
Academic Editor: Oldrich Sucharda

Received: 10 April 2025

Revised: 30 April 2025

Accepted: 7 May 2025

Published: 9 May 2025

Citation: Kong, W.; Liu, S. Bearing

Capacity Prediction of Cold-Formed

Steel Columns with Gene Expression

Programming. Buildings 2025, 15, 1597.

https://doi.org/10.3390/

buildings15101597

Copyright: © 2025 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license

(https://creativecommons.org/

licenses/by/4.0/).

Article

Bearing Capacity Prediction of Cold-Formed Steel Columns with
Gene Expression Programming
Wei Kong 1 and Shouhua Liu 2,*

1 China Railway Construction Group Co., Ltd., East China Engineering Co., Ltd., Suzhou 215300, China
2 Faculty of Architecture and Civil Engineering, Huaiyin Institute of Technology, Huaian 223001, China
* Correspondence: liushouhua@hyit.edu.cn

Abstract: In recent years, there has been a growing use of cold-formed steel (CFS) structures
in the field of civil engineering. The objective of this study is to utilize gene expression
programming (GEP) in order to forecast the ultimate bearing capacity of cold-formed steel
columns. The buckling resistance of built-up back-to-back cold-formed (BCF) thin-walled
tube columns under axial compression, and of cold-formed thick-walled steel columns
under combined axial compression and bending, is examined in this paper. The data
were collected from various studies to develop and verify the proposed model, with
training and testing sets of 160 and 14, and 2000 and 500, respectively. The performance
of the genetically developed GEP models was evaluated and compared with that of the
mechanical models specified in American and Chinese specifications. The GEP models
demonstrated significantly better performance compared with that of the code-specified
models. The results generated by the GEP models demonstrate stronger alignment with
both experimental data and analytical predictions. This study also demonstrates the
capability of the GEP models to calculate the ultimate bearing capacity, with the proposed
mechanical models being used as a reference for calculations.

Keywords: gene expression programming; ultimate bearing capacity; cold-formed steel
column; design codes

1. Introduction
Cold-formed steel structures, known for their corrosion resistance, high strength-to-

weight ratio, and ease of fabrication and assembly, have been increasingly employed in civil
engineering applications. Typically, cold-formed thin-walled components are composed of
single channels, which, by virtue of their low torsional and flexural rigidities, have restricted
load-bearing capacities. Engineers frequently employ BCF members for applications
requiring greater load-bearing capacities. Despite their importance in the practical design
of BCF members, the CFS design specifications outlined in [1,2] exhibit several limitations.
Firstly, Stone et al. [3] found that the use of the modified slenderness ratio for predicting the
compressive capacity of BCF members is excessively conservative and leads to significant
discrepancies of 16–65% between test results and design specifications. According to
the findings of Roy et al. [4], it has been demonstrated that the existing design criteria
are insufficiently conservative, as they underestimate the required strength of short BCF
compression members by approximately 12%. This discrepancy mostly arises from the
failure mode of local buckling. In addition, prior studies [5,6] have provided evidence
that the material properties of cold-formed steel sections with a thickness above 6 mm
exhibit notable distinctions compared to thin-walled sections. In a study by Tong et al. [7]
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on cold-formed thick-walled square hollow sections with a thickness greater than 6 mm,
it was demonstrated that longitudinal residual stresses exhibit a nonlinear distribution
through the wall’s thickness. The existing design requirements have yet to incorporate
the distinct material characteristics of cold-formed steel sections for determining member
strength in the design process. In addition, there is a notable absence of detailed testing and
verification data for these components, which presents difficulties in precisely assessing
their structural capabilities and behaviors. The lack of comprehensive experimental data
pertaining to the strength, deformation properties, and failure mechanisms of the subject
under consideration presents a challenge for designers who want to depend only on existing
design guidelines.

In light of these challenges, many scholars often turn to traditional experimental
approaches and finite element simulations to formulate new recommendations and refine
existing specifications. However, traditional experimental tests are affected by high costs,
long test cycles, and limited reproducibility. On the other hand, finite element simulations
often require significant computational resources and time. Gene expression programming
(GEP), an optimization method rooted in genetics and natural selection principles, was
subsequently introduced. Compared with other machine learning methods, the primary
advantage of GEP over regression tools lies in its ability to generate equations without
making assumptions on prior information of existing relationships [8], making GEP in-
terpretable. The equations are formed by extracting more meaningful information from
all of the underlying parameters, avoiding the influence of other, irrelevant parameters.
GEP is found to be easier to implement, quicker to create, and requires minimal processing
during iteration. Such equations, which are robust and not confined to the range of existing
parameters, have been illustrated by several researchers. For instance, Mario et al. [9]
demonstrated that the GEP method has great potential for predicting the rotational capacity
of cold-formed rectangular and square hollow section beams, Abdulkadir [10] utilized
genetic programming to derive a novel formula for the breaking strength of cold-formed
steel webs, and Mohammad et al. [11] evaluated the damage to H-section steel columns
under impulsive blast loads via GEP. In addition, GEP can be extended by adding new
genes or adjusting the parameters, thus making it possible to apply it to a broader range
of fields.

In this study, GEP was used to predict the ultimate bearing capacity and generate
formulae for the buckling resistance of BCF thin-walled tube columns under axial compres-
sion and cold-formed thick-walled steel columns under combined axial compression and
bending. Finally, the results derived from GEP were compared with the existing design
specifications, experimental results, and finite element simulation results. The comparison
demonstrated that the formulae proposed by GEP aligned more closely with the experi-
mental and finite element analysis data. Compared to the mechanical models specified
in existing design specifications, the GEP prediction models are not required to consider
additional factors and are shown to possess superior accuracy and performance.

2. Model Parameters
2.1. Gene Expression Programming

The initial development of GEP can be attributed to Cândida Ferreira [12] in 2001.
The algorithm is an innovative and adaptive approach that draws inspiration from the
structural and functional aspects of biological genes. It is a synthesis of genetic algorithms
(GAs) and genetic programming (GP), effectively combining the strengths of both methods
while also addressing their limitations. In recent years, the research community has shown
growing interest in the field of GEP, resulting in the emergence of many methodologies
designed to improve its functionalities.
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GEP has two expression modes, namely, genotype and phenotype. The two expres-
sions, max = (3y + x, x + y), are shown in Figure 1. From the evolutionary point of view,
connecting sub-expression trees with a specific linkage function is simple and efficient. This
approach can significantly improve the efficiency of systems from single-gene systems to
multi-gene systems, providing solutions to different problems. It should be noted that the
“*” in the figure represents “×”.
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Figure 1. Two expressions of GEP.

2.2. Fitness Function

To relieve deception in genetic algorithms, the methods of tabu search [13], simulated
annealing [14], and space partitioning [15] have been used to maintain the diversity of GEP
populations and improve the local search ability and accuracy of GEP. In addition, since
GEP determines whether individuals are inherited into the next generation group through
fitness, the transformation of the fitness function can also optimize GEP. To minimize
the error in prediction, the average relative error is used to evaluate the performance of
the models, as shown in Equation (1). Originating from the idea of simulated annealing,
the function is exponentially transformed to reduce the fitness of early above-normal
individuals, which enables GEP to jump out of the local optimum phenomenon as early as
possible, and the final fitness function is shown in Equation (2).

X =
n

∑
i=1

(|ai − pi|/pi)/n (1)

F(x) = exp(−x)× 1000 (2)

where p is the predicted result, and a is the actual result.

2.3. Modeling Process

GEP randomly creates the initial population chromosomes and then calculates the
fitness of individuals one by one to assess whether the requirements of the final evolu-
tionary goal are met. If the fitness meets the target, the best individual is output as the
optimal model. Otherwise, individuals are selected using a round-robin sampling strategy
(i.e., the fittest individual is selected and inherited to the next generation with a higher
probability) and evolved using genetic operators (e.g., replication, mutation, transposition,
and recombination) to generate a new population. Evolution is repeatedly evaluated until
the conditions for termination are met, as shown in Figure 2. The general parameters of
GEP are set as shown in Table 1.
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Table 1. General parameter settings of GEP.

Parameter Setting

General Chromosomes 30

Fitness function Equation (2)

Genetic operators Mutation rate 0.044

Inversion rate 0.1

IS transposition rate 0.1

RIS transposition rate 0.1

Gene transposition rate 0.1

One-point recombination
rate 0.3

Two-point recombination
rate 0.3

Gene recombination rate 0.1

Random numerical
constant RNC mutation 0.00206

DC mutation 0.00206

DC inversion 0.00546

DC IS transposition 0.00546

Constants per gene 10

Data type Floating-point

Value range −10–10

To assess the prediction performance of the model, R-squared (R2), Root-Mean-Square
Error (RMSE), and Relative Absolute Error (RAE) are chosen as the evaluation indicators,
as shown in Equations (3)–(5). As R2 approaches 1, the values of RMSE and RAE decrease,
indicating better prediction results of the model.

R2 = 1 −
n

∑
i=1

(pi − ai)
2/

n

∑
i=1

(ai − a)2 (3)
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RMSE =

√
(

n

∑
i=1

(pi − ai)
2)/n (4)

RAE =
n

∑
i=1

|pi − ai|/
n

∑
i=1

|ai − a| (5)

where p is the predicted result, a is the actual result, and ā is the average.

3. Buckling Resistance of BCF Thin-Walled Tube Columns Under
Axial Compression
3.1. Finite Element Analysis
3.1.1. General

To predict the behaviors and compressive capacities of BCF tube columns, and to de-
velop finite element (FE) models of the tested specimens, version 2021 of the Abaqus/CAE
software [16] was utilized. In the FE model, S4R shell elements were used. Two stages
comprised the FE analyses. The columns were initially subjected to eigenvalue deforma-
tion analyses. By integrating the initial geometric imperfections into nonlinear analyses,
the ultimate loads and deformed morphologies were determined in accordance with the
first eigenvalue buckling modes. Finally, the static/general solver was implemented with
a specific damping factor of 0.0005 and a maximum stabilization ratio of 0.005, due to the
complexity of the section geometry and contacts in each column. Using the validated FE
models, additional numerical data were generated through parametric studies, which were
subsequently conducted utilizing the experimental results that had been utilized to assess
the accuracy and dependability of the FE model.

3.1.2. Material Properties

The corresponding true stress-versus-strain curve was used in the FE models. This
conversion is described by Equations (6) and (7), where σtrue represents the true stress, σeng

represents the engineering stress, εpl represents the true plastic strain, εeng represents the
engineering strain, and E represents the elastic modulus:

σtrue = σeng(1 + εeng) (6)

εpl = ln(1 + εeng)− σtrue/E (7)

The material properties were set to a yield strength and ultimate strength of 615 MPa
and 625 MPa, respectively, with an elastic modulus of 20,500 MPa and a Poisson’s ratio
of 0.3. The data were obtained through experiments on 0.95 mm thick G550 steel, using
the method of Rokilan and Mahendran [17]. In accordance with Schafer and Peköz’s [18]
recommendations, residual stresses were excluded from this study.

3.1.3. Boundary Conditions and Loading Method

All of the finite element models of the columns in this work utilized fixed-end support
boundary conditions, as depicted in Figure 3. The symbol “

√
” denotes constraint, whereas

“×” indicates freedom. The reference point (RP-1 or RP-2) is the centroid of the section, and
the constraint on the end section is achieved through coupling. The application of axial
compression loading through RP-1 involves the utilization of displacement control.
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Figure 3. Finite element model.

3.1.4. Contact and Bolt Simplification

The intricate configuration of the built-up back-to-back section introduced complexity
into the interrelationships among elements within each member. Consequently, the “general
contact” and “hard contact” normal behaviors were utilized. It was assumed that the
coefficient of friction between individual components was 0.19 [19].

Modeling can be simplified by focusing on the compressive strengths and failure
modes of the columns, rather than the failure modes of the bolts. To the best of the authors’
knowledge, there are four ways to model bolts. These models include solid modeling,
coupling [20], “point-based” fasteners [21], and discrete spring models [22]. The results of
comparing these four bolt simulation methods are shown in Figure 4 and Table 2.
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Table 2. Error of different simulation methods for bolts.

2S-150 [20] Solid Coupling Fastener Spring

Load (kN) 94.88 99.79 97.91 97.62 97.75

Error / 5.1% 3.1% 2.9% 3%
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The results show that the method using solid modeling has the highest error, while
the other three methods have similar errors, all around 3%. However, the deformation
mode simulated using the fastener and spring methods is somewhat inconsistent with the
experiment results, so the coupling method was chosen to simulate the bolts.

3.1.5. Initial Geometric Imperfections and Residual Stresses

The determination of the comparable starting geometric imperfection was based
on reference [23] for local buckling, which is b/100. The omission of residual stresses
in finite element (FE) models can be attributed to findings from previous research
investigations [24,25], which indicate that the impact of residual stresses on the ultimate
loads of CFS members is negligible.

3.1.6. Mesh Sensitivity Analysis

In addition, a mesh sensitivity investigation was completed, as shown in Figure 5.
To guarantee that the inaccuracy was within 3.5% in this investigation, the mesh size
throughout the plate width was at least 5 mm.
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3.1.7. Verification of FE Model

To validate the developed FE model, a comparison was made between its numerical
and experimental results [21,25]. Furthermore, the load–deflection curves and failure
modes derived from the finite element (FE) analysis were juxtaposed with the experimental
findings, as shown in Figures 4–6. The final loads predicted by the FE analyses and
those determined by the experiments corresponded exceptionally well. In contrast, the
FE analyses yielded steeper gradients for the load-versus-shortening curves compared
to the test results. This discrepancy can be attributed to two factors: (1) distinct bolt
simulation methodologies, and (2) localized flaws and variations along the length of the
specimen. In summary, the developed finite element (FE) model demonstrates the ability
to generate precise and dependable prognostications regarding the bowing capacity of BCF
thin-walled columns.
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Figure 6. Finite element model validation [25].

3.1.8. Parametric Studies

The verified finite element model was utilized to perform a number of parametric
investigations in the subsequent sections. The columns were assembled using C-shaped
steel with rolled edges, according to the specifications. According to Son Tung Vy et al. [21],
neither the bolt size nor the number of bolts per row substantially affects the load capacity.
Therefore, the bolts were arranged in two rows along the height of the web, at one-quarter
and three-quarters of the web height, respectively. The bolts were arranged in equal spacing,
with three along the length of the member, as shown in Figure 7. To ensure local buckling
of the tube column, the length of the column was taken as 1.2 times the height of the web.
Various height–thickness and width–thickness ratios were selected to cover columns with
various cross-sections, as shown in Table 3. All of the components were analyzed using
CUFSM to ensure that the buckling mode was local buckling. Finally, a total of 800 sets of
finite element numbers were established.
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Table 3. Key parameters of columns for parametric studies.

Parameters Value

Web height (h/mm) 90, 120, 150, 180, 210, 240

Single-member flange width (b/mm) 0.33 h, 0.4 h, 0.5 h, 0.67 h, h

Lip width (d/mm) 0.5 b

Thickness (t/mm) 1, 1.2, 1.5, 2, 2.5, 3, 3.5, 4, 4.5, 5

Initial geometric imperfections b/100

Bolt transverse distance (e) h/2

Bolt position along the length direction 0.25 L, 0.5 L, 0.75 L

3.2. GEP Model Development

To save computer resources and optimize the model structure, input parameters were
optimally selected using the random forest algorithm. The selection criteria were based on
higher feature importance. The results of the parameter analysis are shown in Figure 8. The
parameters of all columns are summarized in Table 4. A total of 160 sets of finite element
data were used in the training set, and 14 sets of experimental data [25–27] were used in
the test set to ensure the reliability and accuracy of GEP.
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Figure 8. Parametric analysis.

Table 4. Parameters used as inputs, and their target values.

Type Parameters Minimum Maximum

Input Calculated length (L/mm) 108 288

Input Single-member flange width (b/mm) 30 210

Lip width (d/mm) 15 40

Input Web height (h/mm) 90 240

Input Thickness (t/mm) 1 5

Input Outside diameter of rounded corner (R/mm) 2 10

Initial geometric imperfection (Im/mm) 0.3 2.1

Elastic modulus (E/GPa) 216 216

Input Yield strength (fy/MPa) 235 235

Input Total area (A/mm2) 352 4773.12

Output Ultimate bearing capacity (FEA/kN) 96.38 1613.7
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The function set F = {+, −, ×/, Q, ˆ2} was used, where Q represents the square root
function. The number of genes was two, the head length was 12, the linking function
was multiplication, and the remaining settings were the same as in Table 1. Figure 9
demonstrates the ETs resulting from the model. Sub-ET1 corresponds to Equation (8), and
Sub-ET2 corresponds to Equation (9). The formulae of back-to-back built-up cold-formed
steel columns based on GEP are shown in Equation (10).

F1
u,GEP,2 = A − t − L + [−2.58(h − A − 2L)/L]2 (8)

F2
u,GEP,2 = fy − t + 9.73L/1.96b − b2/th (9)

Fu,GEP,2 = F1
u,GEP,2 × F2

u,GEP,2 (10)
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The existing specifications for cold-formed thin-walled steel mainly include the effec-
tive width method (EWM) and the direct strength method (DSM). The EWM calculates
the effective width of structural components, which discounts their area. In contrast, the
DSM entails adjusting the yield strength of the member. After checking Equations (8)–(10)
proposed by GEP, we observed that these equations account for both the member area and
yield strength adjustment. Specifically, Equation (8) incorporates the thickness, length, and
height of the member to adjust its area, due to their influence on the flexural behavior of
members. Similarly, Equation (9) adjusts the yield strength of the member by considering
its thickness, width-to-thickness ratio, and height-to-width ratio.

3.3. Performance Analysis and Model Validity

1. Effective Width Method

By consulting the design provisions for axially compressed members in American
code chapter C4 of AISI S100 2016 [1], one can determine the maximum concentric axial
compression strength of columns using the EWM, through Equations (11) and (12):

Pn = Ae × Fn = ∑ Aei×Fn = ∑ ∑ beit × Fn (11)

be =

{
ω , λ ≤ 0.673
(1 − 0.22/λ)ω/λ , λ > 0.673

(12)
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where Fn is the compressive stress, λ is the flexibility coefficient of the plate, ω is the width
of the plate, and be is the effective width of the plate.

The maximum concentric axial compression strength, as specified by the EWM in GB
50018-2002 [28], can be calculated using Equations (13) and (14):

Pn = φAe fy = φ × ∑ Aei× fy = φ × ∑ ∑ beit × fy (13)

be =


bc , b ≤ 18αρt(√

21.8αρ
b/t − 0.1

)
bc , 18αρt < b < 38αρt

25αρ
b/t bc , b > 38αρt

(14)

where φ is the stability factor of the column under concentric axial compression, b is the
width of the plate, be is the effective width of the plate, bc is the width of the compressive
zone, and α and ρ are calculational coefficients.

2. Direct Strength Method

In the American specification AISI S100 2016, the direct strength method is proposed
to account for the interactions between flexural buckling, local buckling, and distortional
buckling, as given in Equations (15)–(20) where Pne, Pnl, and Pnd are the nominal axial
strengths for the flexural buckling, local buckling, and distortional buckling of the column
under axial compression, respectively:

Pn = min(φcPne, φcPnl , φcPnd) (15)

Pne =

{
0.658λ2

c × fy, λe ≤ 1.5
0.877/λ2

c × fy, λe > 1.5
(16)

Pnl =

Pne , λl ≤ 0.776[
1 − 0.15(Pcrl/Pne)

0.4
]
(Pcrl/Pne)

0.4Pne , λl > 0.776
(17)

Pnd =

Py , λd ≤ 0.516[
1 − 0.25

(
Pcrd/Py

)0.6
](

Pcrd/Py
)0.6Py , λd > 0.516

(18)

Pcr,i = Ag × fcr,ii = e, l, d (19)

λi =

{ √
Pne/Pcr,i, i = l√
Py/Pcr,i, i = e, d

(20)

where φc is the resistance coefficient of the axial compression member (generally 0.85),
and fcr,i is the critical elastic buckling stress, which can be calculated via the finite-strip
program CUFSM.

The results were calculated using methods from both AISC S100 2016 and GB 50018-2002,
as shown in Figure 10, which contains data from both the training and test sets. FEA is the
finite element simulation result in the training set, while Fu is the experimental result in the
test set. The vertical coordinates represent calculation results from various specifications,
GEP predictions, and finite element simulations or experimental results. The horizontal
coordinate indicates the data number for each column. The statistical parameters of various
models are listed in Table 5.
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Table 5. Statistical performance of different models in the training and testing sets.

Model R2 RMSE RAE Average SD

EWM-Train
GB50018-2020 0.978 143.13 0.411 0.754 0.051

AISI S100 2016 0.973 171.90 0.499 0.703 0.063

DSM-Train 0.990 67.13 0.169 0.923 0.069

GEP-Train 1.000 11.44 0.029 0.999 0.031

EWM-Test
GB50018-2002 0.723 47.22 1.743 0.733 0.108

AISI S100 2016 0.743 42.12 1.527 0.783 0.129

DSM-Test 0.823 13.35 0.417 0.967 0.100

GEP-Test 0.951 11.49 0.266 0.977 0.073

Figure 10 shows that the ultimate bearing capacities calculated by the EWM for the
two specifications are very close and conservative. In Table 5, the results show that the
average value of the ratio between the ultimate bearing capacities calculated by the EWM
and finite element analysis results is only approximately 0.7. The calculation results of
the DSM are also conservative, but they align with the numerical distribution studied.
The error may be due to the fact that only a single member is used when using CUFSM
software (v5.05) to calculate fcr,i, and the splicing effect of bolts is not considered, leading to
lower fcr,i results. The phenomenon of being too conservative in the training set may be
because the effective length is only 1.2 times the web height to suppress the distortional
buckling, which does not exclude the constraint of local buckling. However, even in this
case, GEP has an excellent prediction effect and can almost accurately estimate the ultimate
bearing capacity.

For the test set, the experimental data of some scholars [25–27] were used for com-
parison. Table 6 lists the details of the experimental specimens and compares the ultimate
bearing capacity between the experiments and GEP. The lengths of the tube columns in
the test set were all three times the web height recommended by the Structural Stability
Research Council to avoid constraining local buckling. However, from the experimental
observations, despite the components exhibiting varying degrees of local-distortion-related
buckling, the GEP-calculated mean reached 0.977, and R2 reached 0.951, providing a more
accurate estimation of the ultimate bearing capacity. It is worth noting that a possible reason
for the large errors in some data is that some parameters of the experimental components
exceeded the range of the training set. Finally, GEP performed better than the existing
design specification on both the training and test sets.
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Table 6. Comparison between experimental and numerical capacities of bolted built-up
H-section columns.

Source Specimen L b d h t R Im E fy A Fu FGEP FGEP/Fu

[25]

SC3-140-A1 451 43.2 14.5 143.5 1.48 2.4 0.4 205 305.4 748.82 130.7 128.71 0.98

SC3-140-A2 451 42.8 14.9 144.4 1.48 2.4 0.4 205 305.4 751.48 139.6 129.96 0.93

SC3-140-A3 451 43.4 15.3 143.1 1.48 2.4 0.4 205 305.4 753.56 138.8 130.40 0.94

[26]

90S50L300-1 277 49.8 14.6 91.3 1.2 1.5 0.5 205.72 557.5 516.72 172.5 180.72 1.05

90S50L300-2 272 49.7 14.5 91.8 1.2 1.5 0.5 205.72 557.5 516.96 171.6 184.31 1.08

90S50L300-3 261 49.4 14.5 92.9 1.2 1.5 0.5 205.72 557.5 518.16 167.6 192.80 1.15

90S100L300-3 262 49.7 14.6 90.8 1.2 1.5 0.5 205.72 557.5 515.04 171.2 189.93 1.11

90S100L300-4 268 49.5 14.6 90.6 1.2 1.5 0.5 205.72 557.5 513.6 173.9 184.95 1.06

90S200L300-1 273.5 49.4 14.6 90.7 1.2 1.5 0.5 205.72 557.5 513.36 170.3 181.08 1.06

90S200L300-2 269.5 49.4 14.6 90.7 1.2 1.5 0.5 205.72 557.5 513.36 177.5 183.81 1.03

90S200L300-4 280.5 48.3 14 89.5 1.2 1.5 0.5 205.72 557.5 502.32 171.9 169.64 0.99

[27]

DC450-1 450 41 14 140 1.6 2.4 0.4 223 334.04 779.52 160 154.09 0.96

DC450-2 450 41 14 140 1.6 2.4 0.4 223 334.04 779.52 150 154.09 1.03

DC450-3 450 41 14 140 1.6 2.4 0.4 223 334.04 779.52 130 154.09 1.18

4. Buckling Resistance of Cold-Formed Thick-Walled Steel Columns
Under Combined Axial Compression and Bending
4.1. Database

To the best of the authors’ knowledge, there remains a scarcity of experimental data
pertaining to cold-formed thick-walled steel beam-columns. However, Zhou et al. [29]
proposed a fiber model to estimate the buckling resistance of cold-formed thick-walled steel
columns, and they verified its accuracy experimentally. Compared with using finite element
software modeling to build datasets, the fiber model can greatly reduce the calculation time
and converge more efficiently while ensuring accuracy.

The flowchart of the fiber model is shown in Figure 11. The fiber model first generates
curvature using the input parameters and then calculates lateral displacement (um) at the
mid-height. Based on constitutive models and the corresponding strains in the cross-section
from εc and φm, the internal axial force (Nin) and bending moment (Min) are derived. Finally,
using the binary search technique and force equilibrium, the load and lateral displacement
are determined for a given curvature.

A comparison of experimental data from some scholars with the fiber model data is
shown in Table 7. The fiber model can be considered to be correct within the error range.
A total of 2500 direct-formed cold-formed thick-walled square steel columns were built
using the fiber model. To consider the influence of residual stress and the cold bending
effect, the constitutive model proposed by Hou [5] was used. The types of steel considered
were Q235 and Q345. The cross-sectional dimensions of the components were all taken
from research by other scholars [30–33]. The non-dimensional slenderness was set to 0
to 2.5, and the global geometric imperfection was L/1000, where L is the member length.
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The stress–strain relationship was the Ramberg–Osgood relation. The parameters of all
columns are summarized in Table 8.
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Table 7. Comparison between experimental and numerical capacities of cold-formed thick-walled
steel columns.

Specimen B H R t fy E Grade L δ0 Fu Fa Fa/Fu FGEP FGEP/Fu

S108 × 108 × 10-1 108 108 20.5 10.1 511 199 Q345 3620 1.34 830 736 0.89 787.6 0.949

S108 × 108 × 10-2 108 108 20.5 10.1 511 199 Q345 3620 1 854 745 0.87 787.6 0.922

S135 × 135 × 10-1 135 135 21.6 10 391 206 Q345 3495 3.6 1120 1148 1.03 1271.1 1.135

S135 × 135 × 10-2 135 135 21.6 10 391 206 Q345 3495 4.15 1065 1133 1.06 1271.1 1.194

R400 × 200 × 10-1 400 200 24.1 10 368 204 Q345 3345 4.24 3405 3488 1.02 3747.9 1.101

R400 × 200 × 10-2 400 200 24.1 10 368 204 Q345 3345 4.41 3340 3479 1.04 3747.9 1.122

S250 × 250 × 8-1 250 250 22.3 7.9 395 197 Q345 2940 2 2439 2739 1.12 2587.5 1.061

S250 × 250 × 8-2 250 250 22.3 7.9 395 197 Q345 2940 7.7 2275 2572 1.13 2587.5 1.137

S140 × 140 × 10-1 140 140 25 10 406 206 Q345 3110 1.36 1463 1445 0.99 1430.6 0.978

S140 × 140 × 10-2 140 140 25 10 406 206 Q345 4150 1.82 1130 1092 0.97 1191.7 1.055

S200 × 200 × 12-1 200 200 36 12 368 206 Q235 2730 1.3 2688 2740 1.02 2009.9 0.748

S200 × 200 × 12-2 200 200 36 12 368 206 Q235 3480 1.66 2478 2564 1.04 1937.5 0.782

S200 × 200 × 12-3 200 200 36 12 368 206 Q235 4160 1.98 2233 2359 1.06 1859.8 0.833

S200 × 200 × 16-1 200 200 48 16 453 206 Q345 2650 1.24 4040 4383 1.09 3660.8 0.906

S200 × 200 × 16-2 200 200 48 16 453 206 Q345 3380 1.59 3875 3997 1.03 3477.0 0.897

S200 × 200 × 16-3 200 200 48 16 453 206 Q345 4110 1.93 3630 3579 0.99 3261.4 0.898

S150 × 150 × 8-1 150 150 20 8 503 206 Q345 2295 1.1 1964 1853 0.94 1443.2 0.735

S150 × 150 × 8-2 150 150 20 8 503 206 Q345 3150 1.51 1428 1516 1.06 1310.5 0.918

S150 × 150 × 8-3 150 150 20 8 503 206 Q345 4005 1.92 1140 1170 1.03 1154.5 1.013

Table 8. Parameters used as inputs, and their target values.

Type Parameters Minimum Maximum

Input The long edge (a/mm) 86 350

Outside diameter of rounded
corner (R/mm) 20 48

Thickness (t/mm) 8 16

Elastic modulus (E/GPa) 204 204

Input Average strength (fa/MPa) 281 552.21

Input Yield strength (fy/MPa) 235 345

Input Total area (A/mm2) 2276.24 20,277.24

Input Calculated length (L/mm) 608.25 27,218.23

Input Slenderness ratio (λ) 17.01 204.03

Input Plastic section modulus (W/mm3) 73,264 2,679,394

Input Eccentricity (e/mm) 0 850.76

Output Ultimate bearing capacity (Fa/kN) 64.05 7702.96

4.2. GEP Model Development

Similarly, the random forest algorithm was used to select the input parameters. The
results of the parameter analysis are shown in Figure 12. The training and testing sets were
2000 and 500, respectively.
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To make the formula derived from GEP closer to the specification and more interpretable,
two custom functions (F1 and F2) were applied, as shown in Equations (21) and (22), respec-
tively. Therefore, the set of functions was F = {F1, F2, +, ×, exp, ×4}, where *4 represents
x1 × x2 × x3 × x4, and xn is the input parameter. After 20,000 generations of genetic evo-
lution, the optimal combination of parameters included a gene number of two, a head
length of eight, and the division linking function. The expression tree (ET) generated by
this model is shown in Figure 13. Expression tree 1 (Sub-ET1) corresponds to Equation
(23), and Sub-ET2 corresponds to Equation (24). The cold-formed thick-walled buckling
resistance equation under combined axial compression and bending, proposed based on
GEP, is shown in Equation (25).

F1 = C1 + C2x1x2
2/(π2200000) (21)

F2 = x2
1x2x3x4 (22)

where C1 and C2 are random numbers between 0 and 1.

F1
u,GEP,1 = A f 2

y W exp
[
0.076 − 0.42 fyλ2/(200000π2)

]
(23)

F2
u,GEP,1 = fyW + fy Ae exp

[
0.076 − 0.42 fyλ2/(200000π2)

]
(24)

Fu,GEP,1 = F1
u,GEP,1/F2

u,GEP,1 (25)
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After simplifying Equation (25), Equation (26) is obtained; fcr
’ represents the critical

load as determined by the GEP, and its calculation is provided by Equation (27). The
parameter “y1” is between 1 and 1.08, and this phenomenon is reasonable. In cases where
the slenderness ratio of the structural component is relatively high, the critical buckling
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load of the column is primarily governed by its flexural stiffness, resulting in a reduction
in the critical buckling load, i.e., y1 can be less than 1. Conversely, in scenarios where the
slenderness ratio of the component is relatively low, the critical buckling load of the column
is constrained by its buckling load capacity. However, in previous studies, it was found that
the yield stress at the corners of the component is greater than that of the flat. Consequently,
it is observed that y1 can exceed 1.

Fu,GEP,1/(A × f ′cr) + Fu,GEP,1 × e/( fy × W) = 1 (26)

f ′cr = y1 × fy = exp
[
0.076 − 0.42 × fy × λ2/(200000 × π2)

]
× fy (27)

4.3. Validation and Analysis of the GEP Model

1. American specification

ANSI/AISC360-16 [34] provides the calculation method, as shown in Equations (28) and (29):

Pd/Pc + 8Md/9Mc = 1, Pd/Pc ≥ 0.2 (28)

Pd/2Pc + Md/Mc = 1, Pd/Pc < 0.2 (29)

where Pd is the design strength, Pc is the available axial strength, Mc is the available flexural
strength, and Md is the required flexural strength.

2. Chinese specification

GB 50017-2017 [35] provides the calculation method, as shown in Equation (30):

Pd/(φx A f ) + βmx Mx/
[
γxW1x

(
1 − 0.8Pd/N′

Ex
)

f
]
= 1 (30)

where Pd is the design strength, Mx is the end moment, N’Ex is the Euler critical load, γx is
the plastic development coefficient of the cross-section, W1x is the elastic section modulus
of the cross-section, and f is the design strength. Four types of column buckling curves are
provided to estimate the stability coefficients (φx) of different column sections.

The GEP is compared with the calculation results of the three specifications, as shown
in Figure 14. The vertical coordinate is the normalized ultimate bearing capacity, which
is the ratio of each specification’s calculation result, the GEP calculation result, and the
fiber model result (FGB/Fa, FAISC/Fa, FGEP/Fa). The black line represents a ratio of 1, while
the pink dotted line represents an error of 10%. The horizontal coordinate is the ultimate
bearing capacity, which is the result of the fiber model (Fa). The statistical parameters of
various models, including R2, RMSE, and RAE, are presented in Table 9.
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Table 9. Statistical parameters of various models.

Model R2 RMSE RAE Average SD

AISC 360-16 0.978 206.05 0.171 0.967 0.117

GB 50017-2017 0.970 245.67 0.269 0.823 0.101

GEP 0.986 124.47 0.136 1.007 0.092

The results indicate that the ultimate bearing capacity calculated by the specifications
is very conservative, because the current design specifications do not consider the unique
material characteristics of cold-formed thick-walled profiles in component strength design.
The analysis revealed that the estimation results of GEP, the American specification, and
the Chinese specification decreased in order. The Chinese specification is the most conser-
vative, while other specifications predict larger bearing capacities. Usually, the Chinese
specification uses the design strength f, which is 0.9 times the yield strength of the material.
The American specification uses the critical stress fcr calculated by Euler’s formula, and
in this dataset, the ratio of critical stress to yield strength is less than 0.9. Therefore, the
Chinese specification uses a smaller member strength parameter than the other specifica-
tions, resulting in a more significant estimated resistance of the axial compression bending
members and a more conservative ultimate load capacity.

The accuracy, efficiency, and versatility of the GEP model were verified on cold-formed
thick-walled square steel columns under axial compression, by comparing the numerical
results with test data from various scholars [5,36]. Table 7 lists the specimen parameters
and compares the experimental and fiber model analysis ultimate capacities, where B (mm)
is the width of the cross-section, H (mm) is the height of the cross-section, R (mm) is the
radius of the corner, δ0 (mm) is the geometric imperfection, Fu (kN) is the experimental
ultimate load, and Fa (kN) and FGEP (kN) are the ultimate load calculated by the fiber model
and GEP, respectively. It is worth noting that the possible reason for the large errors in
some data is that some parameters of the experimental components exceed the range of the
training set. The average FGEP-to-Fu and Fa-to-Fu ratios are 0.97 and 1.02, respectively. The
main reason for this is that the column experiences local buckling at the mid-height due to
its large width-to-thickness ratio. Therefore, within the error range, it can be considered
that the GEP model is accurate.

5. Conclusions
In this paper, the main aim was to predict the ultimate load capacity of different

members by using GEP and comparing it with the specifications. The results of the GEP
calculation were compared with the traditional experimental test values or FEA results to
determine whether the calculation was correct. The following conclusions can be drawn:

1. The study of the buckling resistance of BCF thin-walled tube columns under axial
compression illustrates that the GEP model does not need to consider too many influ-
encing factors (e.g., correlated buckling and elastic critical stress) to avoid excessive
second-order errors. Comparing the results calculated by formulae based on GEP
with the EWM and DSM calculation results on the test set, we found that the average
value of the EWM is about 0.75, and that of the DSM is 0.92, while the average value
and R2 of the results calculated using the GEP model exceed 0.95.

2. The study of the buckling resistance of cold-formed thick-walled steel columns under
combined axial compression and bending illustrates that GEP can be used to construct
a mechanical model similar to the existing specifications through an artificially speci-
fied mechanical model form. Comparing the results calculated by formulae based on
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GEP with the experimental data revealed that the average value was 1.007, with an R2

of 0.986.
3. All R2 values were greater than 0.95, indicating satisfactory accuracy in predicting the

ultimate bearing capacity, and the comparison shows that GEP performs better than
the existing design methods.

4. GEP performs better in predicting the ultimate load capacity of steel members, which
solves the problem that the theoretical model cannot fully reflect the real situation of
new steel structural members.
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