by approximately 10%, and this tendency between the collapse pressure and the sizing ratio seemed to follow improvement of the ovality, as shown in Figure 13a. At a sizing ratio of more than 0.4%, however, the collapse pressure continued to increase, but little improvement was shown for ovality. Thus, ovality could not explain the increase in collapse pressure when the sizing ratio was greater than 0.4%. On the other hand, compressive yield strength was increased for a greater sizing ratio, as shown in Figure 13b. The correlation coefficient between the collapse pressure and the compressive yield strength was 0.67 when the sizing ratio was greater than 0.4%. The correlation coefficient between the collapse pressure and the ovality for the same range, however, was −0.36, which indicated low correlation. Therefore, improvement in the collapse pressure due to the sizing process for a sizing ratio greater than 0.4% could be caused by the increase in compressive yield strength.




3.4. Comparison with Design Standards


Figure 14 compares the results of the collapse analysis with the design criteria recommended by two design standards: API Recommendation Practice 111 [23] and Offshore Standard DNV-OS-F101 [11]. Both standards use a combination of the elastic and inelastic collapse pressure to make recommendations for the collapse pressure of offshore pipelines. Both standards define the elastic and inelastic collapse pressures as identical, but the equations determining the design collapse pressure and modification factors are different. For example, DNV-OS-F101 [11] introduces a fabrication factor to deduct the inelastic collapse pressure by 7% by considering the effect of changing material properties due to cold-forming. The difference between the two design standards was small for a large D/t where the elastic buckling is dominant. At a D/t of 17 or less, however, DNV-OS-F101 [11] suggests a slightly lower design collapse pressure.



The comparison indicates that the minimum collapse pressures obtained in the simulation of the manufacture process approximated the design criteria for a larger D/t. There was a difference of approximately 25%, however, between the minimum collapse pressure obtained from the simulation and that of the design criteria for a D/t of 14. This is because the current design standards do not factor in the advantage from the increased slope of the strain hardening that is caused by the sizing process. Thus, a larger margin exists for a smaller D/t, for which inelastic buckling governs the collapse pressure of the ERW pipe.





4. Conclusions


The manufacture process for ERW pipes made of API-5L-X70 was simulated via finite element analysis using a solid element. The effect that the manufacture process, particularly the sizing process, exerts on collapse pressure was evaluated. A material model that could account for the Bauschinger effect and strain hardening was adopted for analysis. The main conclusions of this study are as follows.



	
The compressive stress–strain curve in the circumferential direction was modified by plastic deformation during the manufacture of the ERW pipe. The slope of strain hardening was increased following manufacture, and either the Bauschinger effect or strain hardening could be factors depending on the sizing ratio. When the sizing ratio was small, the Bauschinger effect was strong. When the sizing ratio increased, on the other hand, strain hardening appeared immediately after the elastic region resulting in a higher level of compressive yield strength.



	
The sizing process improved both the ovality and the compressive yield strength for a D/t smaller than 19, so that a larger sizing ratio increased the collapse pressure. In particular, when the sizing ratio was larger than 0.4%, improvement in ovality was minor and the increased compressive yield strength increased the collapse pressure.



	
When D/t was greater than or equal to 22, there was no clear correlation between the sizing ratio and the collapse pressure. In particular, elastic buckling governed the collapse for a D/t greater than 31.



	
Considering both elastic and inelastic buckling, minimum sizing ratio of 0.4% could be recommended to improve the collapse pressure.



	
Comparison between the analysis results and the current design criteria showed a significant margin for smaller values of D/t, in which inelastic buckling governed the collapse pressure. If inelastic material behavior was considered, an increase in collapse pressure of approximately 25% could be obtained with a D/t of 14.
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Figure 1. Adopted stress–strain curve in simulation. 
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Figure 2. Simulation of the manufacture process using a three-dimensional finite element method. 
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Figure 3. Size and boundary conditions of a steel plate in the finite element model. 






Figure 3. Size and boundary conditions of a steel plate in the finite element model.



[image: Applsci 10 05005 g003]







[image: Applsci 10 05005 g004 550] 





Figure 4. Contact conditions between the plate and rollers. 
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Figure 5. Typical results of the simulation: (a) roll-flower; (b) shapes of the cross-sections under each roller; (c) circumferential stress. 
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Figure 6. Distribution of circumferential stress along the circumferential direction in squeezing and sizing processes. 
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Figure 7. Stress–strain curve at the outer and inner layers during manufacture. 
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Figure 8. Strain history of each layer during the manufacture process. 
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Figure 9. Collapse analysis: (a) boundary and load conditions; (b) displacement under external pressure. 
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Figure 10. Effect of the sizing ratio on the collapse pressure: (a) D/t = 14; (b) D/t = 19; (c) D/t = 22; (d) D/t = 26 and 28; (e) D/t = 31 and 33; (f) D/t = 36. 
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Figure 11. Range of maximum compressive strain when collapse occurs. 
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Figure 12. Compression test: (a) specimen model for the compression test; (b) compressive stress–strain curves for various sizing ratios. 
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Figure 13. Correlation according to sizing ratio (diameter-to-thickness ratio (D/t) = 14) between: (a) collapse pressure and ovality; (b) compressive yield strength and collapse pressure. 
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Figure 14. Comparison between analysis results and design standards. 
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