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ABSTRACT 15 

This paper presents the results of a study aiming at shape optimising singly-symmetric cold-formed 16 

steel purlins. The “self-shape” optimisation algorithm previously developed, proven to be robust 17 

and to converge to known solutions is used for this purpose. Eight optimisation cases are 18 

considered, consisting of 1.5 mm and 1.9 mm thick purlins, spanning either 3,000 mm or 8,000 19 

mm and drawn with either 4, 6 or 8 elements per half cross-section. The aim of the algorithm is to 20 

minimise the cross-sectional area subjected to the following constraints: (i) the sections must at 21 

least match the second moment of area, and the inward and outward bending capacities of 22 

commercial purlins used as reference profiles, (ii) be readily manufacturable using existing roll-23 

forming process, (iii) can be connected similarly to existing purlins by offering vertical and 24 

horizontal flat elements long enough and strategically positioned to bolt the purlins to gusset plates 25 

and screw the roof to them, respectively, and (iv) have an opening wide enough to run services. 26 

The restraints provided by the roof sheeting is considered in the algorithm when calculating the 27 

bending capacities. Results show that the algorithm converges to consistent solutions and 28 

satisfactory satisfies all constraints, resulting in manufacturable and usable purlins. When 29 

compared to the reference purlins, the optimised solutions result in saving up to 6.6% of steel. This 30 

cost saving in material is quite significant for a mass-produced product such as purlins. The 31 
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efficiency of the optimised purlins relative to the reference sections were further validated with FE 32 

analysis. The FE analyses confirm that the optimised 1.5 mm thick purlins are superior to the 33 

reference section. The optimised purlins may therefore benefit the cold-formed steel industry as 34 

they represent more economical solutions without compromising on the usability and performance 35 

of the products. However, the FE model shows that the 1.9 mm thick purlins may not have the 36 

expected performance and experimental testing is fully validate the optimised sections.  37 

 38 

Keywords: Cold-formed steel purlins, Manufacturable purlins, Usable purlins, Shape optimisation  39 

 40 

1. INTRODUCTION 41 

Cold-formed steel (CFS) members are intensively used in civil engineering in various 42 

applications such as storage racks, portal frames, wall girts and roof purlins. The latter represents 43 

a cost-effective solution to support the roof in many buildings due to its large span to weight ratio 44 

[1]. Typically, CFS purlins are thin-walled open cross-sections which are subjected to both inward 45 

and outward wind loading (c.f. Figure 1). The connection between purlins and the roof is typically 46 

achieved either through self-tapping screws, interlocking sheeting or standing seam clips [2]. 47 

Depending on the type of fasteners used, the roof may add extra rigidity to the purlin members, 48 

therefore providing partial lateral, rotational and torsional restraints [2]. These effects should be 49 

taken into account to calculate the purlin’s inward and outward bending capacities. The connection 50 

to the main frame of the building is generally achieved with the purlins being bolted to gusset 51 

plates welded to the rafters for Cee and Zee purlins [3]. Bridging elements commonly provide 52 

lateral and torsional restraint to the purlins. 53 
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While efforts have been made to optimise the cross-sectional dimensions of existing purlins in 54 

particular or given CFS beams in general [4-10], cross-sectional shape optimisation of CFS purlins 55 

has not been performed to date. Cross-sectional shape optimisation consists at finding the optimum 56 

cross-sectional shape for given constraints without presumption on the final shape. Several shape 57 

optimisation or shape optimisation type algorithms have looked at optimising CFS profiles with 58 

[8, 11-14] or without [15-17] practical and manufacturable constraints, yet they usually optimised 59 

profiles with no specific end applications in mind. Consequently, this paper aims at shape 60 

optimising practical and manufacturable singly-symmetric CFS roof purlins subjected to inward 61 

and outward wind loadings. To do so, the paper applies the previous research in [9, 18-21] and 62 

intent to inform researchers and industry representatives of optimised and novel purlins which 63 

could directly compete with existing ones. The purlins are optimised to be connected to both the 64 

main frame of the building and the roof the same way as currently commercialised Cee purlins [3], 65 

therefore ensuring their compatibility to current construction methods. Only the bending and 66 

serviceability design criteria are considered in the optimisation process. First, the paper introduces 67 

the shape-optimisation algorithm used. Second, the studied optimisation problems are detailed, 68 

and the associated design assumptions are explained. Third, the optimised roof purlins are 69 

presented. For the sake of computational efficiency, simplified design assumptions were used in 70 

the optimisation process. A finite element (FE) model was therefore built and is presented in the 71 

last part of the paper to fully validate the efficiency of the optimised purlins relative to existing 72 

purlins, used as reference sections. While computationally intensive and not practical for 73 

optimisation purpose, FE models allow to more accurately reproduce the loading, restraints and 74 

boundary conditions of cold-formed steel elements and represent a valuable tool to confirm the 75 

accuracy of the optimisation algorithm. 76 
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 77 

2. SHAPE-OPTIMISATION ALGORITHM OF CFS PROFILES USED 78 

2.1 General 79 

The “self-shape” optimisation algorithm developed by Gilbert et al. in [18, 19] and applied in 80 

[9, 20, 21] to optimise either CFS columns with manufacturing and construction constraints or 81 

unconstrained CFS beam-columns is employed in this study. Genetic algorithm (GA) [22, 23] is 82 

used as the search engine and the Direct Strength Method (DSM) [24], as published in the 83 

Australian/New Zealand standard (AS/NZS 4600) [25], is employed to calculate the capacities of 84 

the members. Rules have been defined and validated in [9, 18] to automatically extract the axial 85 

and bending elastic buckling stresses from the signature curves, obtained from the Finite Strip 86 

Method (FSM) [26-29]. The accuracy of the algorithm has been validated in [18, 21] against 87 

known optimisation problems for which an analytical solution exists. The augmented Lagrangian 88 

constraint handling method (AL) [30] is used in the algorithm to control the penalty parameters 89 

and avoid ill-conditioned solutions, therefore ensuring finite values of the penalty factors. 90 

The main operators of the GA-based algorithm to create manufacturable and usable CFS 91 

profiles, as published in [20], are used in this study. Their key principles are summarised in the 92 

following subsections. For more details, the reader is kindly referred to [20]. 93 

2.2 Initial population 94 

The initial population is formed by drawing cross-sections from random walks, therefore 95 

allowing the creation of cross-sections with no presumptions on their final shape. To create 96 

manufacturable CFS profiles, the cross-sections are drawn with a fixed number of flat elements Ne 97 

in a given design space (x,y). This design space is limited in the current research to xmax = 250 mm 98 

and ymax = 250 mm. As singly-symmetric cross-sections are considered in this study, only half of 99 
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the cross-sections is drawn in the design space. All cross-sections have the same starting point P0 100 

at the coordinates (xmax/4,0) [9, 18, 20]. 101 

Usability of the cross-sections are considered by forcing predefined elements to be drawn 102 

vertically or horizontally, therefore allowing connections to gusset plates or roof for instance. More 103 

details on the location and size of these elements are provided in Sections 3.3.1 and 3.3.2. 104 

The cross-sectional areas in the initial population are evenly distributed to explore more 105 

variations in the cross-sectional shapes. A self-avoiding operator is used to prevent the flat 106 

elements to cross each other and the design space boundaries, therefore preventing unrealistic 107 

cross-sectional shapes to be created. 108 

Figure 2 shows examples of cross-sections created in the initial population. 109 

2.3 Cross-over 110 

A one-point cross-over operator (CO) performed on the design space is used herein. The two 111 

parents selected by the operator must have the same number of flat elements Ne, as well as the 112 

same location of horizontal and vertical elements [20]. For the cross-section of Ne + 1 cross-113 

sectional points, the cross-over point is randomly chosen between the second and second last 114 

points, cutting each parent in two. The first offspring is created following the rules detailed in [20] 115 

from the first and second parts of the first and second parents, respectively, while the second 116 

offspring is created from the second and first parts of the first and second parents, respectively. 117 

Offsprings therefore share similarities in cross-sectional shape with their parents. The crossover 118 

operator produces offsprings with the same number of flat elements Ne as their parents and 119 

maintains the elements used for connecting the cross-section to other components horizontal or 120 

vertical. Offsprings intersecting themselves are disregarded and new offsprings are then created 121 

until the population is replaced. 122 
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A CO probability of 0.8 is used in this study. The roulette wheel selection method is employed 123 

and only the 50% fittest individuals can enter the mating pool [19]. Elitism is applied and the best 124 

two cross-sections per generation are automatically copied to the next generation. 125 

2.4 Mutation 126 

The mutation operator allows the cross-sectional shapes to be altered, therefore creating new 127 

shapes, by changing the coordinates of one or more cross-sectional points following the rules in 128 

[20]. Only the starting point P0 cannot mutate and is fixed at (xmax/4,0). The probability of a cross-129 

sectional point to mutate is taken as 0.01. 130 

Similarly to the cross-over operator, this function is programmed so connecting elements stay 131 

vertical or horizontal. Mutated cross-sections cannot intersect themselves. 132 

 133 

3. OPTIMISATION PROBLEM 134 

3.1. General 135 

Eight optimisation scenarios are envisioned in this study. In all cases, the purlins are considered 136 

to be simply-supported, singly-symmetric, free to wrap and subjected to either a uniformly 137 

distributed inward or outward wind load. The purlins are assumed to have a sufficient number of 138 

bridges to provide full lateral and torsional restraint, so the bending stress distribution can be 139 

obtained from simple bending theory based on the section modulus about an axis perpendicular to 140 

the web [2]. More realistic restraints provided by the bridging system is computed in Section 5 141 

when validating the optimised section with FE modelling.  142 

Two spans are considered, (i) a typical span of 8,000 mm for which the capacity would 143 

principally governed by global buckling, and (ii) a shorter span of 3,000 mm for which the capacity 144 
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can be governed by either local, distortional or global buckling. The yield stress fy of the purlins is 145 

taken as 450 MPa, the Young’s modulus E as 200 GPa and the Poisson’s ratio ν as 0.3.  146 

Note, while in this paper, the purlins are considered to be singly-symmetric and to be connected 147 

to the main frame and roof similarly to commercialised Cee purlins (Section 3.3.2), the algorithm 148 

can be applied to optimise other purlin types, such as top hat and point-symmetric purlins, with 149 

minor modifications. The location of the restraints provided by the roof (Section 3.3.1) and the 150 

opening constraints for services (Section 3.3.3) would have to be changed for the former type, 151 

while the symmetric constraints imposed to the algorithm when drawing the cross-sections 152 

(Section 2.2) would need to be adapted for point-symmetric purlins.  153 

The roof is assumed to be screwed to the purlins and therefore provides restraints [2], as 154 

detailed in Section 3.2.1. The optimisation problem consists at minimising the cross-sectional area 155 

subjected to the following constraints: (1) having mechanical properties (inward capacity, outward 156 

capacity and bending stiffness) equal to or greater than a commercialised reference purlin enabling 157 

it to directly compete with existing products (see Section 3.2), (2) creating a section which could 158 

to be manufactured (see Section 3.3), (3) enabling connections to the main frame and roof (see 159 

Sections 3.3.1 and 3.3.2) and (4) having an opening wide enough to run utilities (see Section 3.3.3). 160 

To enable connections to the main frame and roof, segments are set vertical and horizontal, 161 

respectively. For each optimisation scenario, the best locations of these segments were found using 162 

the methodology detailed in [20]. As the methodology is already published, the calculations 163 

leading to these locations are not presented in this paper. 164 

The optimisations problems considered herein are as follow: 165 

• Case I: Shape optimisation of 8,000 mm long and 1.5 mm thick purlin manufactured from 166 

four flat segments per half cross-section (Ne = 4). The first and third segments are set 167 
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vertical and horizontal, respectively, to connect the purlin. The C20015 purlin (i.e. a lipped 168 

Cee-section purlin with a nominal height of 200 mm and a wall thickness of 1.5 mm) 169 

commercialised by Lysaght Australia [3] is used as the reference section. 170 

• Cases II and III: Same as Case I but with Ne = 6 for Case II and Ne = 8 for Case III. In both 171 

cases, the first segment is kept vertical while the fourth and sixth segments are kept 172 

horizontal for Case II and Case III, respectively. 173 

• Case IV: Same as Case I but with a wall thickness of 1.9 mm and the C20019 purlin (i.e. a 174 

lipped Cee-section purlin with a nominal height of 200 mm and a wall thickness of 1.9 175 

mm) commercialised by Lysaght Australia [3] used as the reference section. 176 

• Cases V and VI: Same as Case IV but with Ne = 6 for Case V and Ne = 8 for Case VI. In 177 

both cases, the first segment is kept vertical while the fourth and sixth segments are kept 178 

horizontal for Case V and Case VI, respectively. 179 

• Cases VII and VIII: Same as Cases I and IV, i.e. Ne = 4, but for 3,000 mm long purlins.  180 

Note that in a roll-forming manufacturing process, the cost associated with larger values of Ne is 181 

principally linked to the initial set-up of the roll-forming machine. This cost can be offset in mass 182 

productions, such as for purlins. 183 

For each optimisation case, the algorithm is run 10 times to verify its robustness. Per run, 400 184 

individuals are created in the initial population and the algorithm is stopped at the 100th generation 185 

when convergence has occurred. 186 

3.2. Capacity 187 

3.2.1. Restraints provided by the sheeting 188 

Depending on the type of roof sheeting and the nature of its connection to the purlins, the 189 

sheeting can provide either translational restraint, rotational restraint (about an axis perpendicular 190 
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to the plane of the roof through diaphragm shear action), or torsional restraint [2]. Equations have 191 

been developed for these restraints and their influence on the buckling of CFS beams studied [1, 192 

31-34]. In developing span tables for Australian purlins, the translational restraint was ignored as 193 

it could not be guaranteed that the sheeting would be tied back [35]. This approach is followed in 194 

this paper. The diaphragm shear action is also ignored and only the torsional restraint is considered 195 

assuming that the roof is screwed to the purlins.  196 

The analytical solution of the torsional restraint kr for Zeds and Sigmas purlins developed by 197 

Zhao et at. [34] is adopted in the optimisation process. The solution showed a good agreement 198 

between the experimental and theoretical studies, with a 4% difference on average. The equation 199 

considers the rotation angle caused by both the localised deformation θL of the sheet at the self-200 

drilling screw and the deformation θp of the purlin’s flange. Two solutions are given in [34] 201 

depending if the purlins rotates so that it contacts the roof at the flange-web intersection or at the 202 

flange-lip intersection. The latter equation is conservatively used in this study as it provides the 203 

lowest bound value of kr and is given as: 204 
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where Ip = Ltp
3/12(1 − ν2), E and ν are the Young’s modulus and Poisson’s ratio of steel, 206 

respectively, L is the purlin’s span, tp and ts are the purlin and roof sheeting thicknesses, 207 

respectively, a and b are the distances from the screws to the left and right ends of the horizontal 208 

flange to which the roof is connected, hT is the purlin flange width, n is the number of screws, β is 209 

a coefficient that depends on the bT /hT ratio and the screw location in which bT is the sheet trough 210 

width. In this paper, hT is taken as the width of the horizontal element to which the roof is connected 211 

to. The screws are assumed to be positioned in the middle of the horizontal element and a and b 212 
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are therefore taken as half hT. β is calculated from [34] as 0.078(ts/0.7)3. The roof chosen herein is 213 

the 0.48 mm thick Lysaght SPANDEK trapezoidal profile [36] with dimensions given in Figure 3. 214 

The number of screws n considered was extracted from [36] as function of the purlin’s span L and 215 

is equal to 15 and 36 for the 3,000 mm and 8,000 mm long purlins, respectively. 216 

For each cross-section investigated through the optimisation process, the torsional restraint kr 217 

is inputted as a distributed restraint along the length of the profile in the software CUFSM [29] at 218 

the location of the screwed connection to calculate the elastic buckling moments, as developed in 219 

the next section. 220 

3.2.2. Design rules 221 

As mentioned in Section 2.1, the classical DSM [24], as published in Clause 7.2.2 of the 222 

Australian/New Zealand standard AS/NZS 4600 [25], is used by the algorithm to calculate the 223 

nominal member moment capacity (Mb) of the purlins. The software CUFSM [29] is used to 224 

compute the signature elastic buckling curve from the FSM [26-29]. The rules published and 225 

verified in [9] to automatically obtain the elastic local (Mol) and distortional (Mod) buckling 226 

moments from the signature curve are used in this study. The elastic global buckling moment (Mo) 227 

is directly read from the signature curve at a half-wavelength of either 3,000 mm or 8,000 mm (i.e. 228 

conservatively ignoring the lateral and torsional restraint from the bridging system), and multiplied 229 

by a coefficient Cb = 1.14 in the AS/NZS 4600 [25] to consider the moment distribution of the 230 

simply-supported purlin loaded with a uniformly distrusted load (UDL). CUFSM is run twice per 231 

investigated cross-section to obtain the elastic buckling moments for both inward and outward 232 

wind loadings. 233 
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3.3. Manufacturing constraints 234 

In consultation with industry, Wang et al. [21] defined three rules that the final cross-section 235 

must satisfy to be deemed manufacturable using roll-forming process. These rules are summarised 236 

below:  237 

• Rule 1: The minimum length Lmin of a single flat segment is 10 mm. 238 

• Rule 2: The number of segments Ne per half cross-section cannot exceed 10. 239 

• Rule 3: For the bend between flat segments, the minimum internal bending radius r to steel 240 

sheet thickness tp ratio is 1.0. 241 

Only Rule 1 is considered in this study and is summarised in Figure 4. Rule 2 is automatically 242 

satisfied in each investigated case (see Section 3.1). As the computational time is strongly 243 

correlated to the number of elements entered in CUFSM [29], the roll-forming bending radii are 244 

ignored (Rule 3) in the optimisation process and the cross-sections are drawn with sharp angles. 245 

Bending radii can be easily added prior to manufacture and was added to the validation of the 246 

optimised cross-sections through FE analysis (Section 5). The typical computational time per run 247 

using up to 8 cores in a 792-core HPC cluster consisting of a mixture of SGI Altix XE and SGI® 248 

Rackable™ C2114-4TY14 servers is 110 h, 140 h and 160 h for half cross-sections drawn with 4, 249 

6 and 8 elements, respectively. 250 

3.3.1. Horizontal elements 251 

The roof is assumed to be screwed to the horizontal element and a minimum length Lmin,h for 252 

this element is considered herein as 20 mm to allow for that connection. This constraint is 253 

illustrated in Figure 4. 254 
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Furthermore, to ensure connection to the roof sheeting, no other element can be positioned 255 

above the horizontal element. In the algorithm, the y-axis coordinate of all nodes must be equal to 256 

or less than the y-coordinate of the horizontal element.     257 

3.3.2. Vertical elements 258 

Similar size to the currently used gusset plates to connect the purlins, through its vertical 259 

element, to the rafters are assumed in this study. Typically, two rows of two holes for M12 bolts 260 

are drilled in the gusset plates. The vertical distance db between bolts varies with the total depth H 261 

of the purlin. Performing a linear regression on current gusset plates in the Lysaght’s user guide 262 

[3], db (in mm) can be approximated to, 263 

 0.9 65bd H= −   (2) 264 

Assuming a minimum distance of 1.5ϕ, where ϕ = 12 mm is the bolt’s diameter, between the 265 

centreline of the holes to the end of the vertical element, the minimum length Lmin,v of the vertical 266 

element of the analysed half cross-section is therefore considered in this study as,  267 

 min, 1.5
2

b
v

d
L = +   (3) 268 

This constraint is illustrated in Figure 4. 269 

3.3.3. Opening  270 

To allow services to be installed, a minimum opening Dmin = 60 mm of the cross-section is 271 

assumed. In the algorithm, the y-axis coordinate of all nodes after the horizontal element must be 272 

greater than Dmin/2. This constraint is illustrated in Figure 4.  273 

3.4. Fitness function and Augmented Lagrangian method 274 

The aim of the optimisation problem is to minimise the cross-sectional area As of the purlin 275 

subjected to the previously listed constraints. The unconstrained fitness function f suitable for GA 276 

is expressed in terms of inequality constraints as, 277 
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where Aref is the cross-sectional area of the reference purlin, Min
b and Mout

b are the inward and 279 

outward bending capacities, respectively, of the purlin, Min
b,ref and Mout

b,ref are the inward and 280 

outward bending capacities, respectively, of the reference purlin, Is and Iref are the second moments 281 

of area of the purlin and reference purlin, respectively, Lmin,i and Ls,i are the minimum required 282 

length and actual length, respectively, of segment number i, h is the index number of the last node 283 

of the horizontal element, yj is the y-coordinates of node number j and ymax is the maximum y-284 

coordinate of all nodes. αin, αout, αI, αL,i, αD,j, and αh are penalty factors. In Eq. (4), (i) the first term 285 

represents the objective, (ii) the second and third terms correspond to the constraints on the inward 286 

and outward bending capacities relative to the reference section, (iii) the fourth term defines the 287 

constraint on the bending stiffness, also related to the reference section, (iv) the fifth term specifies 288 

the constraint on the minimum length on all elements (Sections 3.3, 3.3.1 and 3.3.2), (v) the sixth 289 

term stipulates the minimum opening of the cross-section (Section 3.3.3) and (vi) the last term sets 290 

the location of the horizontal segment at the extreme fibre of the cross-section (Section 3.3.1). 291 

As stipulated in Section 3.1, the Augmented Lagrangian method [30] is used in the algorithm 292 

to express the fitness function and avoid ill-conditioned problems. AL has been successfully used 293 

in shape-optimisation of CFS beams and columns in [9, 20, 21]. More information on AL can be 294 

found in [30, 37] and its specific application to the current problem in [19]. The AL fitness function 295 

fAL is expressed as, 296 
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  (5) 297 

where γin, γout, γI, γL,i, γD,i and γh are the penalty function coefficients, and µin, µout, µI, µL,i, µD,i and 298 

µh are the real parameters associated with the penalty function coefficients. The initial values of 299 

these parameters are chosen herein based convergence studies performed in [9, 18, 20] as 2.0 for 300 

the penalty function coefficients and zero for the real parameters. The AL convergence rate is taken 301 

as 1.5 and the penalty increasing constant as 1.05 [18, 19].  302 

For consistency and sake of comparison, the inward Min
b,ref and outward Mout

b,ref bending 303 

capacities, the cross-sectional area Aref and the second moment of area Iref of the reference purlins 304 

are calculated using the same rules as the optimised sections and with sharp corners. The properties 305 

of these sections are given in Table 1 and Table 2 for 8,000 mm long purlins and in Table 3 and 306 

Table 4 for 3,000 mm long purlins.  307 

 308 

4. RESULTS AND DISCUSSION 309 

4.1. Convergence 310 

Figure 5 plots the average fitness over 10 runs, calculated from Eq. (4) with penalty factors 311 

equal to 1.0, for all analysed cases in Section 3.1. Convergence is always achieved, generally 312 

before reaching 60 generations, outlining the robustness of the algorithm. The higher the number 313 

of flat elements, the slower the convergence rate as the algorithm needs to explore a larger design 314 

space. 315 
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4.2. Constraints 316 

The algorithm always adequately satisfies all constraints and therefore produces solutions 317 

which can directly compete with existing products, be manufactured and assembled: 318 

• Constraints on properties: the algorithm satisfies the constraints on the inward capacity, 319 

the outward capacity and the second moment of area for 88.8%, 66.2% and 60% of the runs 320 

performed, respectively. When these constraints are not satisfied, the error is small and is 321 

on average equal to 1.0% for Min
b, 1.1% for Mout

b and 0.87% for Is. 322 

• Constraints on manufacturing: all elements of a cross-section fulfil the minimum length 323 

requirements for more than 61% of the runs. When this constraint is not satisfied, the 324 

average accumulated error over all elements is small and equal to 0.5%. This error is 325 

typically larger for Ne = 8 than for Ne =4.  326 

• Constraints on assembly: (i) the constraint on the minimum opening is always satisfied and 327 

(ii) the horizontal flat segment is located at the extreme fibre of the cross-section for 88.8% 328 

of the runs, with also a small average error of 0.4% when this constraint is not satisfied.  329 

4.3. Optimised purlins 330 

4.3.1. Cases I to III – 8,000 mm long and 1.5 mm thick purlins  331 

Table 1 summarises the properties and dimensions of the fittest, 2nd fittest and least fit cross-332 

sections over 10 runs for Cases I to III. Eq. (4), with penalty factors equal to 1.0, is used to 333 

determine the fitness of a cross-section. The average properties over 10 runs, with associated 334 

coefficients of variation (CoV), are also provided in the table for information and to outline the 335 

consistency of the solutions. The cross-sections reported in Table 1 are also plotted in Figure 6, 336 

Figure 7 and Figure 8 for Case I, Case II and Case III, respectively.  337 
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Results show that increasing the number of flat segments leads to a reduction of the optimised 338 

cross-sectional area. Similarly to [9, 18], the larger the number of elements, the more the algorithm 339 

smooths and rounds the cross-sections. When compared to the reference section C20015, the 340 

optimised (fittest) cross-sections drawn with 4, 6 and 8 flat elements per half cross-section result 341 

in saving 4.9%, 5.7% and 6.6% of steel, respectively. This cost saving in material is quite 342 

significant for a mass-produced product such as purlins. Therefore, the optimised purlins presented 343 

in the paper may benefit the industry as they are readily manufacturable with existing roll-forming 344 

process, can be connected to the rafters and roof using the fasteners currently used and they have 345 

properties matching existing purlins. Note that the optimised purlins are however between 6% and 346 

10% deeper than the reference section and up to 31% wider. 347 

In reference to Figure 7 and Figure 8, the algorithm tends to nearly align some of the flat 348 

segments between the vertical and horizontal elements, and for practicality, a manufacturer may 349 

choose to reduce the number of cross-sectional elements by merging these nearly aligned flat 350 

segments, therefore favouring the optimised cross-sections in Case I.     351 

4.3.2. Cases IV to VI – 8,000 mm long and 1.9 mm thick purlins 352 

Table 2 summarises the same results as Table 1, but for Cases IV to VI. The cross-sections 353 

reported in Table 2 are plotted in Figure 9, Figure 10 and Figure 11 for Case IV, Case V and Case 354 

VI, respectively. Similar conclusions to Section 4.3.1 can be drawn: (i) when compared to the 355 

reference section C20019, the optimised cross-sections drawn with 4, 6 and 8 flat elements per 356 

half cross-section result in saving 4.7%, 4.9% and 5.4% of steel, respectively, and (ii) the optimised 357 

cross-sections are typically deeper and wider than the reference section. The presented solutions 358 

therefore also represent more economical purlins. 359 
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Similar to Cases II and III, in Cases V and VI, some flat segments are nearly aligned between 360 

the vertical and horizontal elements, and a manufacturer may choose to merge these segments for 361 

practicality.  362 

4.3.3. Cases VII and VIII – 3,000 mm long purlins  363 

Table 3 and Table 4 summarise the same results as Table 1, but for Cases VII and VIII, 364 

respectively. Figure 11 and Figure 12 plot the cross-sections reported in Table 3 and Table 4, 365 

respectively. The optimised cross-sectional shapes for the 3,000 mm long purlins are very similar 366 

to the ones found for the 8,000 mm long purlins. Similar savings in steel than for Cases I and IV 367 

can be achieved for Case VII (5.5% savings) and Case VIII (3.5% savings). 368 

For the 1.5 mm thick optimised purlins, the local, distortional and global buckling modes 369 

govern the inwards and outwards capacities for 55%, 25% and 20% of the cases, respectively. 370 

However, for the 1.9 mm thick optimised purlins, the same buckling modes govern for 10%, 30% 371 

and 60% of the cases, respectively. Still for the 1.9 mm thick optimised purlins, when global 372 

buckling governs, the distortional capacity is on average only 4% higher than the global capacity. 373 

Buckling mode interaction may therefore take place as noted in [18]. 374 

 375 

5. FINITE ELEMENT ANALYSIS 376 

The efficiency of the optimised purlins relative to the reference sections are now validated with 377 

FE analysis. FE analysis is a well mature numerical method to model the structural response of 378 

cold-formed steel elements (see [38-40] for instance), with guidance provided in [41]. However, 379 

as computationally intensive, it is not always well suited for optimisation problems for which 380 

simplified design assumptions must often be made, as in the present paper (see Section 3). 381 
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Nevertheless, by more accurately reproducing the loading, restraints and boundary conditions it 382 

represents a valuable tool to verify and confirm the optimisation results. 383 

In the section, the fittest cross-sections for Cases I and IV, and the C20015 and C20019 384 

reference sections are modelled using the FE software Abaqus [42]. The bending stiffness, inward 385 

and outward capacities of these sections are compared. 386 

5.1. Finite element model 387 

5.1.1. General 388 

The FE model is represented in Figure 14. The bending radius was added to all cross-sections, 389 

with the internal bending radius r taken as 1.0 times the wall thickness t. A positive or negative 390 

uniformly distributed pressure was applied to the top flange of the purlin, as shown in Figure 14, 391 

to simulate the inward and outward wind loads, respectively. S4R shell elements were used with a 392 

mesh size of 3 mm × 3 mm, arising from the mesh sensitivity analyses in [38]. Non-linear 393 

geometric and material Riks analyses were run.  394 

5.1.2. Material properties 395 

In the flat parts of the cross-sections, the yield fy and ultimate fu stresses were taken as 450 396 

MPa (Section 3.1) and 520 MPa [25], respectively. The strain-stress curve considered in these 397 

parts is shown in Figure 15 and extracted from the coupon tests performed on cold-formed steel 398 

samples of similar yield stress in [38].  399 

To account for the cold-forming process, the yield stress fy was enhanced by Δfy in the corners, 400 

and over a distance equal to 0.5πr on each side of a corner (Figure 14), following the equations in 401 

[43]: 402 
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where,  404 
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An elastic-perfectly plastic strain-stress curve was considered in the corners. For both flat parts 407 

and corner, true stress-strain curves were inputted into the software [44]. 408 

5.1.3. Boundary conditions and restraints 409 

Similar to the optimisation process, the purlins were considered to be simply supported. To 410 

simulate the connections to the rafters, at each end of the purlin, the nodes of the web over a 36 411 

mm wide (3 × bolt diameter) × twice Lmin,v high (gusset plate height in Eq. (3)) area were 412 

constrained as shown in Figure 14.  413 

Three rows of bridging were considered, with the first and last rows positioned at 0.28 times 414 

the purlin span [3]. At each row of bridging, the lateral displacement of the nodes of the web over 415 

a 36 mm wide × 150 mm high area were restrained, as shown in Figure 14. 416 

The torsional restraints kr provided by the roof and considered in the optimisation algorithm 417 

(Eq. (1)), was simulated at the location of the 36 screws for the 8,000 mm long purlin, as shown 418 

in Figure 14. 419 

5.1.4. Imperfections 420 

The strength and post-buckling behaviour of cold-formed steel members are sensitive to 421 

geometric imperfections. Imperfections were considered in this study by scaling the first buckling 422 

mode, obtained from a linear buckling analysis, so that the maximum imperfection was either equal 423 

to the span/1000, if the first buckling mode was global, or 0.1t, otherwise [41]. 424 
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5.2.  Finite element results 425 

Table 5 summarises the cross-sectional area, the bending stiffness (in kN/mm) and the 426 

maximum inward and outward applied loads (in kN) of the analysed cross-sections. In the table, 427 

the bending stiffnesses were calculated by performing a linear regression on the applied load 428 

versus deflection at mid-span and middle of the web relationships. Note that the cross-sectional 429 

areas in Table 5 differ from Table 1 and Table 2 due to the bending radius being considered in the 430 

FE models and not in the optimisation algorithm.  431 

The inward and outward failure modes for C20015 and Case I are plotted in Figure 16. Failure 432 

occurred by local buckling of the flange in compression. 433 

For all scenarios, the bending stiffness of the optimised purlin is always higher than or equal 434 

to the associated reference purlin. For the 1.5 mm thick purlins, the capacity of the optimised purlin 435 

is between 11% (outward) and 16.9% (inward) greater than the reference C20015 purlin. This 436 

leads to the capacity to cross-sectional area ratio of the optimised purlin being between 15.7% and 437 

21.9% greater than the reference purlin. This confirms and outperforms the prediction of the 438 

optimisation algorithm. For the 1.9 mm thick purlins, the inward capacities of the optimised and 439 

reference purlins are equal, confirming the prediction of the algorithm. However, the outward 440 

capacity of the reference purlin is 5% greater than the optimised purlin. In term of capacity to 441 

cross-section area ratios, for inward loading the optimised purlin outperforms the C20019 by 3.9%, 442 

however, the reference purlin outperforms the optimised section by 1.6% for outward loading.  443 

While the FE models confirm the potential of the 1.5 mm thick optimised purlins, the optimised 444 

1.9 mm thick purlins may not have the expected performance. Experimental tested are still needed 445 

to confirm these results. 446 

 447 
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6. CONCLUSIONS 448 

This paper shape optimised manufacturable and usable singly-symmetric purlins which can 449 

directly compete with existing products. The algorithm was presented along with the design 450 

methodology and the constraints considered. Eight optimisation cases were considered by 451 

optimising 1.5 mm and 1.9 mm thick purlins spanning either 3,000 mm or 8,000 mm. The cross-452 

sections were drawn with either 4, 6 or 8 elements per half cross-section. Results showed that the 453 

algorithm converged to consistent solutions and satisfactory satisfied all constraints, resulting in 454 

optimised purlins which (i) can be manufactured with existing roll-forming process, (ii) be 455 

connected to the rafters and roof using the fasteners currently used and (iii) have properties 456 

matching commercial purlins used as references. When compared to these reference purlins, the 457 

optimised purlins would save up to 6.6% of steel and therefore represent a potential solution to 458 

produce more economical products without compromising on their performance. The efficiency 459 

of the optimised purlins relative to the reference sections were further validated with FE analysis. 460 

The FE model more accurately reproduced the loading, restraints and boundary conditions when 461 

compared to the design assumptions made in the optimisation process. The FE analyses confirm 462 

that the optimised 1.5 mm purlins are superior to the reference section, however, the 1.9 mm thick 463 

purlins may not have the expected performance. The next step to this research would be to 464 

experimentally verify the new and optimised purlins to fully investigate their potential and 465 

consider possible buckling mode interactions.  466 
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 573 

Table 1: Results for 8,000 mm long and 1.5 mm thick purlins – Cases I to III – with reference 574 

section 575 
  Properties Dimensions 

Case Section As 

(mm2) 

Is 

(mm4) 

Min
b 

(kN.m) 

Mout
b 

(kN.m) 

H(3) 

(mm) 

W(3) 

(mm) 

D(3) 

(mm) 

2×Lv
(3) 

(mm) 

Lh
(3) 

(mm) 

Reference C20015 579.0 3.80e6 6.02 5.85 203.0 76.0 172.0 203.0 76.0 

Case I 

(Ne = 4) 

Fittest(1) 550.4 3.80e6 6.04 5.84 218.8 83.6 191.9 170.0 37.1 

2nd fittest(1) 558.7 3.97e6 6.39 6.00 221.9 91.6 212.8 174.6 34.7 

Least fit(1) 574.3 3.87e6 5.95 5.78 208.4 75.5 179.4 197.5 52.3 

Average(2) 

(CoV) 

562.6 

(1.56) 

3.86e6 

(2.39) 

6.18 

(4.04) 

5.96 

(3.62) 
-- -- -- -- -- 

Case II 

(Ne = 6) 

Fittest(1) 545.5 3.81e6 6.02 5.84 220.0 82.8 203.1 181.5 23.4 

2nd fittest(1) 545.4 3.80e6 6.19 5.85 221.1 87.0 212.4 172.6 28.3 

Least fit(1) 548.0 3.94e6 5.85 5.68 223.9 76.0 197.8 174.3 30.9 

Average(2) 

(CoV) 

553.5 

(2.35) 

3.83e6 

(1.49) 

6.33 

(8.36) 

6.01 

(7.29) 
-- -- -- -- -- 

Case III 

(Ne = 8) 

Fittest(1) 540.6 3.80e6 6.09 5.84 223.1 84.6 213.1 173.9 20.6 

2nd fittest(1) 554.9 3.79e6 6.39 6.12 216.5 80.7 187.5 168.6 21.0 

Least fit(1) 572.9 3.89e6 6.74 6.16 216.0 100.6 206.9 166.5 21.8 

Average(2) 

(CoV) 

566.7 

(2.53) 

3.83e6 

(1.51) 

6.82 

(7.80) 

6.37 

(6.93) 
-- -- -- -- -- 

(1) Based on fitness function Eq. (4) with penalty factors of 1.0 576 
(2) Average of 10 runs, coefficient of variation in % given in brackets 577 
(3) Dimension given between cross-sectional nodes, i.e. at centreline of wall elements 578 
 579 

Table 2: Results for 8,000 mm long and 1.9 mm thick purlins – Cases IV to VI – with reference 580 

section 581 
  Properties Dimensions 

Case Section As 

(mm2) 

Is 

(mm4) 

Min
b 

(kN.m) 

Mout
b 

(kN.m) 

H(3) 

(mm) 

W(3) 

(mm) 

D(3) 

(mm) 

2×Lv
(3) 

(mm) 

Lh
(3) 

(mm) 

Reference C20019 746.7 4.91e6 8.77 8.57 203.0 76.0 165.0 203.0 76.0 

Case IV 

(Ne = 4) 

Fittest(1) 711.8 5.05e6 8.78 8.53 221.5 86.8 196.3 180.4 38.3 

2nd fittest(1) 711.9 4.89e6 9.06 8.75 213.2 90.8 194.2 164.9 56.8 

Least fit(1) 738.0 5.17e6 10.51 9.98 217.4 100.9 196.2 165.4 40.0 

Average(2) 

(CoV) 

722.6 

(1.55) 

5.00e6 

(3.10) 

9.35 

(7.45) 

8.99 

(6.52) 
-- -- -- -- -- 

Case V 

(Ne = 6) 

Fittest(1) 710.0 4.92e6 8.87 8.58 218.5 80.7 192.3 175.2 33.5 

2nd fittest(1) 709.7 4.91e6 9.51 9.15 217.5 92.6 199.2 169.0 28.7 

Least fit(1) 740.5 4.92e6 9.18 8.60 207.8 108.1 203.3 160.5 29.6 

Average(2) 

(CoV) 

719.4 

(1.87) 

4.92e6 

(0.16) 

9.17 

(3.37) 

8.79 

(3.42) 
-- -- -- -- -- 

Case VI 

(Ne = 8) 

Fittest(1) 706.1 4.91e6 8.98 8.59 217.6 89.7 205.2 169.1 21.9 

2nd fittest(1) 713.3 4.91e6 9.60 9.10 217.3 96.0 210.0 169.0 26.5 

Least fit(1) 777.0 4.90e6 10.31 9.42 197.4 123.2 190.1 150.6 24.8 

Average(2) 

(CoV) 

747.1 

(3.48) 

4.91e6 

(0.17) 

10.19 

(12.5) 

9.47 

(12.1) 
-- -- -- -- -- 

(1) Based on fitness function Eq. (4) with penalty factors of 1.0 582 
(2) Average of 10 runs, coefficient of variation in % given in brackets 583 
(3) Dimension given between cross-sectional nodes, i.e. at centreline of wall elements 584 
  585 
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 586 

Table 3: Results for 3,000 mm long and 1.5 mm thick purlins – Case VII – with reference 587 

section 588 
  Properties Dimensions 

Case Section As 

(mm2) 

Is 

(mm4) 

Min
b 

(kN.m) 

Mout
b 

(kN.m) 

H(3) 

(mm) 

W(3) 

(mm) 

D(3) 

(mm) 

2×Lv
(3) 

(mm) 

Lh
(3) 

(mm) 

Reference C20015 579.0 3.80e6 9.41 9.03 203.0 76.0 172. 203. 76. 

Case VII 

(Ne = 4) 

Fittest(1) 547.0 3.82e6 9.93 9.03 220.0 75.5 193.9 179.0 46.1 

2nd fittest(1) 553.5 3.83e6 9.78 9.37 217.7 80.8 190.6 191.4 39.3 

Least fit(1) 598.3 3.98e6 10.25 9.81 204.4 87.4 170.1 204.4 48.6 

Average(2) 

(CoV) 

565.6 

(2.84) 

3.85e6 

(2.15) 

10.03 

(4.32) 

9.42 

(5.46) 
-- -- -- -- -- 

(1) Based on fitness function Eq. (4) with penalty factors of 1.0 589 
(2) Average of 10 runs, coefficient of variation in % given in brackets 590 
(3) Dimension given between cross-sectional nodes, i.e. at centreline of wall elements 591 
 592 

Table 4: Results for 3,000 mm long and 1.9 mm thick purlins – Cases VIII – with reference 593 

section 594 
  Properties Dimensions 

Case Section As 

(mm2) 

Is 

(mm4) 

Min
b 

(kN.m) 

Mout
b 

(kN.m) 

H(3) 

(mm) 

W(3) 

(mm) 

D(3) 

(mm) 

2×Lv
(3) 

(mm) 

Lh
(3) 

(mm) 

Reference C20019 746.7 4.91e6 14.66 14.24 203.0 76.0 165.0 203.0 76.0 

Case VIII 

(Ne = 4) 

Fittest(1) 720.4 4.87e6 14.98 14.25 215.1 86.3 178.6 186.0 34.2 

2nd fittest(1) 729.6 5.19e6 15.32 14.70 218.6 86.1 186.5 193.4 45.5 

Least fit(1) 729.1 4.63e6 15.05 13.90 204.9 98.7 176.9 169.8 38.8 

Average(2) 

(CoV) 

730.2 

(0.87) 

4.921e6 

(3.58) 

15.37 

(3.26) 

14.58 

(2.82) 
-- -- -- -- -- 

(1) Based on fitness function Eq. (4) with penalty factors of 1.0 595 
(2) Average of 10 runs, coefficient of variation in % given in brackets 596 
(3) Dimension given between cross-sectional nodes, i.e. at centreline of wall elements 597 
 598 

Table 5: Finite element results 599 
  Inward Outward 

Case/section As 

(mm2) 

Stiffness 

(kN/mm) 

Capacity 

(kN) 

Capacity to 

area ratio 

(N/mm) 

Stiffness 

(kN/mm) 

Capacity 

(kN) 

Capacity to 

area ratio 

(N/mm) 

C20015 573.2 0.108 10.4 18.2 0.111 10.2 17.8 

Case I 549.7 0.109 12.2 22.2 0.113 11.3 20.6 

C20019 737.4 0.141 17.9 24.2 0.143 17.1 23.2 

Case IV 710.2 0.147 17.9 25.2 0.150 16.2 22.8 

  600 
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 601 
Figure 1: Purlin attached to roof sheeting and subjected to either inward or outward wind 602 

loading 603 

 604 

 605 

 606 
 (a) (b) (c) 607 

Figure 2: Examples of cross-sections created in the initial population – (fittest cross-section in 608 

the 1st generation shown), with (a) 4 flat elements, (b) 6 flat elements and (c) 8 flat elements per 609 

half cross-section 610 

 611 

 612 
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 613 
Figure 3: Dimensions of Lysaght SPANDEK trapezoidal profile [36] considered in this study  614 

 615 

 616 

  617 
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 618 
Figure 4: Manufacturing and assembly constraints  619 

 620 

 621 

 622 

 623 
 (a) (b)  624 

Figure 5: Average fitness over 10 runs for (a) 1.5 mm thick purlins and (b) 1.9 mm thick purlins 625 

 626 

 627 



32 

 628 
 (a) (b) (c) 629 

Figure 6: Case I (8,000 mm long, 1.5 mm thick and Ne = 4) results (a) fittest cross-section, (b) 630 

2nd fittest cross-section and (c) least fit cross-section 631 

 632 

 633 

 634 
 (a) (b) (c) 635 

Figure 7: Case II (8,000 mm long, 1.5 mm thick and Ne = 6) results (a) fittest cross-section, (b) 636 

2nd fittest cross-section and (c) least fit cross-section 637 

 638 

 639 
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 640 
 (a) (b) (c) 641 

Figure 8: Case III (8,000 mm long, 1.5 mm thick and Ne = 8) results (a) fittest cross-section, (b) 642 

2nd fittest cross-section and (c) least fit cross-section 643 

 644 

 645 

 646 
 (a) (b) (c) 647 

Figure 9: Case IV (8,000 mm long, 1.9 mm thick and Ne = 4) results (a) fittest cross-section, (b) 648 

2nd fittest cross-section and (c) least fit cross-section 649 

 650 
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 651 
 (a) (b) (c) 652 

Figure 10: Case V (8,000 mm long, 1.9 mm thick and Ne = 6) results (a) fittest cross-section, (b) 653 

2nd fittest cross-section and (c) least fit cross-section 654 

 655 

 656 

 657 
 (a) (b) (c) 658 

Figure 11: Case VI (8,000 mm long, 1.9 mm thick and Ne = 8) results (a) fittest cross-section, 659 

(b) 2nd fittest cross-section and (c) least fit cross-section 660 

 661 

 662 
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 663 
 (a) (b) (c) 664 

Figure 12: Case VII (3,000 mm long, 1.5 mm thick and Ne = 4) results (a) fittest cross-section, 665 

(b) 2nd fittest cross-section and (c) least fit cross-section 666 

 667 

 668 

 669 
 (a) (b) (c) 670 

Figure 13: Case VIII (3,000 mm long, 1.9 mm thick and Ne = 4) results (a) fittest cross-section, 671 

(b) 2nd fittest cross-section and (c) least fit cross-section 672 

 673 

 674 
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 675 
Figure 14: Overview of the FE model 676 

 677 

 678 

 679 
Figure 15: Stress-strain curve used for flat part of the cross-section 680 

 681 
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  683 
 (a) (b) 684 

 685 
 (c) (d) 686 

Figure 16: FE failure for (a) inward loading for C20015, (b) outward loading for C20015, (c) 687 

inward loading for Case I and (d) outward loading for Case I 688 

 689 

 690 


