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Abstract: This study evaluated the axial capacity of cold-formed racking upright sections strength-
ened with an innovative reinforcement method by finite element modelling and artificial intelligence
techniques. At the first stage, several specimens with different lengths, thicknesses and reinforcement
spacings were modelled in ABAQUS. The finite element method (FEM) was employed to increase the
available datasets and evaluate the proposed reinforcement method in different geometrical types of
sections. The most influential factors on the axial strength were investigated using a feature-selection
(FS) method within a multi-layer perceptron (MLP) algorithm. The MLP algorithm was developed
by particle swarm optimization (PSO) and FEM results as input. In terms of accuracy evaluation,
some of the rolling criteria including results showed that geometrical parameters have almost the
same contribution in compression capacity and displacement of the specimens. According to the
performance evaluation indexes, the best model was detected and specified in the paper and opti-
mised by tuning other parameters of the algorithm. As a result, the normalised ultimate load and
displacement were predicted successfully.

Keywords: artificial intelligence; finite element method; cold-formed; rack upright; feature-selection
method; multi-layer perceptron; particle swarm optimization; prediction

1. Introduction

Warehousing systems are widely used to manage industrial production. Since cold-
formed steel (CFS) sections have been developed in racking systems, steel storage systems
are extensively employed in various industries [1-4]. Uprights are critical components
of the racking systems, which play the same role as a column in other structures. The
stability of the racking systems directly depends on uprights where a combination of
different failure modes is probable under service loads [5-10]. Since racking systems
typically experience extreme loading scenarios, the design of the uprights has become a
vital task [11-16].

The structural performance of the upright raking systems has been widely studied
under different axial load scenarios. Koen [17] evaluated stub uprights to identify the
effective length of the racking uprights under service loads by obtaining a set of reduction
coefficients. Davies et al. [18] experimentally and numerically investigated failure modes of
the stub uprights under compression. According to their study, limited tests are promising
for designing racking uprights. According to Trouncer and Rasmussen’s study [19], the
prediction of the capacity of uprights is more decisive by EN 15512 [20] specifications
compared to Rack Manufacturers Institute (RMI). Gilbert and Rasmussen [21] performed
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general tests on racking systems to enhance EN 15512 specifications and presented some
clarifications to determine in-plane stiffness.

The combination of different buckling modes in upright frame elements was studied
in the form of research programs. Pedro et al. [22] evaluated the local-distortional buckling
combination in fixed-end CFS uprights. Based on the concept of reduced thickness, the
interaction of buckling along with short stiffened columns was examined by Roure et al. [23].
According to their reports, the typical design codes were inadequate, which means that the
interaction of different failures and buckling should be calculated. Distortional buckling of
upright columns was studied along different lengths and thicknesses by Casafont et al. [24]
who finally derived a set of design configurations and equations for failure modes.

The finite element (FE) method as a reliable approach for the process of data prediction
and validation is commonly conducted by FE programs such as ANSYS and ABAQUS.
Using the relevant programs to evaluate the structural performances has been widely
developed in recent years. Johns Hopkins University and Griffith University performed a
series of optimisation tests on CFS cross-sections to achieve ‘global optimum’ solutions.
Numerical evaluation of racking systems currently is a typical approach to derive the
optimum values of CFS sections and upright characteristics. Two famous numerical
approaches including finite strip method and direct strength method were conducted along
the genetic algorithm (GA) [25,26] to obtain the best possible upright columns [27-30]. In
this study, various lengths and thicknesses of cold-formed uprights were modelled by
ABAQUS with different reinforcement distances.

Generally, artificial intelligence (Al) techniques are able to address some of the previ-
ous engineering issues due to their advantages compared to classic methods [31-36]. Learn-
ing and mocking are two significant points of AL, which make these algorithms favourable
for researchers [37—41]. Employing optimisation techniques such as back-propagation algo-
rithms [42], a raw model of artificial neural networks (ANNSs) is generally developed. ANN
can solve three types of problems including: (1) classification, (2) function-approximation
and (3) time series prediction [43—47]. However, getting stuck in local extremums and
difficulty in crossing plateaus of error function landscape are common defects of classic
approaches [48-52]. In this regard, metaheuristic (MT) optimisation algorithms such as
GA [53], particle swarm optimisation (PSO) [54] and imperialist competitive algorithm
(ICA) [55] can be used to address mentioned drawbacks.

In some cases, the ANN performance can be improved by the global search feature of
these methods. ANNs and some optimisation techniques have been recently applied for
solving nonlinear and sophisticated engineering problems. One of the ANN developments
is adaptive neuro-fuzzy inference system (ANFIS) that has become a trending algorithm
for prediction [56]. In medical researches, ANFIS has also been conducted for predicting a
number of verified patient cases [57,58]. A novel combination set of ANFIS was developed
in China to predict the number of contaminated cases from COVID-19 [59]. Moreover,
hybrid algorithms are typically employed to solve multiobjective problems [60,61]. There-
fore, different types of optimisation methods can be integrated with ANFIS to increase
the accuracy and improve the performance of the considered algorithm. The multi-verse
optimiser (MVO) approach was combined with ANFIS to calculate the consumption of
materials [62]. This hybrid algorithm is utilised to solve the consumption rate of material
and predict that from a dataset that has been derived from different areas. The MLP neural
network is suitable for prediction, especially in problems with stochastic irregularities [63].

As discussed previously, few studies investigated the CFS upright sections by Al
algorithms, and almost none of them employed the feature-selection method. First, FE
models with different configurations were successfully produced and comprehensively
discussed, and their noticeable specifications were mentioned. Secondly, an Al approach
was utilised for predicting the compression capacity of the upright frames and verifying
the FE models. Since the neural network has a successful background in predicting upright
section properties, a multi-layer perceptron (MLP) technique was selected as the central
core of the Al method. In this paper, a feature-selection based algorithm has also been
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used to find the most governing property of compressive strength, and another numerical
approach was deployed for verification, optimisation and prediction. Operating a hybrid
neural network based on the feature-selection technique successfully led to predicting
the ultimate normalised load and the displacement. The validity of the FE results was
successfully proven as well. Moreover, a new developed multi-layer perceptron algorithm
in combination with particle swarm optimisation was deployed, and obtained results were
explained in detail.

2. Finite Element (FE) Modelling

FE models were employed to study the effect of reinforcement spacings, including
50 mm, 100 mm, 150 mm, 200 mm, 250 mm, 300 mm, 350 mm and 400 mm on the strength
of the upright frames. All perforations are modeled for frames with 1800 mm, 2400 mm,
3000 mm and 3600 mm heights using the Abaqus package. At the first stage, the FE
specifications are described and then, the results are checked against the tests. Finally, the
effects of different reinforcement spacings are derived by the final FE model.

Upright profiles are typically perforated along the length, which provides a suitable
opportunity to install the reinforcements through their flanges or webs to strengthen
racking frames. This paper simulated the novel fastening system, which has already been
proposed in [64]. The reinforcement consists of bolts, nuts and spacers to connect the
flanges of the open section to partially closing it. Figure 1 indicates the reinforcement
system and the mechanism of its installation in Part (a) and demonstrates the real test
columns in Part (b). Figure 2 shows the upright configuration to enhance the visualisation
and provide better understanding of the CFS section. For better understating the test
procedure, Figures 3 and 4 were deployed. The test setup was prepared according to AS
4084:2012 section C.7.3.2. As shown in Figure 4a, the setup includes a frame assembly in
which one of the two uprights is loaded axially. Specimens were free to rotate at both axes
due to the pin-ended bearing, while rotations at the perpendicular axis as well as torsion
were restrained by the bracing. Figure 3b reveals the schematic of setup. In addition,
Figure 4 shows the cap plates and the mentioned ball bearing.

(b)

Figure 1. The reinforcement system and the constituent elements: (a) graphical section detail and (b) upright column in tests.
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Figure 3. (a) Schematic of compressive test on uprights; (b) testing rig.

2.1. Material Properties

Material specifications were obtained from the coupon test and deployed to accurately
simulate the upright column material. The stress (0t¢) and strain (e4e) could be derived
using the following relations:

Otrue = 0'(1+€) @)

01
€rue = In(1+¢€) — t]’;‘e )

where;

o and ¢ are = stresses and strains derived from the coupon tests.
Poisson ratio = 0.3.
Module of elasticity = 200 GPa.
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(a) (b)
Figure 4. (a) Ball bearing; (b) cap plates.

2.2. Connections and Interactions

In order to specify the compression load capacity for upright frames, three kinds of
interactions are required in the models, including upright to bracing, bracing to bracing,
and bolt to upright interaction. Therefore, the penalty method has been utilised with
0.3 as the friction coefficient to simulate the tangential behaviour. In addition, the surface-
to-surface interaction with hard contact has been selected for the simulation. Figure 5

represents the quality of described interactions between elements and the bolt modeling in
the upright frame.

At each bolt location, a reference point was created at the center of the hole where the upright
flange (at the hole region) was restrained to this reference point using the coupling method

£
K

Interaction of brace upright

Bolt moddeling was carried out
by using coupling method and beam connector

K

Interaction of two braces

Figure 5. Interaction and connection properties of a typical model.

2.3. Boundary Conditions, Loading and Mesh

The applied load was simulated by a displacement of the reference point on the top of
the upright, while at another end of the upright, BCs were set to simulate pined-end by
fixing translation and allowing rotation.
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Meshes were selected from shell elements due to the small aspect ratio of the profile
sections, which lead to accurate simulation of deformation. Figure 6 depicts the employed
meshing system of the typical FE model.

A convergence study was performed to capture the optimum mesh size for the upright and bracing members and it was
ohserved that quad dominated meshes with dimensions of 10mm were deemed satisfactory for frame elements.

The quad-node shell element with reduced integration
{S4E) was utilized for modelling the frame elements.

Figure 6. A typical model with a mesh matrix view on the polygon and circular perforations.

2.4. FE Model Verification

Data were derived from test results of uprights with 1800 mm, 2400 mm, 3000 mm
and 3600 mm heights for both 1.6 mm and 2.5 mm thicknesses. Because of confidentiality

reasons, the normalised ultimate load capacity of the sections to their gross cross-section

Load
Ag x oy

designation of the models used for the study in this article. The employed load data are
derived from the normalised load in all figures in the article. Figures 8-11 indicate a compar-
ison between the numerical and experimental data based on normalised load-displacement
curves for sections with 1.6 mm and 2.5 mm thicknesses, respectively. According to the
diagrams, FE curves cover well enough the test curves, which could prove the reasonable
accuracy of the FE results. The slight differences can be attributed to specific FE conser-
vative solutions and possible errors in experimental tests. Therefore, it can be perceived
that FE modelling can simulate the accurate performance of upright CFS sections under
compression load. For the sake of brevity, the models were named according to Figure 4
in which the values are in mm. According to Figure 4, each name consists of three parts
which are separated by a dash sign, and the first part indicates the length of upright, the
second part shows the thickness of the section, and the final part designates the distance of
the column.

and the mean yielding strength ( ) is presented in this paper. Figure 7 presents the

1800-3.0T -200B

/N

Upright Length | | Section Thickness | Distance between Bolts

Figure 7. Designation of models.
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Figure 8. Comparison of the experimental and numerical results of normalised load for (a) 3600L-1.6T, (b)3600L-2.5T.
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Figure 9. Comparison of experimental and numerical results of normalised load for (a) 3000L-1.6T, (b) 3000L-2.5T.
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Figure 10. Comparison of experimental and numerical results of normalised load for (a) 2400L-1.6T, (b) 2400L-2.5T.
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Figure 11. Comparison of experimental and numerical results of normalised load for (a) 1800L-1.6T, (b) 1800L-2.5T.

2.5. Result and Discussion of the FE Analysis

The numerical model was successfully able to simulate the actual conditions with
minimum error. Hence, in this section, the verified FE method is utilised for a paramet-
ric study to investigate various uprights with different heights and thicknesses as well
as various reinforcement spacings under axial loading. In general, eight reinforcement
spacings including no-reinforcement, 50 mm, 100 mm, 150 mm, 200 mm, 250 mm, 300 mm,
350 mm and 400 mm were considered for the parametric study. The numerical evaluation
was conducted on four various thicknesses of 1.6 mm, 2.0 mm, 2.5 mm and 3.0 mm of
profiles as well as four different upright lengths, including 1800 mm, 2400 mm, 3000 mm
and 3600 mm. All of the results were obtained from the FE analysis.

Generally, four lengths (1800 mm, 2400 mm, 3000 mm and 3600 mm) with different
reinforcement spacings (50 mm, 100 mm, 150 mm, 200 mm, 250 mm, 300 mm, 350 mm and
400 mm) and web thicknesses (1.6 mm, 2.0 mm, 2.5 mm and 3.0 mm) were considered for
modelling of the upright frames.

Figure 12a—d illustrate the axial behaviour of 3600 mm length upright frames with
1.6 mm, 2.0 mm, 2.5 mm and 3.0 mm thickness, respectively. According to this figure, using
shorter reinforcement spacing increased the ultimate load capacity among all of the models,
especially in the model with 1.6 mm thickness. It can be also concluded that increasing
thickness could control the mode of distortional buckling.

Figure 13a—d depict the FE results of the 3000 mm models based on the normalised
load-displacement diagram. In these models, upright frames are more strengthened as
the reinforcement spacing decreases. The models with 1.6 mm thickness represented the
best behaviour. The models with 50 mm reinforcement spacing achieved the maximum
ultimate capacity in all cross-section thicknesses.

Figure 14a—d represent the simulation diagrams of models with 2400 mm length. It
is obvious that using 50 mm spacing for reinforcement is the optimum choice to improve
the compressive capacity for 2400 mm uprights. By comparing the thicknesses, the models
with 2.5 mm thickness presented the highest normalised load capacity compared to other
thicknesses in this case.

According to Figure 15a—d, simulations proved that models with 1800 mm length
follow the previous trend in the spacing pattern, where 50 mm spacing is the optimum
spacing to increase the loading capacity of the frames with 1800 mm length.
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Figure 12. Normalised load-displacement diagrams of the FE results for: (a) 3600L-1.6T, (b) 3600L-2.0T, (c) 3600L-2.5T, and

(d) 3600L-3.0T models.

In general, in all four lengths, 50 mm spacing showed the highest increment in terms
of ultimate load capacity compared to other spacing values. Figure 16a—d consist of models
categorised according to 50 mm reinforcement spacing. According to this figure, models
with 1800 mm length and 50 mm spacing indicate the highest capacity among other models.

According to the FE results, uprights followed almost the same trend of increasing
the ultimate load capacities with reinforcement spacing. However, the results did not
indicate the same pattern for different thicknesses and lengths. Figures 17 and 18 represent
the normalised ultimate load capacities of each model based on the length and thickness.
Further, 2.5 mm thickness is the optimum value for uprights with 1800 mm and 2400 mm
lengths. However, 3000 mm and 3600 mm models revealed a different pattern, where
models with 1.6 mm thickness showed the highest normalised ultimate capacities in
comparison with other models and thicknesses, as indicated in Figure 15.
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Figure 13. Normalised load-displacement diagrams of the FE results for: (a) 3000L-1.6T, (b) 3000L-2.0T, (c) 3000L-2.5T, and

(d) 3000L-3.0T models.

Ultimate normalised values are given in Tables 1-4 where each table reveals the
ultimate values in order of thickness and reinforcement spacing. Table 1 shows the FE
results of the models with 3600 mm length, in which 50 mm spacing is the optimum
value for reinforcing pitch along the upright length. According to this table, 50 mm
spacing increased the ultimate compressive capacity by 9.1%, 9.55%, 19.2% and 25.94%
for 1.6 mm, 2.0 mm, 2.5 mm and 3.0 mm thicknesses, respectively. Table 2 demonstrates
the ultimate normalised compressive capacities for 3000 mm models, which increased by
11.24%, 12.21%, 19.8%,and 27.64% for 1.6 mm, 2.0 mm, 2.5 mm and 3.0 mm thicknesses,
respectively. However, these values for 2400 mm models are 17.6%, 22.53%, 22.25%, and
42.19%, respectively (Table 3). Finally, according to Table 4, models with 1800 mm length
obtained the best compressive performance with 50 mm spacing. In this case, the increased
values are 40%, 45%, 49.1% and 49.9% for 1.6 mm, 2.0 mm, 2.5 mm and 3.0 mm thicknesses.
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Figure 14. Normalised load-displacement diagrams of the FE results for: (a) 2400L-1.6T, (b) 2400L-2.0T, (c) 2400L-2.5T, and
(d) 2400L-3.0T models.

Table 1. Ultimate normalised compressive capacities for 3600 mm models based on reinforcement spacing.

3600 mm NoB 400B 350B 300B 250B 200B 150B 100B 50B

1.6T 0.320355 0.324957 0.329694 0.334311 0.338452 0.345572 0.345014 0.34748 0.349518
2.0T 0.267865 0.274581 0.283207 0.286614 0.288806 0.291152 0.291867 0.292715 0.293467
2.5T 0.266615 0.290798 0.29735 0.302896 0.30518 0.311646 0.314002 0.315819 0.317829
3.0T 0.244069 0.266756 0.273336 0.284606 0.292642 0.299102 0.304017 0.305707 0.30739

Table 2. Ultimate normalised compressive capacities for 3000 mm models based on reinforcement spacing.

3000mm  NoB 400B 350B 300B 250B 200B 150B 100B 50B

1.6T 0.466192 0.476169 0.488906 0.496421 0.503579 0.51175 0.511099 0.514937 0.518591
2.0T 0.397264 0.410294 0.423495 0.429079 0.43454 0.438375 0.441986 0.443907 0.445772
25T 0.367905 0.404657 0.411269 0.419328 0.42485 0.429913 0.435515 0.438243 0.440754

3.0T 0.364267 0.407849 0.416635 0.431377 0.442595 0.450041 0.457685 0.461408 0.464957
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Figure 15. Normalised load-displacement diagrams of the FE results for: (a) 1800L-1.6T, (b) 1800L-2.0T, (c) 1800L-2.5T, and

(d) 1800L-3.0T models.

Table 3. Ultimate normalised compressive capacities for 2400 mm models based on reinforcement spacing.

2400 mm  NoB 400B 350B 300B 250B 200B 150B 100B 50B

1.6T 0.44809 0.47159 0.484062 0.491135 0.498348 0.505794 0.512634 0.520127 0.527014
2.0T 0.394546 0.426041 0.434678 0.44741 0.458877 0.468928 0.473545 0.480774 0.483447
2.5T 0.452161 0.498086  0.508837  0.519291 0.529506 ~ 0.537428  0.545083  0.550086  0.552796
3.0T 0.382484 0.454062 0.472006 0.48701 0.502558 0.516978 0.529511 0.538297 0.543857

Table 4. Ultimate normalised compressive capacities for 1800 mm models based on reinforcement spacing.

1800 mm  NoB 400B 350B 300B 250B 200B 150B 100B 50B

1.6T 0.446135 0.498162 0.531249 0.557774 0.580285 0.594211 0.607148 0.615757 0.624738
2.0T 0.469598  0.533296  0.555708  0.589511 0.619443  0.645763  0.657006  0.67562 0.682954
25T 0457849  0.549937  0.585468  0.599585  0.608311 0.624156  0.656714  0.671063  0.682757
3.0T 0.428473 0.523704 0.547287 0.566293 0.587712 0.606822 0.6235 0.635513 0.642487




Appl. Sci. 2021, 11, 11056 13 of 30

04 L)
——3600-3.0T-508 ——3000-30T-508
s ——3600-16T-50B 08 ——3000-16T-50B
——3600-2.0T-50B ——3000-2.0T-50B
03 ——3600-2.5T 508 ——3000-2.5T-50B
04
025
i 0 o
015
02
01
[
005
0 0
0 4 6 ] 10 I u 0 4 6 ] 10 n i
Displacement (mm) Displacement (mm)
(a) (b)
0 .
——2400-3.0T 508 p—rT ]
S ——1800-1.6T-50B
o ——2400-2.07-508 o7 ——1800-207-50B
——2400-2.5T-508
—1800-2.5T-50B
s
0
08
= 04
“ 03
02
ol
ol
°
L] 1 3 4 H 6 7 s 9 0 L]
Displacement (mm) 0 1 2 3 4 B 6 7 8
Displacement (mm)
(c) (d)

Figure 16. Normalised load-displacement diagrams of the FE results for: (a) 3600L-50B, (b) 3000L-50B, (c) 2400L-50B, and
(d) 1800L-50B models.
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Figure 17. Ultimate load capacities based on thickness and reinforcement spacing for (a) 1800 mm models and
(b) 2400 mm models.

In general, investigation of FE results for uprights under compression loading proves
that partially reinforced sections have considerably higher capacities under applied loads,
which reveals the outstanding effectiveness of the proposed reinforcement method.
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Figure 18. Ultimate load capacities based on thickness and reinforcement spacing for (a) 3000 mm models and

(b) 3600 mm models.

3. Artificial Intelligence Prediction

In this paper, a combination of MLP with PSO algorithm based on the random produc-
tion of the initial population is utilised. PSO is a universal method of minimisation that can
be employed to deal with problems whose answer is a point or surface in n-dimensional
space. In this case, a random population is assumed, and an initial velocity is assigned to
them as well as channels of communication between the particles. These particles then
move in the response space, and findings are calculated according to the “competency
criterion” after each time interval. Over time, particles accelerate toward the particles with
a higher competency standard and are in the same communication group. Although each
technique performs well in many problems, great success was achieved in solving ongoing
optimisation problems. In order to identify the most influential input, instead of traditional
methods, the feature selection technique is utilised, which is the best way to identify the
features of a problem.

3.1. Algorithm Methodology
3.1.1. Multi-Layer Perceptron (MLP)

Feed-forward multi-layer perceptron (MLP) networks can be used as powerful hyper-
surface reconstruction tools which are able to successfully map a set of multi-dimensional input
data (x;; i = 1,..., N) onto a set of appropriate multi-dimensional outputs (zi ;i=1,...,N ) .
The MLP configuration has been extensively utilised for static regression applications, and
it consists of one input layer, one or more hidden layer(s) and one output layer. Besides,
the MLP network employs a supervised learning technique called backpropagation for
training the network.

The fundamental element of the modified un-stabilised MLP neural network is shown
in Figure 19, which performs a projection oriented mathematical operation on its inputs.
Figure 20 indicates a schematic configuration of the single-layer MLP which is used in the
analysis of current study.

In the present study, a particular kind of ANN called multi-layer perceptron (MLP) was
developed and trained by data obtained from several experimental tests and FEM models.

3.1.2. Particle Swarm Optimisation (PSO)

PSO is a robust algorithm for optimisation in nonlinear, non-convex and discontinuous
environments. Using the PSO algorithm, all kinds of optimisation problems, namely both
continuous and discrete, can be solved. In this algorithm, particles are the building blocks
of the population and work together to obtain the optimum tries that lead to the target. For
this reason, it is called swarm intelligence. The most important feature of any particle is its
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position, and the critical issue is what indicator or target the particle offers and how fast
it moves.
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Figure 19. Schematic representation of MLP neuron.
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Figure 20. Flowchart of typical single line hidden layer MLP for identifying a problem.

In this study, the PSO algorithm is employed along with MLP as a unique intelligence
algorithm. The goal of the PSO algorithm is to find the optimal objective function. The
flowchart of the PSO algorithm is illustrated in Figure 21.

3.1.3. Feature Selection (FS) Technique

Feature selection (FS) in various machine learning and data mining fields is a subset
of feature extraction. This technique is preferred in cases where the readability and inter-
pretation of the subjects are important because the discounted values are preserved as the
main features in the reduced space. This method of dimensionality leads to the creation
of a quality database without deleting helpful information. It also allows combining fea-
tures with different data models. This task is essential since a large number of features
are often used in different applications. Therefore, the need to choose a limited set from
them becomes apparent. Furthermore, limitations and considerations such as avoiding
the problems of dimensionality, memory limitations, reducing computations required and
running time require selecting the minimum number of features that can be used to predict
future data. The feature selection process is divided into four parts including production
method, performance evaluation, stop criteria and validation method. Figure 22 depicts
the steps of Feature Selection technique.
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Figure 22. Feature selection technique steps.

In this study, some of the noticeable features of CFS frames are generated through one
or more conversions on the input features. Once mapping points from one ample space to
another in a smaller space happens, many points may overlap. Feature extraction helps
to find new dimensions that have the minimum overlapping. This approach is related to
the problem area and is commonly used in image processing, where specific features are
extracted according to the requirements of the problem.
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3.1.4. MLP-PSO-FS Architecture

Figure 23 shows a sequential combination diagram of particle swarm optimization-
feature selection (PSO-FS) and multi-layer perceptron (MLP). In PSO, congestion generally
begins with a set of random solutions, and each one is called a particle. Likewise, the

particle swarm moves in complex space. A function (f) is evaluated at each step by input.

In the global version of the PSO, p; represents the most appropriate point in the entire
population. A new velocity is obtained for each i particle in each iteration according to the
best individual neighbourhood positions (p; (t) — and p;—ig (t)). The new speed can be

obtained as follows:

v = (t+1) =wo; = (8) + 1@ = (pi = () =% = (1) + @2 = (pi = () —x; = (1))
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Figure 23. The flowchart of the sequential combination of hybrid MLP-PSO-FS algorithm.
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As long as the speed exceeds the specified limit, it will be reset to its proper range in
some cases. Depending on the speed, each particle changes its position according to the
following equation:

si— (t+1)=s;—(t)+v; — (t+1) 4)

where:
s;— = particle’s position;
v;— = particle’s velocity;
pi— = most appropriate position;
w = inertia weight;
¢1 and ¢, = acceleration coefficients;
@1— and @, — = uniformly-distributed random vectors in [0,1].

3.1.5. Performance Evaluation

In this paper, five objective criteria, including correlation coefficient (R?), Pearson’s
correlation coefficient (PR), Nash-Sutcliffe efficiency (NS), root mean square error (RMSE),
mean absolute error (MAE) and Wilmot index (WI) were used to evaluate the accuracy of
the results and the reliability of the proposed neural network [29-32,45]. Nash-Sutcliffe
(NS) efficiency is a normalised statistic that determines the relative amount of residual
variance compared to the variance of calculation (Nash and Sutcliffe [65]). The Nash-
Sutcliffe performance shows how well the observed data graph versus the simulated one
corresponds to a 1: 1 line. NS = 1 corresponds to the model of full compliance with the
observed data. NS = 0 indicates that the model predictions are as accurate as the average of
the observed data, and Inf < NS <0 shows that the observed average is a better prediction
of the model. Mean absolute error (MAE) and mean square error (RMSE) are two of
the most common criteria used to measure the accuracy of continuous variables. MAE
measures the average size of errors in a set of predictions regardless of their direction.
This average test is the absolute difference between prediction and actual observation
that all individual differences have equal weight. RMSE is a quadratic scoring rule that
also measures the average error rate. This square root is the average square difference
between prediction and actual observation. From an interpretation point of view, MAE
is the winner. RMSE does not describe moderate error alone and has other implications
that are more difficult to understand. On the other hand, one of the distinct advantages of
RMSE over MAE is that RMSE avoids the use of absolute values, which is undesirable in
many mathematical calculations.

In the case of R and NS values, a higher value up to 1 represents a suitable fit between
measured and predicted values, while a negative value shows that the model’s performance
is worse than the average of the developed models. W1 is a stabiliser criterion for prediction
error, and as well as the NS criteria, the values close to 0 indicate low accuracy while the
values close to 1 reveal the decisive estimation.

3.2. Algorithm Results and Discussion

According to several runnings and processes of the developed MLP-PSO-FS (MPF)
(combination of MLP, PSO, and feature-selection techniques), a neural network dataset
was derived and ultimately formed from 10511 rows of data and six-column of values.
Regarding the database, this prediction consists of six inputs and one target output. In
order to select the most suitable combination of the inputs for the evaluation matrix of
the displacement and load, the MLP was tuned by PSO and carried out as the neural
network model. The variables affecting the load are indicated in the functional relationship
as follows:

Ultimate Load = f(length, bolts spacing, thickness, Ag x oy, Load) (5)

In the first stage, regarding the selected training data, MLP was fitted for the best
possible prediction of the displacement and load separately. MATLAB (version 2019)
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software was utilised to predict the load using the MPF network. The best result is given in
Tables 5 and 6 for both displacement and normalised loads.

Table 5. Best achieved results for displacement estimation.

Network Result
Phase >
R R NS RMSE MAE WI
Test 0.999 1.000 1.000 0.001 0.000 1.000
Train 1.000 1.000 1.000 0.000 0.000 1.000

Table 6. Best obtained results for normalised load estimation.

Network Result
Phase
R? R NS RMSE MAE WI
Test 0.907 0.800 0.435 1.678 1.203 0.882
Train 0.847 0.820 0.511 1.590 1.137 0.895

The parameters of the PSO algorithm are population size, iterations, inertia weight,
damping ratio, personal and global learning coefficient, which are provided in Table 7.
MLP neural network parameters are hidden layers and training functions, as shown in
Table 8. The parameter characteristics used for FS are also indicated in Table 8

Table 7. Parameter characteristics used for PSO in this study.

Learning Coefficient
Personal Global
10 150~350 45~100 1 0.98 2 3

FIS Clusters Population Size Iterations Inertia Weight Damping Ratio

Table 8. Parameter characteristics used for MLP and FE.

Parameter characteristics used for the MLP

Hidden Layers Training Function
10 Levenberg-Marquardt back-propagation (LMBP)
Parameter characteristics used for FS
Number of runs Number of functions(nf)
3 1~5

The main reason for employing the feature-selection method along the neural network
was eliminating the residual inputs to achieve the most precise estimation. A database
may have a large amount of input data, but certainly, not all inputs are suitable for use in
the neural network, and some of them have virtually no effect on output prediction, and
some may cause network deviation. Therefore, finding the best combination is very time-
consuming and tedious if it has a large number of work inputs. Implementing the neural
network and studying its results for this number of repetitions are impossible considering
the different combinations of neural network settings. We may lose the best combination,
but using the feature selection technique with only five runs, all possible input states will
be checked, and the best combination will be determined.

4. Displacement Prediction

Following the prediction process, available inputs were tested with five different
scenarios to predict the displacement of the upright frames under the axial compressive
load. Table 9 presents the five combinations of the MPF and the quality of input selection.
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According to this table, the load itself was the most significant input on the displace-
ment prediction, and the thickness stands in second place. In order to avoid ambiguity,
Table 10 shows the best-predicted results using the MPF network by tabulating the value
of evaluation criteria for 45 and 250 as iteration and population, respectively.

Table 9 reveals the quality of presence for each input parameter, where the axial
load has the most participation among other parameters, while the shape factor has the
lowest participation. Table 10 also indicates that the fifth combination of inputs leads to
the best prediction in the test phase. Moreover, the fifth combination presented the most
accurate results in the training phase. On the other hand, since the test results are more
substantial scale for accuracy, the fifth combination showed the best estimation of upright
displacement by the MPF network.

Figure 24 illustrates the predicted and measured displacement by the MPF model in
scatter diagrams. Figure 24a shows the training and testing phase of the model with a
single input whose performance parameters are shown in Table 10. Figure 24b depicts the
testing and training phase of the model with two inputs. According to this procedure, it is
obvious that MPF networks have an acceptable performance where the number of inputs
increased to five inputs. Figure 24d,e represent the best-achieved predictions amongst
other models. In addition, there is a slight difference between these two models in the
prediction capability mentioned in Table 10. As can be seen, some improvements in the
performance of the MLP were obtained in this phase using the PSO algorithm such that the
r and R? values have increased and the RMSE value has decreased.

Considering Table 9 and Figure 24, the shape factor had an insignificant role in
the prediction, while Figure 24c represented that the bolt distance effect as an additional
parameter is able to make a distraction in the prediction process. On the contrary, length has
a good effect on the precision of the displacement prediction that is shown in Figure 24d,e.
Figure 25 reveals the tolerance diagram based on the prediction and measured results of
the models in the testing and training phase. As can be realised, both of the MPF with five
input models are capable of accurately predicting most of the test samples.

As shown in Table 10 and Figure 25, the best performance parameters for the MPF
neural network are RMSE = 0.001, r = 1.000, RZ = 0.999, NS = 1.000, MAE = 0.0, WI = 1.000.
Higher values of R? show a more suitable regression diagram. Besides, for NS and
MAE, smaller results and for WI, larger results indicate better performance. Figure 26
reveals the error histogram of the MPF model in the best prediction with 45 iterations and
250 populations utilising five inputs, where the convergence of the error in both the testing
and training phases indicates the same pattern with an acceptable range.

Table 9. Selected input composition for displacement prediction based on feature-selection method *.

Number of Inputs

Feature
1 2 3 4 5
Length X X
Bolt X X X
Thickness X X X X
Shape factor (Ag x oy) X
Axial load X X X X X

*: marks represents the composition of the input in each model.
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Figure 24. Regression of the training (above charts) and testing (below charts) phase results with measured values of

displacement for (a) one input, (b) two inputs, (c) three inputs, (d) four inputs, (e) five inputs.
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Figure 25. Tolerance diagram of the displacement prediction corresponding to the MPF model with five inputs:
(above) training phase, and (below) testing phase.
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(below) testing phase.
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Table 10. Calculated accuracy criteria for the performance of the implemented models to displace-
ment prediction (iteration = 45).

Train
The MPF Network
Iteration Population nf R? r NS RMSE MAE WI
45 250 1 0.885 0.941 0.870 0.035 0.026 0.969
45 250 2 0.971 0.985 0.970 0.018 0.003 0.993
45 250 3 0.825 0.996 0.992 7.244 5.270 0.998
45 250 4 0.999 1.000 1.000 0.001 0.000 1.000
45 250 5* 1.000 1.000 1.000 0.000 0.000 1.000
Test
The MPF Network
Iteration Population nf R? r NS RMSE MAE WI
45 250 1 0.992 0.935 0.854 0.038 0.028 0.965
45 250 2 0.997 0.978 0.955 0.022 0.004 0.989
45 250 3 0.921 0.907 0.798 7.199 5.246 0.951
45 250 4 0.999 1.000 1.000 0.001 0.000 1.000
45 250 5% 0.999 1.000 1.000 0.001 0.000 1.000

* Most precise predicted value in comparison to the measured value.

5. Ultimate Load Prediction

In order to find the best scenario of populations and iterations by considering an
endless number of repetitions, and following the adjusting process, according to the
feature-selection results, bolt spacing plays the most critical role in predicting the ultimate
load. Table 11 shows the order of each input and their effect based on the combination par-
ticipation. After the mentioned process, the model with 150 iterations and 250 populations
was selected, and the results of the prediction were indicated in Table 12. As mentioned
earlier, this technique does not require testing all possible combinations, and it is sufficient
to test only once for each set of k members. For example, if we want to determine the
best combination of inputs with four members, we run the network only once and set the
value of nf to five, and the network of six inputs that has the most impact on the answer is
selected. As shown in Table 12, the results are almost identical for four inputs, while the
five inputs show a noticeable accuracy compared to other combinations.

In Table 11, the composition of parameters in the order of feature-selection decision is
indicated in which the bolt spacing is shown in most of the input groups, while the shape
factor has the lowest participation. Figure 27 indicates the result of the MPF models in the
prediction of the ultimate load. Predicting the load faced more challenges compared to
displacement prediction. Figure 27 illustrates the training and testing phase of the MPF
model with 150 times of iteration. Upper regressions present the training phase, and the
lower ones show the test phase, and considering Figure 27a—e, the difference between the
qualities of the prediction is obvious. The best achieved result is related to the model with
5 inputs along 150 iterations and 250 populations including R? = 0.907, r = 0.8, NS = 0.435,
MAE = 1.203, RMSE = 1.678 and WI = 0.882 in the testing phase, and the same values
were obtained in the training phase with acceptable variation. RMSE and MAE are both
more than 1 with 0.28% tolerance, which indicates the same behaviour of the predicted
data around the standard deviation. Except for the NS value, other evaluation criteria
have proven the reliability of prediction and the neural network. According to Figure 27
and Table 12, employing the MPF network is conservative for upright ultimate axial load
capacity prediction.
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Figure 27. Regression of the training (above charts) and testing (below charts) phase results with measured values of
normalised load for (a) one input, (b) two inputs, (c) three inputs, (d) four inputs, (e) five inputs.
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Table 11. Selected features as input for ultimate load prediction *.
fI
Feature Number of Inputs
1 2 3 4 5
Length X X X
Bolt X X X X
Thickness X X X
Shape factor (Ag x oy) X X
Displacement X X X

*: marks represents the composition of the input in each model.

Based on Figure 27 and Table 11, the shape factor has the most effect on the normalised
load prediction. The capability of the models in the prediction of each test sample is shown
in Figure 28. A highly close prediction of the models and better performance of the MPF
model is evident in this figure.

As shown in Table 11 and Figure 28, the best performance parameters for the MPF
neural network are RMSE = 1.678, r = 0.800, R% = 0.861, NS = 0.435, MAE = 1.203, WI = 0.882.
Considering that the best result for RMSE is the nominal value and for r the best positive
correlation coefficient is one, then numbers closer to one are considered better results. In
addition, for higher values, R? shows a suitable regression diagram. Moreover, for NS
and MAE, smaller results and for WI, larger values indicate better performance. Figure 29
represents the error histogram for the best load estimation by the developed neural network
and implies the acceptable error range in both training and testing phases with a similar
convergence pattern.

EH
-
Number of training samples
o Qutput  =====Target
0.7
EH
-

Figure 28. The MPF (five inputs) prediction vs experimental diagram for ultimate load: (above) training phase, (below)

testing phase.
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Figure 29. The MPF (five inputs) error histograms for ultimate load prediction: (above) training phase and

(bellow) testing phase.

Table 12. Calculated accuracy criteria of the MPF model for the performance of the implemented
models to ultimate load prediction (iteration = 45).

Train
The MPF Network
Iteration Population nf R2 r NS RMSE MAE WI
150 250 1 0.524 0.709 0.011 1.966 1.386 0.816
150 250 2 0.650 0.796 0.422 1.672 1.121 0.879
150 250 3 0.674 0.812 0.484 1.620 1.148 0.890
150 250 4 0.683 0.818 0.503 1.575 1.125 0.894
150 250 5% 0.847 0.820 0.511 1.590 1.137 0.895
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Table 12. Cont.
Test
The MPF Network
Iteration Population nf R? r NS RMSE MAE WI
150 250 1 0.785 0.697 —0.034 1.984 1.400 0.809
150 250 2 0.835 0.782 0.357 1.762 1.189 0.869
150 250 3 0.853 0.806 0.464 1.655 1.159 0.886
150 250 4 0.812 0.822 0.489 1.639 1.163 0.894
150 250 5* 0.907 0.800 0.435 1.678 1.203 0.882

* The most precise predicted value in comparison to the measured value.

6. Conclusions

Uprights in racking systems typically deal with axial load or compressive forces,
which may become a problem for the stability of these structures. On the other hand,
strengthening the upright frames is a controversial subject for researchers to choose an
optimum approach for this purpose and find the cost-effective and low time-consuming
way. In this study, a new reinforcement system in the CFS upright frames was investigated
by numerical approaches. In this regard, for the first time, a feature-selection technique
was used to select the best possible input composition and identify the most effective
parameter on the prediction of load-displacement results. First, FE models in ABAQUS
software were created and verified by the test results. Therefore, models with different
thicknesses, lengths and reinforcement spacings were finally compared to define the
system’s performance. Secondly, in order to predict the FE results, a new combination
of intelligence methods was developed by integrating the evolutionary feature-selection
technique with neural network and particle swarm optimisation. The MPF network was
used to predict significant characteristics, including ultimate axial load and displacement.
The feature selection technique is applied to avoid trying all possible input modes and
wasting time. On the other hand, it provides the best possible input combination that may
be overlooked in other methods. The dataset used contains 10,511 rows of experimental
data, which included different inputs. FE results were successfully validated by linear
regression and MPF results.

e According to the FE results, using reinforcement at closer distances increased the
ultimate load capacity compared to other models, especially in models with 1.6 mm
thickness. By comparing the thicknesses, the model with 2.5 mm thickness presented
the most load capacity increment among other thicknesses. The model with 1800
mm length and 50 mm spacing showed the most capacity compared to other models.
Models with 3600 mm length indicated more ductile behaviour in comparison with
other models.

e  MPF network was successfully developed and the predicted results was stasifying,
that indicated proficiency of MLP. Neural network prediction revealed a harmonious
relation between load and displacement. FS technique was employed to select the
best possible input arrangements from introduced parameters. Results of the MPF
algorithms in the displacement prediction phase represented that the model’s pre-
diction with 45 iterations and 250 populations is better than others. The model with
five inputs represented the optimum parameter composition to predict the displace-
ment, which its performance parameters were RMSE = 0.001, r = 1.000, R? = 0.999,
NS =1.000, MAE = 0 and WI = 1.000. In the case of load prediction, the model with
150 iterations, 250 populations and five input combinations predicted the most accu-
rate values along best precision values including RMSE = 1.678, r = 0.800, R? = 0.907,
NS = 0.435, MAE = 1.203 and WI = 0.882.

Finally, the new reinforcing system has been successfully investigated throughout the
present study. The models with 1800 and 2400 mm length and 2.5 mm thickness performed
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more efficiently than others; however, all simulated lengths and thicknesses represented
relevant results. The developed neural network has represented reliable results with
noticeable accuracy on load and displacement prediction and verified the FE results. As a
suggestion for further studies, other types of intelligence approaches could be investigated
to predict and optimise other specifications of cold-formed structures.
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