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Abstract
This paper presents the analysis and design optimisation of the cold rolled steel sections for flexural strength considering the effect of cold working exerted on the section during the roll forming process. The sections included channel and zed shapes with complex longitudinal web and flange stiffeners. Nonlinear Finite Element (FE) modelling was developed to model the flexural strength of the channel and zed beams and validated against the four-point bending experiments for these sections. The material properties of steel at the section’s flat parts, corners, and stiffener bends were obtained from tensile tests and were incorporated into the FE simulations to account for the true material properties at these regions due to the cold working during the roll forming process. The strength enhancement at the section corners and stiffener bends obtained from tensile tests were also compared with the predicted values from design standards. The section strength was then optimised using FE modelling results based on the Design Of Experiments (DOE) and response surface methodology. Optimal designs for the channel and zed sections with maximum strength in distortional buckling could be obtained while changing the stiffeners’ position, shape, sizes, and considering true material properties at section corners and stiffener bends. It revealed that, for the two sets of channel and zed sections with the depths of 145 mm and 170 mm, the optimal designs provided up to 43% and 39% increase in flexural strength for the channel and zed sections, respectively; however, when the true material properties at the section corner and the stiffener’s bend regions was included, the increase in flexural strength increased up to 50% and 41%, respectively. Including flange stiffeners to the sections with longitudinal web stiffeners generally increased further the section strength. However, the levels of increase were largely dependent on the section depths and material properties.
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[bookmark: _Toc19541541]1. Introduction
Cold rolled beam sections, i.e. purlins in building frame systems, are usually manufactured by the cold roll forming process into conventional channel and zed profiles. The flat elements of these sections have large width-to-thickness ratios, so they are prone to local or distortional buckling that govern the failure modes. A main method to improve the strength of cold rolled sections is including longitudinal stiffeners at the web and/or flange of the sections. These stiffeners subdivide the flat elements of the web and flange so it can significantly increase the local buckling load of sections under compressive stresses (due to the smaller width-to-thickness ratio of the sub-elements). Sections could have “standard” stiffeners such as symmetrical angle, i.e. pre-qualified profiles as defined in codes of practice [1-3] or “complex” stiffeners such as unsymmetrical angles with many curved bends or semi-circular shapes [4]. There have been extensive investigations on buckling and ultimate strengths and design of sections with web stiffeners; however, most of them are for columns under compression and there have been limited investigations on channel and zed sections with stiffeners subjected to bending [5-8]. 
Only a few studies considered intermediate stiffeners in the flanges of channel and zed beams [9]. Practical design methods for these sections including the Effective Width Method or the Direct Strength Method, are normally specified in codes of practice in different countries such as European Standard [1], North American Specification  and Australian/New Zealand Standard [3]. However, the Direct Strength Method is more applicable for sections that contain complex stiffeners as using the Effective Width Method for these sections is very complicated and impractical in calculating the effective section properties [10]. The Finite Element (FE) Method has been widely used in analysis and design of cold formed steel structures, however, there have been limited studies for cold-formed steel sections with stiffeners in bending. The study [11] applied the FE analysis through ABAQUS software to provide further understanding on the behaviour of intermediately stiffened elements of hat sections under pure bending. The study [9] carried out a series of nonlinear FE analyses to investigate the flexural behaviour of cold-formed Z sections with intermediate stiffeners in their flanges. Recent investigations on buckling and ultimate strengths for channel and zed sections with stiffeners using Finite Element analysis were presented in [12, 13].
During the cold rolled forming process, different levels of cold working or plastic deformation in material are generated, resulting in changes to the mechanical properties of the virgin coil material. Significant amounts of plastic deformation are found in the regions around section corners and stiffener bends in comparison to the flat counterpart regions, hence resulting in an increase in material yield and ultimate strengths, but a decrease in material ductility. Over the last few decades, there have been many studies conducted to quantify the cold working effect in the curved regions of metallic material and develop several models to predict the strength enhancement. The most widely used of which are for the stainless-steel sections [14-24] and the carbon-steel sections [25-36]. Several studies have investigated the cold formed sections, where the cold working effect on mechanical properties of the material and their effects on structural behaviour of the sections were quantified. Some studies measured the strength enhancement in the section corners and pointed out that it had negligible influences on load-bearing capacity of structural column members [28, 34, 35]. Other studies, have shown significant influences of cold working on load-bearing capacity of structural column members [14-16, 18, 21, 22, 24, 27, 29-32, 37, 38] and beam member [33].   
In the cold roll forming industry, there is a critical requirement that is to reduce the initial strip to a minimum while maintaining/ increasing the structural performance of the roll formed products, thus minimising the major financial outlay in the process which is the material cost. Design optimisation of a cold rolled section can be achieved through a process of searching for alternative shapes to obtain its maximum strength while maintaining the same strip width (weight), leading to the most economical and efficient structure. Optimisation methods including Genetic Algorithms and Particle Swarm Optimisation were used together with the analytical methods available in design codes (the Effective Width Method or the Direct Strength Method) [1-3] to search for optimal designs with flexural strength target [6-8, 39]. However, this approach was rather applicable for pre-defined profiles in which the dimensions of web, flanges, lips, and stiffeners were symmetrical and, in the dimension and shape ranges required by design standards. It is also noted that the current design methods  [1-3] are limited in their ability to calculate the strength of channel and zed sections with symmetrical stiffeners. 
In addition, most of previous studies on the optimisation of cold rolled sections did not consider both the geometry and the cold working influences on the section strengths, resulting in not very accurate optimisation results. Only the recently published studies [10, 12, 13] utilised FE modelling and optimisation techniques to determine the influences of the stiffener’s geometry and cold working at the section corners and stiffener bends; the stiffener’s geometry included its location, shape, and size. However, in these studies, the material properties of section corners and stiffener bends were not available from the tests. Therefore, the formulae from the North American specification [2] were used to calculate the material properties of corners and stiffener bends from those of the flat regions. While providing useful information on the effect of stiffener geometry and cold working, it did not provide accurate figures on the true material properties at section corners and stiffener bends, and subsequently, on the optimal design for flexural strength of these sections. In addition, there has not been work of analysis and optimisation for cold formed sections that included flange’s intermediate stiffeners.          
Therefore, the work in this study is driven by the need to develop the design optimisation for flexural strength of cold rolled steel beam sections with intermediate stiffeners considering the true material properties at section corners and stiffener bends generated during the roll forming process. The analysis and optimisation also focused upon the effects of including flange’s stiffeners on the section strength. The design optimisation of two sets of industrial channel and zed beam sections having different depths, subjected to bending are presented to gain more generalised conclusions about the optimisation. Tensile tests of specimens extracted from the channel and zed beam sections’ flat parts, corners, and stiffener bends were first carried out to obtain material properties at these regions. The increase in yield strength at the section corners and stiffener bends obtained from tensile tests were evaluated against the predicted value from design standards. Four-point bending tests for these sections were conducted to achieve the section flexural strengths. 
Nonlinear FE models were then developed for channel and zed beams subjected to four-point bending tests and these models, the true material properties at section corners and stiffener bends, were validated against experimental test data. The verified FE models were then used for design optimisation which was carried out in three stages: (1) the sections were then parameterised in terms of geometric dimensions and material properties at section corners and stiffener bends, against the target responses which were the buckling and ultimate strengths of the sections, (2) the Design Of Experiments (DOE) and response surface were used to determine the influences of the section and stiffener’s parameters on the section distortional buckling and flexural strength (in this approach, the dimensions, the initial imperfections, and the material properties at different parts of the sections were defined as input parameters while the buckling and flexural developed stresses were defined as output parameters), (3) a multi-objective genetic algorithm method was deployed to obtain optimal designs for the sections with maximum buckling and ultimate strengths while keeping the same amount of material used while changing the stiffeners’ position, shape, sizes, and considering material properties at section corners and stiffener bends. Optimal cross-sectional shapes of the longitudinally stiffened channel and zed sections were finally selected and proposed.
2. Experimental test programme
The beam specimens were cold roll formed along the rolling direction on steel coils. The cross sections of the channel section and the zed section with generic dimensions, are shown in Fig. 1. For the channel section with a depth of 145 mm and a thickness of 1.2 mm, it was labelled as C-W145T1.2, and for the zed section with a depth of 145 mm and a thickness of 1.2 mm, it was labelled as Z-W145T1.2. The label C-W145T1.2 is described as follows: C: Channel specimen; W: Web, 145: Nominal web height or beam depth (mm); T: Thickness, 1.2: Nominal plate thickness (mm). Dim A is the distance from the peak of the stiffener to the upper hole of the web, Dim B is the distance between the web stiffeners, Dim C is the distance between the holes of the web, and Dim D is the length of the web. The specific dimensions of cross sections of the tested channel and zed specimens are shown in Figs. 6(a),(b), and Figs. 7(a),(b), respectively.
[image: A diagram of a beam

Description automatically generated]
Fig. 1. Cross sections and geometries of beam specimens (a) 145 mm deep channel sections, and (b) 145 mm deep zed sections. 42 mm is the distance from the back of the section to the holes in the flange in the longitudinal direction.
2.1 Tensile tests
The material properties of flat parts, corners, and stiffener bends cut from the beam sections C-W145T1.2 and Z-W145T1.2 in the longitudinal direction of the finished sections, were obtained from tensile tests. For each type of beam section, the positions of the extracted specimens from the selected sections are shown in Fig. 2. The specimen identification system begins with the specimen type (web, flange, and corner), followed by the specimen locations in the longitudinal direction for repeated tests, labelled as a, b, c. Three flat specimens were extracted from the centre line of the web; three flat specimens were extracted from the centre line of the flange; two corner specimens were taken from the section corners (web-flange junctions) at position 1; two curved specimens were taken from the most bent corner of the web stiffener at position 2; two curved specimens were taken from the second most bent corner of the web stiffener at position 3. Flat and curved steel specimens had the ‘dog bone’ shape and were prepared according to the appropriate specifications of the relevant European standard ISO 6892-1 (ISO 2009). The flat specimens had a parallel length of 75 mm and a width of 12.50 mm of the parallel length, while the curved specimens had a parallel length of 75 mm and a width of different dimensions depending on the positions and sizes of the cross sections, ranging from 3.5 to 12.5 mm. 
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Fig. 2. Locations of extracted tensile specimens (a) channel cross section, (b) zed cross section, and (c) typical curved specimens wired cutting from the section Z-W145T1.2 and specimens extracted from curved locations 1, 2, and 3. 
A 50 mm gauge-length extensometer was attached to the tensile specimen. Each specimen was instrumented with linear 10-mm strain gauges on each side of the specimen at mid-length of the parallel part using TML strain gauge adhesive of CN series (Tokyo Measuring Instruments Laboratory Co., Ltd.) to measure the strains in the initial part of the stress-strain curve, as shown in Fig. 3. For cold roll-formed section members, the presence of residual stresses could result in different strains obtained from the two surfaces of the specimen. Therefore, strain gauges were attached onto both surfaces of each specimen and the average values of their readings were used to determine the strain values. For curved samples, due to the asymmetric shape of the curved specimens, they were tested in pairs (to avoid introducing unwanted bending moments) with a round bar with special knurled surfaces placed between the gripped ends of the specimens, as illustrated in Fig. 3.
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Fig. 3. Typical tensile test setup (a) flat specimens and (b) curved specimens 

The tensile specimens were tested in a 300-kN universal testing machine (Shimadzu AGS-X, Kyoto, Japan), with a displacement rate of 1 mm/min. The stress-strain curves were then plotted, and the yield stress was calculated with an offset slope at strain level of 0.2%, while the initial Young's modulus, was determined by the readings obtained from strain gauges.
2.2 Predictive models
The influence of cold working on mechanical properties of curved regions of a cold formed section generally depended on some parameters such as : (1) the ratio of the ultimate tensile strength  to the yield strength  of the virgin material, (2) the ratio of the inner corner radius  to the thickness of the steel plate t, (3) the steel grade, (4) the type of manufacturing processes (roll forming or press-braking), (5) the type of stresses (compression or tension), and (6) the direction of stress with respect to the direction of cold working, i.e. transverse or longitudinal directions [2, 25]. Among the above parameters, the ratios of  , , and the type of manufacturing processes were the most important parameters to influence the change of material properties during manufacturing process. For instance, the effect of cold working on the enhancement of the yield strength increased when the ratio of  increased [2]. Small ratio of , corresponded to a large degree of cold working in a corner which resulted the greater the enhancement in yield strength.  
The material properties at corners and stiffener’s bends were calculated from those of flat material by using analytical methods. One of the most popular methods was using formulae from the North American specification for the design of cold-formed steel structural members [2]. The equation for determining the tensile yield strength,  of the corner was based on Equation (1). The Equations (1) - (3) are referred to hereinafter as the AISI Specification  [2]. 
=                                                                                                                                                                   
In which
                                                                                                         
                                                                                   
Where: is the yield stress,  is the ultimate strength of the material in flat parts of the section R is inside radius of the corner and t is the thickness of the section.
[bookmark: be0065][bookmark: be0070]Gardner et al. [27] modified the AISI predictive model [Equations (2), (3)] using test results on corners of cold-formed steel box sections. The modified predictive model had revised values for coefficients, as shown in Equations (4-5). Their predicted yield strengths were more accurate and consistent than those of the AISI predictive model for rectangular and square hollow sections.
                                                                                                           
                                                                                     
In this paper, the tensile test results obtained from tensile tests for section corners and stiffener bends were compared to the above two models and the results are presented in Section 5.2 to evaluate the predictive model’s accuracy.
2.3 Bending tests
The typical test setup for the four-point bending configuration test of sections C-W145T1.2 and Z-W145T1.2 is shown in Fig. 4 (which shows the test setup of the channel sections). The beam sections were assembled in pair with lateral restraints made of 45x45 mm steel angles which were fixed by self-tapping screws to the top and bottom flanges at every distance of 500 mm, but there are no restraints on top of the sections for 1300 mm at the mid-span; this is to allow the distortional buckling failure in the beams. It was set up as simply supported beams which were supported on round blocks located 2700 mm apart. 
A calibrated test rig was used for the tests which consists of a 200-kN capacity hydraulic actuator. It imposed the load through a rigid I beam onto the beam specimens at two discrete locations 900 mm apart. These loads were applied through the web of the section via a bolted connection using cleats (fixed to the beam webs), which in turn contacted the load cell beams via round blocks. Round blocks were used for all supports to ensure that the reaction force/ load applied to support cleats was a point load. Electrical strain gauges were used to measure the axial strains along the web and flanges of the cross section of the beam specimens. For each section, four strain gauges were mounted on the specimen mid-span, on the perimeter outside the specimen cross section, at the web positions close to the flanges and at the centres of flanges. Displacement transducers (LVDTs) were used for determining the vertical displacements under the beams at mid-span and under the two loading points. Other LVDTs were placed at the supports to measure possible displacement in the vertical direction.
A displacement control scheme with a rate of 1 mm/min was used for all tests. The specimens were loaded to failure. The tests stopped when the load dropped approximately 30% after reaching the maximum value. The data associated with load, displacement and strain gauge readings were recorded by data acquisition software. To consider the variation in sample and testing conditions, 2 duplicated tests were carried out for each section referenced.
[image: A machine in a factory

Description automatically generated]
Fig. 4. Four-point bending test setup, showing zed sections and strain gauge and LVDTs arrangement at mid-span of the sections (in the small box).
3. Finite Element modelling and optimisation
3.1 FE modelling of four-point beam bending test 
FE modelling was performed using ANSYS (Version 2020R, ANSYS, Inc.) to model the four-point bending test of the channel and zed sections, as presented in Section 2. The method of developing the FE model for thin-walled sections capable of simulating the buckling and ultimate strength while considering the section’s geometric imperfections and cold working effects was presented in detail in Qadir et al. [12], and this method was applied to this study. The FE model setup including point load locations and boundary conditions is illustrated in Fig. 5 where only half of the test system was simulated due to symmetry (the tested beams had a span of L = 2700 mm, distance between two bracings at the end of beams is a = 500 mm, and distance between two bracings at the centre of beams is b = 1300 mm). The bracings were modelled using tie nodes at the symmetry plan that were rigidly connected to nodes from the top / bottom flanges and they were constrained to prevent from movement against the transverse direction. 
The distance between two bracings at the centre of beams is approximately equal to three distortional buckling halfwave length of the sections [40]. The connections of support cleats attached to the web of the section at supports and loading points were also modelled by rigid connections between reference nodes (at centre of support) and nodes at screw positions. These reference nodes were used to restrict the section ends against all the movements such as vertical, transverse and out-of-plan rotations. The reference nodes at one-third of the beams were used to apply vertical loads. 
The FE modelling of the beam test included two steps. In the first step, a linear elastic buckling analysis was performed on the perfect geometry to obtain distortional buckling modes (eigenvalues). In the second step, these buckling modes were used as initial geometric imperfections for a nonlinear post-buckling analysis carried out to predict the beam behaviour and ultimate load capacity. A linear elastic buckling analysis was carried out using FEM to obtain the dominant buckling modes (Eigenmodes), which were then fed into the nonlinear analysis to include the shape and distribution of initial imperfections. The distortional buckling mode, characterized by two half-waves along the constant moment span, was generally the primary mode in this study. 
Shell elements SHELL181 which has 4-noded quadrilateral, reduced integration, were selected. There were two layers with 6 integration points through the thickness of the section, since the plastic deformation and shear deformation effects were considered in this study, the high number of integration points was preferred. These elements had three translational and three rotational degrees of freedom at each node that consider finite membrane and large rotations that are suitable for large-deformation and geometrically non-linear issues in this study. The material properties for flat parts, section corners and stiffener bends obtained from tensile tests (as presented in Section 2.1) were assigned in these regions of the channel section C-W145T1.2 and zed section Z-W145T1.2 in the FE models, as shown in Fig. 2. This allowed the effects of cold working on tensile and flexural strengths of cold rolled steel sections with complex stiffeners to be investigated. The value of 205 GPa was used elastic modulus E of steel material.
Four different mesh sizes were used to study the influence of the mesh parameter on the accuracy of the simulation results. They included sizes of 20x20 mm, 8x8 mm, 4x4 mm, and 2x2 mm, which corresponded to a total number of elements of 5694, 21900, 70810 and 233600, respectively. The results showed that maximum difference between the ultimate loads of the 20x20 mm and the 2x2 mm was less than 5%. Using mesh sizes smaller than 4x4 mm has negligible effects on the stiffness and ultimate load capacity values (less than 0.5% difference), while could significantly increase the computational costs. Consequently, the 4x4 mm mesh size was chosen in this study to strike a balance between accuracy and computational efficiency. This choice ensured that simulation results aligned well with experimental findings while being sufficiently small to accurately model the corners and bends of the section's stiffeners.
To validate the FEM results, the first buckling mode was compared with experimental observations, and a close resemblance was identified. Consequently, the first buckling mode shape was chosen for generating imperfections. The maximum amplitude of this mode shape served as a measure for the degree of initial imperfection. Past research has demonstrated that utilizing the first buckling mode shape derived from the elastic buckling analysis, in conjunction with appropriate initial geometric imperfections, yields accurate predictions for failure mode and strength capacity in the FE model. 
The imperfection value of 1.55t was employed for the FE analysis in this study as suggested in [12] (using the imperfection value of 1.55t in the FE analysis was found to provide the closest agreement in the initial stiffness and strength values compared to the experimental results with less than 1% difference). More detailed information about the FE modelling can be found in Qadir et al.  [12].
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Fig. 5. FE model setup which shows boundary conditions (an example of the channel section is presented) and the mesh of the section in closer view, as shown in the rectangular box. .
In this paper, the measured material properties obtained from tensile specimen tests for flat and corners/bends were used in the FE models to accurately quantify the effects of geometry and the cold working induced from the cold roll forming process. Figs. 9(a-b) show both the measured engineering stress-strain curves and the true stress-strain curves, determined using the following equations:
                                                (1)
                                               (2)
where  and   are engineering stress and strain, respectively, based on the original cross-section area of the tensile specimen; and  and  are the true stress and the true strain, respectively, considering the actual cross-section area of the tensile specimen during the test. 
While residual stresses were not directly included in the FE models, they were indirectly considered through the stress-strain data obtained from the material tests. Previous studies indicated that the membrane residual stresses can be safely ignored in the open sections [41, 42]. On the other hand, longitudinal flexural residual stresses were implicitly represented in the stress-strain behaviour of the coupon tensile test results, given that the coupons were cut from the final sections. 
It is noteworthy that cutting a coupon might release flexural residual stresses, causing the coupon to curl [21]. However, these stresses were reintroduced when the coupon was straightened during the initial stages of tensile loading. Consequently, the effects of residual stresses were not individually incorporated into the FE models but were assumed to be inherently included within the stress-strain data. 
4. Flexural strength optimisation
This session study used the material properties obtained from the tensile test conducted in Section 2.1 (results presented in Section 5.1) in the FE models to optimise the buckling and ultimate strength of the associated channel and zed sections. Therefore, the effects of cold working on material properties at section’s corners and stiffener bends on the flexural strengths could be evaluated from the experimental data. The optimisation was carried out for channel and zed sections with flange’s stiffeners to evaluate the effectiveness of including intermediate stiffeners in the section flanges. The main purposes were to (1) accurately quantify both geometry and the cold working effects on the buckling and ultimate strength in the channel and zed sections with complex stiffeners, and (2) ultimately select and propose the optimal design of the channel and zed sections with both web and flange’s stiffeners. 
Two sets of channel and zed sections with the depth of 145 mm and thickness of 1.2 mm, and the depth of 170 mm and thickness of 1.6 mm were used for the optimisation work. They were the industrial UltraBeamTM2 and UltraZEDTM2 sections, respectively (Hadley Industries plc.) that already had two longitudinal stiffeners on the web as shown in Fig. 1. The sections with the depth of 145 mm had tensile tests and bending tests presented in Sections 2.1 and 2.2, and results presented in Sections 5.1 and 5.2 in this paper. The sections with the depth of 170 mm and thickness of 1.6 mm had tensile tests conducted by the same procedure (results are not presented) and results were used for optimisation in this section. Material properties were not the same for the two sets of section depths so that the variation in the section strengths due to different material properties was studied in the design optimisation. These sections were defined as “reference” sections. For comparison purposes, channel and zed sections which were “reference” sections but had no web and flange stiffeners were also used in FE analysis, and they were referred as “standard” sections.
[bookmark: _Hlk150702773]Figures 6 and 7 shows general dimensions for the channel and zed sections, respectively, used in the optimization. The FE model validated for bending tests in Section 2.2 (validation results were shown in Section 5.2) was utilised for the optimisation study in this paper. In the FE models of the “reference” channel and zed sections, the material properties for flat parts, section corners and stiffener bends obtained from tensile tests were assigned in these regions of the sections, as shown in Fig. 2. When the section included intermediate stiffeners in the flanges, the material properties for the section corners at position 3 were used for the region of the flange stiffener. 
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Fig. 6. Dimension parameters in (mm) and definition of design variables of the channel cross section (a) reference section h = 145 mm, (b) reference section h = 170 mm, and (c) section with geometric parameters used for optimisation.
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Fig. 7. Dimension parameters in (mm) and definition of design variables of the zed cross section (a) reference section h = 145 mm, (b) reference section h = 170 mm, and (c) section with geometric parameters used for optimisation.
In the FE models of the sections used for optimization, except the section height h and thickness t were fixed, all dimensions were parameterized from  to  as shown in Figures 6 and 7. For example, Fig. 6(c) illustrates the channel section with flange stiffeners and all dimension parameters used for parametric study and optimisation. Parameters for the positions of the web stiffeners from the web-flange corner were   and  and the position of the peak of the web stiffeners in horizontal direction from the web-flange junction is  . Parameter  was the width of the edge stiffener, parameter was the radius of the section corners (assuming all section corners had the same radius), parameters  and were the angle of the web stiffener, parameter  was the flange width, parameter  was the position of the flange stiffener from web flange junction in vertical direction, and parameters  and  were the size of the flange stiffener which was the radius of a circular stiffener.
The FE simulations conducted for each reference section ranged between 250 to 300 simulations. Taking C-W145T1.2 as an example, a total of 270 combinations were explored for parameters , ,   , , and , considering values between lower bound of 1.00 mm and upper bound of 40.53 mm for  and , lower bound of 5.61 mm and upper bound of 23.61 mm for , lower bound of 2.90 mm and upper bound of 7.50 mm for , lower bound of 0o and upper bound of 20o degrees for  and lower bound of 340o degrees and upper bound of 360o degrees (equivalent of 0o) for . Buckling load and flexural strength values, accounting for the cold working effect, were obtained for each parameter variation. The results were systematically compared to investigate the influence of these parameters. Table 1 lists the ranges of values considered for the optimisation of channel and zed sections. 
Table 1 Ranges of values considered for the optimisation process (in mm for length parameters and degrees for angle parameters).
	Parameter
	Lower bound
	Upper bound
	Parameter
	Lower bound
	Upper bound

	Channel section without flange stiffeners
	Channel section with flange stiffeners 

	
	1.0
	40.5
	
	1.0
	40.5

	
	1.0
	40.5
	
	1.0
	40.5

	
	5.6
	23.6
	
	5.6
	23.6

	
	12.4
	18.4
	
	12.4
	18.4

	
	2.9
	7.5
	
	2.9
	7.5

	
	0°
	20°
	
	0°
	20°

	
	340°
	360°
	
	340°
	360°

	-
	-
	-
	
	5.0
	20.0

	-
	-
	-
	
	1.0
	5.0

	-
	-
	-
	
	1.0
	5.0

	Zed section without flange stiffeners
	Zed section with flange stiffeners 

	
	1.0
	50.0
	
	1.0
	50.0

	
	1.0
	50.0
	
	1.0
	50.0

	
	12.6
	24.6
	
	12.6
	24.6

	
	11.1
	23.1
	
	11.1
	23.1

	
	3.3
	3.3
	
	3.3
	3.3

	
	11.2
	21.2
	
	11.2
	21.2

	
	12.6
	22.6
	
	12.6
	22.6

	
	0.0°
	30°
	
	0°
	40°

	
	0.0°
	30°
	
	0°
	40°

	
	0.0°
	20°
	
	0°
	20°

	
	0.0°
	20°
	
	0°
	20°

	-
	-
	-
	
	5.0
	20.0

	-
	-
	-
	
	5.0
	20.0

	-
	-
	-
	
	1.0
	5.0

	-
	-
	-
	
	1.0
	5.0


The optimal cross-sectional shapes investigated in this paper, are optimised based on an optimisation framework developed by the authors in the previous studies [10] for the purpose of producing more efficient and optimal design of CFS sections. The proposed optimisation framework takes the buckling and ultimate strength of CFS sections as objective function. A nonlinear FE model was first developed for referenced channel and zed sections under four-point bending tests. These reference sections were then parameterized utilising the Design Of Experiment (DOE) technique in terms of geometric dimensions and material properties and the section’s distortional buckling and ultimate strength were determined. 
Design of Experiments (DoE) is a methodology employed for planning experiments and gathering information to analyse the impact of input parameters on output parameters. The DoE technique involves conducting a series of experiments, systematically and simultaneously varying multiple experimental parameters. During each experiment, input variables are intentionally modified in a series of runs or tests, and data is collected to identify the process conditions and product components influencing the investigated quantities. The goal is to determine factor settings that optimize results. For more detailed information about DoE were described in [43].
 In the following step, the effects of the stiffener’s geometry including its location, shape, size, and material properties by the cold working at the section corners and stiffener bends on section strengths were expressed through a response surface. In general, Response Surfaces (RS) are defined as functions in which the output parameters are described in terms of the input parameters. In this study, the sampling points obtained from DOE method for one reference section were used to construct a Response Surface, which combined DOE methods and mathematical statistics, continuously testing the specified points until the relationship between the input parameters was determined. The constructed Response Surface served to approximate target parameters in a global design space by estimating the set of input parameters, ultimately yielding an optimal response. 
By applying an optimisation technique on these response surface data, optimal design of sections was determined based on the section’s maximum ultimate strengths. For optimisation target, that was “obtaining maximum strength of the section while maintaining the same weight”, the total length of the cross section was kept unchanged when changing all other dimension parameters. This process resulted in generating new channel and zed shapes. 
In the proposed FE approach, as summarised in Fig. 8, a three-dimensional model of the section beams was built first, allowing for all section and stiffeners’ dimensions to be parameterised as explained above. Next, the linear buckling analyses involved a two-step process. In the first step, a linear static analysis was formed in which unity point loads were applied at the loading points of the beam member. This initial step was necessary to calculate the internal stresses of the mesh and construct the geometric stiffness matrix of the beam structure (a linear perturbation). In the second step, an eigenvalue buckling analysis was carried out based on the formed geometric matrix to solve for eigenvalues or linear buckling modes (the purpose of eigenvalue analysis is to investigate singularities in the linear perturbation of the beam’s stiffness matrix).
 The nonlinear buckling analysis was then carried out in which the initial imperfections, geometry and material nonlinearity were considered, including material properties changed at section corners and stiffeners’ bends due to the cold working effect. This setup was linked together, allowing the three analysis systems to share resources from the first step “linear buckling analysis” such as engineering data, geometry, and boundary condition type definitions. Finally, the response surfaces were calculated using the data from the parameterised Design Of Experiment process, and by using a multi-objective genetic algorithm, the optimal design candidates could be selected. The detailed descriptions of the optimisation approach could be found in  [13].
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[bookmark: bfo0080][bookmark: bfo0085][bookmark: bfo0090]Fig. 8. The flowchart of the FE modelling and optimisation processes  [13].
[bookmark: bf0025]The dimensions of the standard (sections have no web and flange stiffeners), reference (tested sections) and the cross-sections with parameters used for optimisation are presented in Tables 2-3. All the dimensions in the Tables are defined based on the mid-surface line. The “reference” cross sections provided a basis for comparison. Reference (b) and (c) are the “reference” sections without and with flange stiffeners, respectively. Candidates 1, 2 and 3 are optimised sections developed from both Reference (b) section, and Candidates 4, 5 and 6 are optimised sections developed from both Reference (c) section, in which they were obtained based on different target objectives. They were as follows:
· Candidates 1 of Reference (b) and Candidate 4 of Reference (c) were obtained when the optimisation target was to minimise the flexural developed stresses in the sections. the expression of “minimize the flexural developed stresses” means obtaining the maximum flexural strength based on minimising the flexural stresses in the sections (Usually, the structure gains maximum bending moment capacity when the bending stress is minimum).
· Candidates 2 of Reference (b) and Candidate 5 of Reference (c) were obtained when the optimisation target was to maximise the buckling loads in the sections. The expression of “maximise the buckling loads” means obtaining the maximum flexural strength based on maximising the buckling load of the section (Usually, the structure gains maximum bending moment capacity when the buckling capacity is maximum).
· Candidates 3 of Reference (b) and Candidate 6 of Reference (c) were achieved when the optimisation target was to minimise the flexural developed stresses and maximise the buckling loads in the cross sections.
It should be noted that it is not practical and not preferred to set the ultimate load as the objective function for the optimisation process due to the following reasons: (1) the nonlinear analysis was usually failed when the elements were exhibiting large plastic deformation or closely reaching the ultimate load due to numerical non-convergence issues, which meant using the final load value as the ultimate load might not be accurate, (2) achieving accurate ultimate load values would require continual fine-tuning of nonlinear analysis settings for each section. This involves adjustments to mesh size, increment size, iterative solution, constrained solution (arc-length), convergence criteria, etc. Given the repetitive nature of this process, it's not feasible to apply it to all analyses for the multitude of optimised sections, about 2,400 simulations for all sections.
To address the above issue, this study employed a practical optimisation approach. Structures typically attain maximum bending moment capacity either when buckling capacity is at its peak or when bending stress is minimised. Linear buckling analysis was employed to achieve the former, while the latter was determined through nonlinear analysis at the applied load value just before reaching ultimate strength and failure. For instance, in the optimisation process for channel C-W145T1.2 and zed Z-W145T1.2, various applied load values between 22 to 25 kN were tested. However, 24 kN was chosen for this study, as most sections could withstand this load level just before reaching ultimate strength and failing. After identifying an optimal section based on these objective criteria, nonlinear analysis of these sections was conducted. This involved further refining settings such as mesh size, increment size, iterative solution, constrained solution, and convergence criteria to accurately determine the section's ultimate strength. For a more detailed explanation of this method, refer to [12, 13]. 
[bookmark: _Hlk148800469]When an optimal section was found based on these objective criteria, the nonlinear analysis of these sections was then conducted with refined settings of mesh size, increment size, iterative solution, constrained solution, and convergence criteria to accurately achieve the section’s ultimate strength. The detailed description of this method could be found in [12, 13]. In this study, the sections were optimised based on the three target objectives using the method mentioned above. During the optimisation process, it was observed that the optimised sections tend to have the minimum flexural developed stresses due to an increase in the sectional modulus of the sections (Candidates 1 of Reference (b) and Candidate 4 of Reference (c)). The optimised sections also tend to have the maximum buckling loads in the sections due to a decrease in the distortional buckling slenderness (Candidates 2 of Reference (b) and Candidate 5 of Reference (c)). 
These two combinations ultimately enhanced the ultimate load capacity of the sections , with the exception of a certain limit observed in Candidates 2 and 5. While these candidates considerably improved distortional buckling capacities for channel and zed sections, they had a limited effect on ultimate moment capacity and actually led to noticeable reductions in Candidates 2 and 5 compared to Candidates 3 and 6. This reduction was attributed to a significant decrease in the sectional modulus in the minor axis, making these sections more susceptible to failure due to distortional-global interaction buckling and consequently resulting in lower ultimate moment capacities for the beam sections. These findings align with observations from previous studies [12, 13].
Table 2. Cross-sectional dimensions of standard, reference, and optimised channel sections. 
	Parameter
	Standard
	Reference 
	Candidate

	
	
	    (b)
	      (c)
	1
	2
	3
	4
	5
	6

	p1 (mm)
	 
	10.50
	10.50
	1.00
	1.00
	1.00
	1.00
	1.00
	1.00

	p2 (mm)
	 
	10.50
	10.50
	1.00
	1.00
	1.00
	1.00
	1.00
	1.00

	p3 (mm)
	 
	13.60
	13.60
	19.00
	19.00
	19.00
	14.40
	22.00
	16.00

	p4 (mm)
	12.30
	12.30
	12.30
	16.00
	18.00
	17.00
	13.50
	18.00
	13.10

	p5 (mm)
	2.90
	2.90
	2.90
	2.90
	2.90
	2.90
	2.90
	2.90
	2.90

	p6 (degree)
	 
	0.00
	0.00
	15.00
	15.00
	15.00
	15.00
	15.00
	15.00

	p7 (degree)
	 
	360.00
	360.00
	345.00
	345.00
	345.00
	345.00
	345.00
	345.00

	p8 (mm)
	62.00
	55.70
	35.20
	43.50
	41.5
	42.50
	28.70
	23.00
	28.00

	p15 (mm)
	 
	
	5.00
	 
	 
	 
	5.00
	5.00
	5.00

	p16 (mm)
	
	
	5.00
	
	
	
	5.00
	5.00
	5.00

	p17 (mm)
	 
	
	5.00
	 
	 
	 
	5.00
	5.00
	5.00



Table 3. Cross-sectional dimensions of standard, reference, and optimised zed sections. 
	Parameter
	Standard
	Reference 
	Candidate

	
	
	    (b)
	     (c)
	1
	2
	3
	4
	5
	6

	p1 (mm)
	 
	0.00
	0.00
	0.00
	0.00
	0.00
	0.00
	0.00
	0.00

	p2 (mm)
	 
	0.00
	0.00
	0.00
	0.00
	0.00
	0.00
	0.00
	0.00

	p3 (mm)
	12.60 
	12.60 
	12.60 
	19.70
	17.70
	20.80
	17.00
	19.00
	18.40

	p4 (mm)
	11.10
	11.10
	11.10
	17.50
	16.40
	17.80
	16.00
	17.00
	16.20

	p5 (mm)
	3.30
	3.30
	3.30
	3.30
	3.30
	3.30
	3.30
	3.30
	3.30

	p6 (mm)
	
	16.20
	16.20 
	12.50
	21.00
	11.60
	12.00
	13.00
	12.80

	p7 (mm)
	
	17.60
	17.60
	13.90
	21.00
	12.90
	13.00
	14.00
	13.10

	p8 (degree)
	
	0.00
	0.00
	0.00
	0.00
	0.00
	0.00
	0.00
	0.00

	p9 (degree)
	
	0.00
	0.00
	0.00
	0.00
	0.00
	0.00
	0.00
	0.00

	p10 (degree)
	
	20.00
	20.00
	0.00
	0.00
	0.00
	0.00
	0.00
	0.00

	p11 (degree)
	
	20.00
	20.00
	0.00
	0.00
	0.00
	0.00
	0.00
	0.00

	p12 (mm)
	68.60
	60.00
	5.00
	51.00
	44.00
	51.00
	5.00
	5.00
	5.00

	p13 (mm)
	63.00
	55.00
	5.00
	46.00
	39.00
	46.00
	5.00
	5.00
	5.00

	p14 (mm)
	
	
	5.00
	
	
	
	5.00
	5.00
	5.00

	p15 (mm)
	 
	 
	5.00
	
	
	
	5.00
	5.00
	5.00

	p16 (mm)
	
	 
	39.30
	
	
	
	35.80
	33.70
	35.50

	p17 (mm)
	 
	 
	34.30
	
	
	
	30.70
	28.80
	29.00


5. Results and discussion
5.1 Tensile test results
[bookmark: btbl1]The key measured material properties (static engineering values) obtained for flat and curved specimens are listed in Table 4, where  is the 0.2% proof stress,  is the ultimate tensile strength, and εf is the elongation after fracture, measured over a gauge length of 50 mm. Table 4 shows that the material properties of measured flat specimens cut from the web and flange were similar. These were consistent with results from previous studies [14, 15]. However, the mechanical properties of section corners and stiffener bends significantly enhanced due to work hardening that arises from plastic deformations induced during the cold roll forming process. Fig. 9 shows the static stress-strain curves of typical flat specimens and the pair of curved specimens taken from the sections C-W145T1.2 and Z-W145T1.2. 
Stresses and strains shown in this figure are conventional engineering values. For the channel section, in comparison to the flat specimens, the yield and tensile strengths of the curved specimens were increased by 7–12% and 4–10%, respectively, and the percentage of elongation decreased by 60–70%.  For the zed section, the yield and tensile strengths of the curved specimens were increased by 16–20% and 16–18%, respectively, and the percentage of elongation decreased by 43–57%. It confirmed that the cold working produced a significant increase in the yield and tensile strengths and a decrease in ductility of the section corners and stiffener’s bends. The effect of the cold working on the mechanical properties of web and flange specimens, however, was very small, so that the difference could be neglected.




Table 4. Measured material properties of tensile specimen of channel section C-145T1.2 and zed section Z-145T1.2 (For flat specimens, the average result of three repeated tests a, b, c was presented; for corner specimens, the average result of two repeated tests a, b was presented).  
	Section
	Type
	Region
	fy   (N/mm2)
	fu   (N/mm2)
	f              (%)

	Channel       C-W145T1.2
	Flat
	Flange
Web
	488.72
500.46
	562.88
568.00
	17
16

	
	
Corner
	Position 1
Position 2
Position 3
	522.53
554.29
549.98
	621.03
618.06
585.48
	6
7
6

	Zed                Z-W145T1.2
	Flat
	Flange
Web
	467.32
460.21
	545.09
536.36
	23
23

	
	
Corner
	Position 1
Position 2
Position 3
	549.53
539.21
556.30
	636.60
638.11
626.36
	11
13
10


[bookmark: bf0015]
(a)

(b)

Fig. 9. Engineering stress–strain relationships of flat and corner specimens for (a) channel section C-W145T1.2, and (b) zed section Z-W145T1.2.
5.2 Comparisons of strength increase between measurement and predictive models  
[bookmark: bb0095][bookmark: bt0030]Table 5 shows values and comparisons between the yield stresses of the channel and zed section and stiffener corners measured from the experiments  and calculated using the predictive models (AISI [2] and Gardner et al.  [27]) ,. Overall, it can be observed that the measured yield stresses of the section and stiffener corners were greater than those of the flat materials (as presented in Table 4), with an average increase of 16%.  
[bookmark: _Hlk150711805][bookmark: bb0080]For all the section and stiffener corner regions, the results obtained from both of the predictive models, the AISI Specification [2] and Gardner et al. [27], showed that the yield stresses were significantly enhanced in comparison with the flat material with an average increase of 22%. As illustrated in Table 4, in general, the measured yield stresses well correlated with the predicted values from the AISI specification with a maximum difference of 16%. It showed that the AISI model predicted greater values of the yield stress in comparison with the measured values for more than 75% of data. However, there were few data (C-W145T1.2 specimens) that the AISI model predicted smaller values of the yield stress with a difference from 12% to 14%. On the other hand, the model proposed by Gardner et al. [27]  generally under estimated the strength enhancement from 2% to 30% . As this model was mainly calibrated based on cold rolled hollow sections, the AISI model was more universally applicable and was thus recommended for predicting the yield strength at corners of cold-formed steel sections when test data was not available.  


Table 5. Comparison of yield strengths obtained by the proposed predictive models and representative test data for the 0.2% proof strength of curved regions of cold-formed sections (). 
	Curved specimens

(1)
	Corner position

(2)
	Corner thickness

(3)
	


(4)
	
	Comparison

	
	
	
	
	AISI

(5)
	Gardner et al. [28]

(6)
	(5)/(4)

(7)
	(6)/(4)

(8)

	C-W145T1.2
	   r = 3.18
	   t = 1.23
	522.53
	449.23
	363.34
	0.86
	0.70

	
	   r = 1.98
	   t = 1.23
	554.29
	489.21
	410.17
	0.88
	0.74

	
	   r = 2.78
	   t = 1.24
	549.98
	460.74
	383.50
	0.84
	0.70

	Z-W145T1.2
	   r = 2.38
	   t = 1.12
	549.53
	583.97
	492.11
	1.06
	0.90

	
	   r = 2.38
	   t = 1.12
	539.21
	582.69
	490.57
	1.08
	0.91

	
	   r = 2.78
	   t = 1.24
	556.30
	566.15
	481.23
	1.02
	0.87

	C-W170T1.6
	   r = 2.54
	   t = 1.59
	539.50
	615.05
	525.99
	1.14
	0.98

	
	   r = 3.15
	   t = 1.55
	527.00
	590.47
	496.06
	1.12
	0.94

	
	   r = 3.48
	   t = 1.56
	515.00
	581.23
	481.23
	1.13
	0.94

	Z-W170T1.6
	   r = 3.46
	   t = 1.54
	550.00
	578.14
	478.66
	1.05
	0.87

	
	   r = 3.47
	   t = 1.54
	525.00
	566.99
	478.31
	1.08
	0.91

	
	   r = 3.47
	   t = 1.55
	500.00
	567.61
	487.76
	1.14
	0.98



[bookmark: _Toc19541551]5.3 FE modelling of four-point beam bending test and validation 
The FE models was carried out for four-point beam bending tests conducted in Section 2.2 and the results were compared with the experimental results to validate the models. The comparison of ultimate moment capacity for beams is summarised in Table 6, where ,  stand for ultimate moment capacities for not considering and considering the true material properties by the cold working effect, respectively. It shows the FE results were in an excellent agreement with the experimental results for ultimate moment values. In addition, good comparison of experimental results and FE simulation models in terms of load-displacement curves is shown in Fig. 10 and Fig. 11. It was observed that the distortional buckling failure mode was well captured by the FE models in the deformed shapes of the channel section in Fig. 10(b) and of the zed section in Fig. 11(b). In particular, the FE failure modes showed that the inward compressed flange-lip motion in post buckling state of the channel cross section was 20.73 mm at failure for the channel section; and it was 12.61 mm at failure for the zed section. This clearly indicated the distortional buckling mode of failure of these sections, and the zed sections were less prone to distortional buckling failure mode. The contours represented the displacement occurred in the section and noted that the red colour represented the maximum displacement, whereas as the colour became lighter the displacement became smaller values. It can be seen from Table 6 that the increase of flexural strength by assigning the true material properties at the section and stiffener’s corners is small; it was about 1% for both channel and zed sections.
Table 6. Ultimate moment capacities obtained from experimental tests and FE models.  and  stand for ultimate moment capacity without and with the cold working effect, respectively. The average value was presented for the test result. 
	Section
	 
(kNm)
	FEM
	/

	/


	
	
	 (kNm)
	 (kNm)
	
	
	

	Channel
	5.32
	5.58
	5.64
	
	0.95
	0.94

	
	
	
	
	
	
	

	Zed
	5.60
	5.87
	5.94
	
	0.95
	0.94




 (a)
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Fig. 10. Experimental and FE modelling results for channel section C-W145T1.2 (a) typical load-displacement curves, and (b) deformed shapes at failure from experiment and FE modelling (contour of displacement ranged from red to green with highest values in red region).
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Fig. 11. Experimental and FE modelling results for channel section Z-W145T1.2 (a) typical load-displacement curves, and (b) deformed shapes at failure from experiment and FE modelling (contour of displacement ranged from red to green with highest values in red region).

5.4 Optimisation for flexural strength
Tables 7 and 8 show the buckling and ultimate strengths of the cross-sectional geometries obtained from the optimisation process for the two sets of channel and zed sections using the measured material properties from the tensile specimen tests. They are compared with the strengths of the standard sections with the same amount of material and the same section height. The resulting cross-sectional shapes and comparison between flexural strength capacities with the cold working effect and without the cold working effect, of all optimal design candidates, Candidates 1-6, are also shown in Figs. 12 and 13 for the two sets of channel and zed sections with the depths of 145 mm and 170 mm, respectively. Table 9 summarises the increase of flexural strengths of the reference and optimised sections in comparison to the standard sections in which the increase of flexural strengths in the sections with flange stiffeners is highlighted. It should be noted that the optimisation process found the optimal positions, shapes and dimensions for the web and flange’s stiffeners as shown in Figs. 12 and 13 in which the position for the flange stiffener was the closest to web-to-flange corner.




Table 7. Buckling and ultimate moment capacity of standard and optimised channel and zed sections with the depth of 145 mm.  and  stand for ultimate moment capacity without and with the cold working effect, respectively.
	Section
	   (kN)
	 (kNm)
	 (kNm)
	/
	/


	Channel 
	
	
	
	
	

	Standard
	4.90
	4.58
	4.68
	1.02
	1.00

	Reference (b)
	6.50
	5.52
	5.68
	1.02
	1.20

	Candidate 1
	6.70
	6.10
	6.17
	1.01
	1.30

	Candidate 2
	8.10
	5.47
	5.78
	1.06
	1.24

	Candidate 3
	6.70
	6.10
	6.17
	1.00
	1.30

	Reference (c)
	7.60
	6.39
	6.63
	1.04
	1.42

	Candidate 4
	10.70
	6.86
	7.17
	1.05
	1.53

	Candidate 5
	11.30
	6.62
	6.86
	1.04
	1.46

	Candidate 6
	11.00
	6.65
	7.02
	1.05
	1.50

	
	
	
	
	
	

	Zed 
	
	
	
	
	

	Standard
	5.60
	4.90
	4.90
	1.00
	1.00

	Reference (b)
	8.20
	5.81
	5.87
	1.01
	1.20

	Candidate 1
	8.20
	5.78
	6.24
	1.08
	1.27

	Candidate 2
	8.40
	6.03
	6.17
	1.02
	1.26

	Candidate 3
	8.20
	5.78
	6.24
	1.08
	1.27

	Reference (c)
	8.90
	6.33
	6.45
	1.02
	1.32

	Candidate 4
	11.00
	6.66
	6.76
	1.02
	1.38

	Candidate 5
	9.80
	6.47
	6.61
	1.02
	1.35

	Candidate 6
	9.80
	6.43
	6.53
	1.02
	1.33



Table 8. Buckling and ultimate moment capacity of standard and optimised channel and zed sections with the depth of 170 mm.  and  stand for ultimate moment capacity without and with the cold working effect, respectively.
	Section
	   (kN)
	 (kNm)
	 (kNm)
	/
	/


	Channel 
	
	
	
	
	

	Standard
	11.70
	9.48
	9.48
	1.00
	1.00

	Reference (b)
	13.40
	9.48
	9.63
	1.02
	1.02

	Candidate 1
	22.90
	9.89
	10.25
	1.04
	1.08

	Candidate 2
	23.50
	9.62
	9.87
	1.03
	1.04

	Candidate 3
	23.30
	9.91
	10.26
	1.04
	1.08

	Reference (c)
	15.30
	9.67
	10.26
	1.07
	1.08

	Candidate 4
	20.80
	10.18
	10.85
	1.07
	1.14

	Candidate 5
	23.10
	10.31
	10.96
	1.07
	1.16

	Candidate 6
	21.50
	10.69
	11.40
	1.07
	1.20

	
	
	
	
	
	

	Zed 
	
	
	
	
	

	Standard
	9.60
	9.03
	9.03
	1.00
	1.00

	Reference (b)
	11.60
	9.61
	9.77
	1.02
	1.08

	Candidate 1
	19.70
	10.38
	10.55
	1.02
	1.17

	Candidate 2
	21.10
	9.52
	9.74
	1.02
	1.08

	Candidate 3
	20.20
	10.52
	11.11
	1.06
	1.23

	Reference (c)
	13.30
	9.98
	10.54
	1.06
	1.17

	Candidate 4
	18.80
	10.38
	10.91
	1.05
	1.21

	Candidate 5
	20.30
	10.30
	10.94
	1.06
	1.21

	Candidate 6
	19.80
	10.52
	11.11
	1.06
	1.23



Table 9. The increase of flexural strengths of the reference and optimised sections in comparison to the standard sections including sections with flange stiffeners. The “Optimised” value presented is the maximum value from Candidates 1-3 for Reference (b) section, and Candidates 4-6 for Reference (c) section.
	Section
	Increase in flexural strength (%) 
In comparison to the standard section

	Depth
	Flange 
Stiffeners
	Cross Section
	Type
	Buckling 
Load
	Ultimate 
Moment Capacity

	 
	 
	 
	 
	(kN) 
	                      
      (kNm)             (kNm)
	

	145 mm
	Not included
	Channel
	Reference
	33
	15
	16

	
	
	 
	Optimised
	65
	27
	29

	
	
	Zed
	Reference
	46
	21
	22

	
	 
	 
	Optimised
	50
	26
	30

	
	Included
	Channel
	Reference
	55
	33
	38

	
	
	 
	Optimised
	118
	43
	50

	
	
	Zed
	Reference
	59
	32
	35

	 
	 
	 
	Optimised
	96
	39
	41

	170 mm
	Not included
	Channel
	Reference
	15
	3
	4

	
	
	 
	Optimised
	97
	7
	11

	
	
	Zed
	Reference
	21
	4
	6

	
	 
	 
	Optimised
	110
	14
	20

	
	Included
	Channel
	Reference
	31
	5
	11

	
	
	 
	Optimised
	101
	16
	23

	
	
	Zed
	Reference
	39
	8
	14

	 
	 
	 
	Optimised
	111
	14
	20
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Fig. 12. Ultimate strength to yield ratio with the cold working effects and without the cold working effects for (a) channel cross sections with the depth of 145 mm, and (b) zed cross sections with the depth of 145 mm.
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Fig. 13. Ultimate strength to yield ratio with the cold working effects and without the cold working effects for (a) channel cross sections with the depth of 170 mm, and (b) zed cross sections with the depth of 170 mm. 

The following observations were made from Tables 7, 8, 9 and Figs. 12, 13:
For channel sections with the depth of 145 mm:
· Adding two longitudinal stiffeners to the web of the sections (reference (b)) significantly increased the buckling load, by 33% when compared with the standard section. The enhancement in ultimate load was noticeably improved by 21%, but the cold working effect was not significant (less than 1%). When the section was optimised, the maximum increase of the buckling load was 65% (Candidate 2) while the maximum ultimate moment capacity was up to 32% (Candidates 1 and 3). The influence of the cold working was significant for Candidate 2 with a maximum increase of 5%, but it was insignificant for Candidates 1 and 3.
· Adding one longitudinal stiffener to the top and bottom flanges of the reference section (reference (c)) resulted in further enhancement in the section’s strengths. The buckling load was increased by 55% when compared with the standard section, while the ultimate moment capacity was increased by 40% and when the cold working effect was included, the increase was a further 2%. When the section was optimised, the maximum increase of the buckling load was 131% (Candidate 5) while the maximum ultimate moment capacity was 50% (Candidate 4). The influence of the cold working was significant for Candidate 6 with a maximum increase of 5%, but it was 2-3% for Candidates 4 and 5.
For zed sections with the depth of 145 mm:
· Adding two longitudinal stiffeners to the web of the sections (reference (b)) significantly increased the buckling load, by 46% when compared with the standard section. The ultimate load enhancement was noticeably improved by 20%, but the cold working effect was less than 1%, which was not significant. When the section was optimised, the maximum increase of the buckling load was 50% (Candidate 2) while the maximum ultimate moment capacity was up to 23% (Candidate 2). The influence of the cold working was significant for Candidates 1 and 3 with a maximum increase of 9% (from 18% to 27%), but it was 3% for Candidate 2.
· Adding one longitudinal stiffener to the top and bottom flanges of the reference section (reference (c)) resulted in further enhancement in the section’s strengths. The buckling load was increased by 60% when compared with the standard section, while the ultimate moment capacity was increased by 29% and when the cold working effect was included, the increase was a further 3%. When the section was optimised, the maximum increase of the buckling load was 75% (Candidate 5) while the maximum ultimate moment capacity was 36% (Candidate 4). The effect of the cold working was 2-3% for all Candidates 4, 5 and 6.
· Candidate 4 is the optimal solution, for both the channel and zed sections with the section depth of 145 mm which gained most increase in the buckling and ultimate moment capacities without the cold working effect, and with the cold working effect. They were 118%, 50% and 53% for the channel section, respectively, and 96%, 36% and 38% for the zed section, respectively.

For channel sections with the depth of 170 mm:     
· Adding two longitudinal stiffeners to the web of the sections (reference (b)) significantly increased the buckling load, by 15% when compared with the standard section. However, the enhancement was not noticeable for the ultimate moment capacity with a maximum increase of less than 2%. For optimised sections, the maximum increase of the buckling load was 101% (Candidate 2) while the maximum ultimate moment capacity was 8% (Candidates 1 and 3). The influence of the cold working was significant for all Candidates 1, 2 and 3 with a maximum increase of 4%.
· Adding one longitudinal stiffener to the top and bottom flanges of the reference section (reference (c)) resulted in further enhancement in the section’s strengths. The buckling load was increased by 31% when compared with the standard section, while the ultimate moment capacity was increased by 2% and when the cold working effect was included, the increase was a further 6%. For optimized sections, the maximum increase of the buckling load was 97% (Candidate 5) while the maximum ultimate moment capacity was 13% (Candidate 6). The influence of the cold working was significant for all Candidates 4-6 with a maximum increase of 7%.     
For zed sections with the depth of 170 mm:
· Adding two longitudinal stiffeners to the web of the sections (reference (b)) significantly increased the buckling load, by 21% when compared with the standard section. The enhancement for the ultimate moment capacity was increased with a maximum of 6% and when the cold working effect was included, it was a further increase of 2%. The maximum increase of the buckling load for optimised sections was 120% (Candidate 2) while the maximum ultimate moment capacity was 15-17% (Candidates 1 and 3). The influence of the cold working was significant for Candidate 3 with a maximum increase of 5%.
· Adding one longitudinal stiffener to the top and bottom flanges of the reference section (reference (c)) resulted in further enhancement in the section’s strengths. The buckling load was increased by 39% when compared with the standard section, while the ultimate moment capacity was increased by 11% and when the cold working effect was included, the increase was a further 6%. When the section was optimised, the maximum increase of the buckling load was 111% (Candidate 5) while the maximum ultimate moment capacity was 17% (Candidate 6). The influence of the cold working was significant for all Candidates 4-6 with a maximum increase of 7%.     
· Candidate 6 is the optimal solution, for both the channel and zed sections with the section depth of 170 mm gained most increase in the buckling and ultimate moment capacities without the cold working effect, and with the cold working effect. They were 84%, 13% and 20% for the channel section, respectively, and 110%, 17% and 23% for the zed section, respectively. It is noted that the stiffeners size was accounting for in the total developed length of the section and that, therefore, the flange width of the design candidate 6 is less than that of the reference section.
The following observations were made for both channel and zed sections with the depths of 145 mm and 170 mm:
· The cold working had modest effect in material strength in the flat regions of cold roll formed steel sections by on average 2.5%, but significantly enhanced material strength in the corner and stiffener bend regions by on average 18%.
· The extent of improved distortional buckling and ultimate strength benefit obtained from geometry and the cold working effects were dependent upon on the shapes and dimensions of the cross sections, the positions, shapes and dimensions of the stiffeners, and the amount of cold working area of the section corners and stiffener bends.
· The buckling load of the section was profoundly influenced by the shapes and dimensions of the cross section and the stiffeners. The optimised sections with two longitudinal web stiffeners in the web resulted in maximum enhancement in the buckling load of the channel and zed sections. The increase in the buckling load was significant for both the section depth of 145 mm (50-65%) and for the section depth of 170 mm (101%-120%). Adding one longitudinal stiffener to the top and bottom flanges of the section further increased the buckling load, with a greater increase for the section depth of 145 mm (75-131%) than for the section depth of 170 mm (97-111%). 
· The ultimate strength of the section was significantly affected by the shapes, dimensions and material properties of the cross section and the stiffeners. The optimised sections with two longitudinal web stiffeners in the web provided noticeably enhancement in the moment capacity of the channel and zed sections. The increase in the moment capacity was significant for the section depth of 145 mm (23-32%), but less significant for the section depth of 170 mm (7-17%). The maximum cold working effect was 5-9% for the section depth of 145 mm, and 4-5% for the section depth of 170 mm. Adding one longitudinal stiffener to the top and bottom flanges of the section further increased the moment capacity, with a greater increase for the section depth of 145 mm (36-50%) than for the section depth of 170 mm (13-17%). In this case, the maximum cold working effect was 3-5% for the section depth of 145 mm, and 7% for the section depth of 170 mm.
· It revealed that, as illustrated in Table 9, for the section depth of 145 mm, the optimal designs provided up to 43% and 39% increase in flexural strength for the channel and zed sections, respectively; however, when the true material properties at the section corner and the stiffener’s bend regions was included, the increase in flexural strength increased up to 50% and 41%, respectively. For the section depth of 170 mm, the optimal designs provided up to 16% and 14% increase in flexural strength for the channel and zed sections, respectively; however, when the true material properties at the section corner and the stiffener’s bend regions was included, the increase in flexural strength increased up to 23% and 20%, respectively. 
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6. Conclusions
In this paper, the influence of cold working effects on mechanical properties and flexural strength of the cold roll formed sections were studied by experimental testing and combined Finite Element modelling and optimisation. A test program consisted of tensile tests and four-point bending tests were conducted to study the cold working effect in the section and stiffener’s corners of cold roll formed sections and in the design optimisation. A practical method combining FE analysis and optimisation technique using Design Of Experiments and response surface was adopted to obtain optimal designs for cold roll formed steel sections in flexural strength considering distortional buckling failure.  In particular, the FE model was developed for replicating the section’s flexural behaviour under four-point beam bending tests. The model included initial imperfections, geometry and the true material properties at the section and stiffener’s corners and was then utilised to optimise the buckling and flexural strength of channel and zed sections with different section depths. Optimal cross-sectional shapes of the longitudinally stiffened channel and zed sections including flange stiffeners was finally achieved. The following conclusions were drawn based on the results of this study:
1. The results revealed the efficiency of the adopted optimisation approach to increase the ultimate strength of cold roll formed sections. The ultimate moment capacities of the optimised sections were significantly higher than those obtained from their standard and reference counterparts for the same amount of material used. This improvement was more evident for the zed sections which were less prone to distortional buckling failure mode.
1. The cold working effect in the corner and stiffener areas was insignificant on ultimate strength in the standard sections and only had a relevant influence at reference sections ultimate strength. The main reason for the low contribution of the cold working effects can be the higher distortional buckling slenderness and the relatively small area of the rounded corners compared to the total cross section area in the sections. On the other hand, the cold working effect significantly increased the ultimate strength of the optimised sections up to 7% and 9% for the channel and zed sections, respectively. In the optimised sections, several parts of the cross-section presented an equivalent strain higher than the yield strain, so the increase of the yield strength in corner areas produced an increase of the flexural strength of the beams. 
1. When both geometry and the cold working effect were considered in the optimisation process, optimal sections could be achieved with significant improvement in distortional buckling and ultimate strength. They were up to 118% and 53%, respectively, for the optimised channel section in comparison to the standard channel, and up to 96% and 38%, respectively, for the optimised zed section when compared to the standard zed section using the same amount of material.
1. When longitudinal stiffeners were included in the section flanges, the flexural strengths were profoundly enhanced. The buckling load was increased up to 131% when compared with the standard section, while the ultimate moment capacity was increased by 50% and the cold working effect of 5% for channel sections.  The buckling load was increased up to 111% when compared with the standard section, while the ultimate moment capacity was increased by 36% and the cold working effect of 7% for zed sections. In addition, adding flange stiffeners to the sections with longitudinal web stiffeners generally increased further the section strength because this configuration led to a decrease in the distortional buckling slenderness of the sections. The reduction in distortional buckling slenderness generally has a positive impact, resulting in an increase in the ultimate load capacity of the sections. However, the levels of increase were largely dependent on the section depths and material properties Though the increase could be small, as detailed in our previous studies [12, 44].
1. The optimal cross-sectional shape recommended to have two longitudinal stiffeners at the web placed as much close as possible to the web-flange junctions, one longitudinal flange stiffeners placed near the web flange junctions as much as possible, and the relative dimensions of the sections as obtained from the optimisation process. The proposed shape could gain significant benefit from the geometry and the cold working effects. 
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Stress (N/mm2)



Z Flat - Flange	0	5.8962300000000002E-2	0.117925	0.117925	0.117925	0.117925	0.17688699999999999	0.17688699999999999	0.235849	0.235849	0.29481099999999999	0.35377399999999998	0.41273599999999999	0.58962300000000001	0.94339600000000001	1.53302	2.3584900000000002	2.8891499999999999	3.3018900000000002	3.5966999999999998	4.0683999999999996	4.5990599999999997	5.3066000000000004	5.95519	6.6627400000000003	7.4882099999999996	8.4315999999999995	9.2570800000000002	9.8467000000000002	10.613200000000001	11.7925	12.7948	13.7972	14.9764	15.9788	16.863199999999999	17.865600000000001	18.867899999999999	19.6934	20.5778	21.285399999999999	21.992899999999999	22.4057	22.523599999999998	22.759399999999999	22.877400000000002	22.936299999999999	22.9953	23.054200000000002	23.113199999999999	23.113199999999999	23.1722	23.231100000000001	23.290099999999999	23.290099999999999	23.466999999999999	23.5259	25.640999999999998	-4.0316099999999997E-3	52.983400000000003	52.983400000000003	52.983400000000003	52.983400000000003	283.74900000000002	283.74900000000002	423.91500000000002	423.91500000000002	384.59500000000003	451.25799999999998	439.28800000000001	459.78899999999999	461.47399999999999	463.14299999999997	463.08699999999999	468.17899999999997	476.697	485.22399999999999	492.03	502.25	510.74799999999999	519.25099999999998	527.75	531.11199999999997	532.75699999999995	537.82899999999995	541.20699999999999	542.86400000000003	541.07399999999996	541.005	540.93700000000001	542.56600000000003	540.78800000000001	540.72699999999998	538.94899999999996	538.88099999999997	537.11500000000001	533.63599999999997	525.04	509.60700000000003	487.35700000000003	461.70800000000003	432.63200000000001	406.983	377.91899999999998	353.983	266.8	241.15100000000001	241.15100000000001	241.15100000000001	181.31800000000001	116.35599999999999	116.35599999999999	46.258699999999997	-1.6086100000000001	Z Flat - Web	-4.4400000000000002E-16	4.3706299999999997E-2	4.3706299999999997E-2	4.3706299999999997E-2	8.7412599999999993E-2	8.7412599999999993E-2	8.7412599999999993E-2	0.13111900000000001	0.17482500000000001	0.17482500000000001	0.26223800000000003	0.26223800000000003	0.30594399999999999	0.39335700000000001	0.69930099999999995	1.2237800000000001	1.87937	2.4038499999999998	2.6223800000000002	2.9283199999999998	3.2779699999999998	3.6713300000000002	4.3706300000000002	5.0699300000000003	5.6818200000000001	6.25	6.8181799999999999	7.4300699999999997	7.9108400000000003	8.4353099999999994	9.0472000000000001	9.7464999999999993	10.402100000000001	11.276199999999999	12.0192	12.7622	13.592700000000001	14.335699999999999	15.0787	15.8217	16.302399999999999	17.220300000000002	17.9633	18.706299999999999	19.318200000000001	19.755199999999999	20.104900000000001	20.323399999999999	20.4983	20.585699999999999	20.6294	20.804200000000002	20.935300000000002	21.110099999999999	21.197600000000001	21.285	21.372399999999999	21.4161	21.459800000000001	21.503499999999999	21.5472	23.9316	278.62900000000002	278.62900000000002	278.62900000000002	256.404	256.404	256.404	345.29	399.988	399.988	425.62299999999999	425.62299999999999	454.68	461.512	463.2	461.45499999999998	461.41	461.37400000000002	464.77800000000002	475.01299999999998	483.53699999999998	493.76600000000002	503.97500000000002	512.47400000000005	519.27	526.06799999999998	526.03	532.82500000000005	534.50199999999995	532.75699999999995	537.84299999999996	537.79499999999996	537.75	539.4	539.34900000000005	539.298	537.53200000000004	537.48099999999999	537.43100000000004	537.38	537.34699999999998	535.57500000000005	535.524	532.05399999999997	523.46500000000003	509.76	489.22399999999999	465.27699999999999	436.20499999999998	410.55799999999999	376.36700000000002	340.45800000000003	309.68	273.77	236.15700000000001	196.83500000000001	162.64099999999999	119.90300000000001	46.395899999999997	87.418599999999998	0.23608899999999999	Z Corner - Position 1	-8.8817800000000003E-16	-8.8817800000000003E-16	5.2447599999999997E-2	5.2447599999999997E-2	0.15734300000000001	0.15734300000000001	0.26223800000000003	0.26223800000000003	0.31468499999999999	0.36713299999999999	0.41958000000000001	0.472028	0.52447600000000005	0.68181800000000004	0.89160799999999996	1.2062900000000001	1.6258699999999999	2.0979000000000001	2.5174799999999999	3.04196	3.56643	3.8811200000000001	4.6678300000000004	5.5069900000000001	6.2937099999999999	7.0804200000000002	7.8146899999999997	8.4964999999999993	9.1783199999999994	9.8601399999999995	10.437099999999999	11.013999999999999	11.5909	11.958	12.2727	12.587400000000001	12.692299999999999	12.7972	12.8497	12.8497	12.902100000000001	12.954499999999999	13.007	13.164300000000001	13.3741	-8.8817800000000003E-16	-8.8817800000000003E-16	92.191100000000006	92.191100000000006	210.31800000000001	210.31800000000001	386.06900000000002	386.06900000000002	386.06900000000002	472.50900000000001	472.50900000000001	550.29600000000005	570.471	593.54700000000003	607.99	622.45399999999995	628.29600000000005	628.38599999999997	631.34799999999996	631.44799999999998	631.54899999999998	637.37099999999998	640.40300000000002	640.56399999999996	640.71500000000003	643.74699999999996	641.00699999999995	638.25699999999995	638.38800000000003	638.51900000000001	638.63	630.09900000000005	618.68700000000001	595.71199999999999	561.20500000000004	518.05499999999995	480.62700000000001	446.07900000000001	405.76	405.76	300	250	201.26300000000001	103.351	2.5684200000000001	Z Corner - Position 2	-2.9614999999999999E-2	-2.80614E-2	-2.34007E-2	-4.4408900000000002E-16	4.3694299999999997E-3	6.0200999999999996E-3	4.0101600000000001E-2	7.3212200000000005E-2	7.6998999999999998E-2	0.10574	0.107002	0.140404	0.141958	0.17468	0.238182	0.27032200000000001	0.33362999999999998	0.396841	0.42888399999999999	0.55452900000000005	0.61735099999999998	0.89835399999999999	1.2728600000000001	1.67835	2.1147999999999998	2.4266800000000002	2.7695400000000001	3.1437499999999998	3.5800200000000002	3.9853999999999998	4.2036800000000003	4.6401399999999997	5.1075699999999999	5.6062700000000003	6.0427200000000001	6.5726899999999997	7.1959600000000004	7.6947599999999996	8.1311199999999992	8.56738	9.0346200000000003	9.5329200000000007	9.9064599999999992	10.217499999999999	10.527900000000001	10.744899999999999	10.8994	10.9916	11.0198	11.0212	11.0497	11.0793	11.1402	11.200699999999999	11.2613	11.291	11.320600000000001	11.505800000000001	11.535500000000001	11.6584	11.781700000000001	34.896299999999997	69.787000000000006	174.459	-1.13687E-13	98.13	135.20099999999999	200.61600000000001	244.22300000000001	329.26900000000001	274.74700000000001	303.096	353.24599999999998	388.13600000000002	423.02100000000002	449.178	470.97899999999998	492.774	512.38900000000001	532.00900000000001	553.79300000000001	564.68499999999995	575.53800000000001	586.37300000000005	592.84100000000001	594.94299999999998	599.24699999999996	599.18499999999995	603.47900000000004	601.21900000000005	605.50599999999997	607.64700000000005	609.74900000000002	607.48299999999995	607.39200000000005	609.49400000000003	611.57799999999997	609.28399999999999	611.37400000000002	611.29499999999996	609.03499999999997	602.40800000000002	593.59500000000003	582.62300000000005	567.30200000000002	538.89700000000005	512.68899999999996	482.13099999999997	453.76600000000002	386.15899999999999	418.86900000000003	357.80500000000001	322.90899999999999	290.18700000000001	248.74299999999999	209.48	176.76400000000001	141.86799999999999	100.401	67.685699999999997	28.411000000000001	-2.1410200000000001	Z Corner - Position 3	-4.4408900000000002E-16	2.3419200000000001E-2	2.3419200000000001E-2	4.6838400000000002E-2	7.0257600000000003E-2	7.0257600000000003E-2	9.3676800000000005E-2	0.11709600000000001	0.140515	0.140515	0.163934	0.23419200000000001	0.28103	0.32786900000000002	0.37470700000000001	0.444965	0.49180299999999999	0.56206100000000003	0.74941500000000005	0.91334899999999997	1.17096	1.4285699999999999	1.75644	2.0608900000000001	2.4356	2.9039799999999998	3.1615899999999999	3.55972	3.8641700000000001	4.2154600000000002	4.5667400000000002	4.8946100000000001	5.1990600000000002	5.5503499999999999	5.8782199999999998	6.1124099999999997	6.3700200000000002	6.6744700000000003	6.9789199999999996	7.3067900000000003	7.5644	7.6814999999999998	7.9391100000000003	8.0796299999999999	8.1967199999999991	8.2904	8.3840699999999995	8.4777500000000003	8.5245899999999999	8.5480099999999997	8.6182700000000008	8.6416900000000005	8.6651100000000003	8.6885200000000005	8.7119400000000002	8.73536	8.7587799999999998	8.7821999999999996	2.2653699999999999	36.240600000000001	36.240600000000001	117.789	160.82599999999999	160.82599999999999	221.98500000000001	278.61399999999998	251.42400000000001	251.42400000000001	396.40300000000002	421.30599999999998	473.399	491.51100000000002	511.88900000000001	539.05799999999999	559.43600000000004	577.54300000000001	591.09199999999998	600.11699999999996	604.58900000000006	604.53099999999995	608.98699999999997	606.65300000000002	606.56799999999998	608.72699999999998	608.66899999999998	606.31299999999999	606.24400000000003	606.16499999999996	606.08500000000004	603.74599999999998	603.67700000000002	601.33199999999999	601.25699999999995	596.67399999999998	596.61500000000001	594.28099999999995	589.68100000000004	582.81100000000004	571.42600000000004	555.54100000000005	544.15599999999995	526.00099999999998	505.58699999999999	478.38099999999997	448.91	417.173	385.44799999999998	355.99200000000002	319.73	288.01	251.75899999999999	220.03800000000001	152.072	115.82	84.1	0.27587699999999998	Strain (%)

Stress (N/mm2)
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Load (kN)
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Load (kN)




without coldwork	 	0.54234864455420917	with coldwork	 	0.53075999830305087	 	 	 	 	0.72932680434822494	 	0.72325919366313152	 	 	0.74083515121222931	 	0.73243021432651512	0.72132548958567466	0.68263848235876123	0.74083515121222931	0.73243021432651512	0.92047495031605764	0.88067756752693938	0.88067756752693938	0.84986669052891228	0.90121815219229062	0.85371805015366575	
M / My


without coldwork	 	0.43704230454680248	with coldwork	 	0.43704230454680248	 	0	 	0.56690179601282475	 	0.56129999960953592	 	 	0.60275329299387292	 	0.55793892176756277	 	 	0.59603113730992641	0.58258682594203337	0.60275329299387292	0.55793892176756277	0.65316946062347203	0.64308622709755225	0.63860478997492121	0.62516047860702806	0.6307622750103169	0.62067904148439701	
M / My


without coldwork	 	0.76745275454717732	with coldwork	 	0.76745275454717732	 	 	 	 	0.80515516921394659	 	0.79218209998846334	 	 	0.89199564609087878	 	0.86038673571667224	0.87045584467828352	0.8486153162118103	0.89186219991862181	0.86144717211447153	0.92195656830445027	0.86561138934505655	0.96444481997444031	0.90760131388557364	0.97334837757809867	0.91246145019005953	
M / My


without coldwork	 	0.72194054014276232	with coldwork	 	0.72194054014276232	 	0	 	0.80920537565324524	 	0.79583744543870916	 	 	0.89593305012744273	 	0.88152922684791857	 	 	0.85977451108466996	0.83998045750964767	0.94333594259400155	0.89345420832427735	0.91867542308663808	0.87358752210154089	0.93180362932890115	0.87696469442249525	0.93890072839735705	0.88925351946054654	
M / My
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