
Journal of Constructional Steel Research 214 (2024) 108440

Available online 5 January 2024
0143-974X/© 2024 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-
nc-nd/4.0/).

Testing, numerical modeling and design of perforated advanced 
high-strength steel channel section columns 

Jia-Hui Zhang a, Jiaxin Wang a, Shuluan Xu a, Fangying Wang b,* 

a Department of Civil Engineering, University of Shanghai for Science and Technology, Shanghai, China 
b Department of Civil Engineering, University of Nottingham, Nottingham, UK   

A R T I C L E  I N F O   

Keywords: 
Axial compression 
Axial stiffness 
Buckling instability 
High-strength steel 
Perforated C-section 

A B S T R A C T   

This paper examines the influence of perforations on the buckling instability and load-bearing capacity of 
advanced high-strength steel channel section (C-section) columns. Experimental tests were first conducted on 19 
column specimens made of complex phrase steel HC700CP980 under axial compression, followed by finite 
element (FE) analysis. Two section types, the flat web C-section and the web-stiffened C-section, were consid-
ered, with perforations categorised as web-only or both web and flanges. Material tests and initial imperfection 
measurements were conducted and reported. Using test results, finite element models were established and 
parameter analysis was carried out. Analysis of test results and finite element data revealed that perforations had 
a noticeable impact on the buckling deformation of flat web C-sections but had a minor effect on load-bearing 
capacity. In contrast, web-stiffened C-sections exhibited intensified deformation post-perforation, significantly 
reducing their axial stiffness and load-bearing capacity. The Direct Strength Method (DSM) was assessed based 
on combined test and FE data. It revealed that the DSM resulted in a high level of inaccuracy and scatter in the 
load-bearing capacity predictions of high-strength steel C-sections after perforation. To address this, a modified 
method incorporating a perforation strength reduction factor was proposed, offering straightforward and intu-
itive calculations with improved design accuracy and consistency.   

1. Introduction 

Cold-formed thin-walled steel members are a prominent choice 
within the realm of engineering due to their attributes, including their 
lightweight construction, high strength, and versatility in cross-sectional 
configurations. Perforations are strategic openings made within these 
steel sections to facilitate the passage of utilities and provide structural 
adaptability. While this practice offers practical benefits, it necessitates 
a comprehensive understanding of its consequences on the structural 
behavior of these members. Notably, the perforation may lead to 
changes in the stress distribution, buckling deformation, and load- 
bearing capacity of the structural members. 

A considerable number of studies have focused on thin-walled 
perforated components made of medium and low strength steels. 
Moen and Schafer [1–3], Smith and Moen [4] systematically studied 
cold-formed steel columns with holes through a series of experimental, 
numerical and theoretical investigations, and proposed reduction 
calculation methods for global, local, and distortional buckling critical 
loads for perforated C-sections. These reduction calculation methods 

have subsequently been adopted by AISI 2016 [5] for cold-formed steel 
perforated members. Kulatunga et al. [6,7] found that the ultimate 
strength of C-section columns is significantly affected by variations in 
the form and placement of perforations. Zhao et al. [8–10] investigated 
the effects of perforation width, eccentric loading, and simple supports 
on the structural behavior of perforated specimens; a simplified calcu-
lation method was also proposed. Moreover, Chen et al. [11,12] 
observed that the edge-stiffened hole-section members were capable of 
achieving higher load-bearing capacities than their plain section 
counterparts. 

Web-stiffened open-section columns are extensively employed in 
structural applications, primarily owing to their improved local stabil-
ity. However, limited research has focused on the behavior of such 
sections with perforation. Yao and Rasmussen [13,14] performed finite 
element parametric analyses and indicated the necessity to account for 
the interaction between distortional and global buckling phenomena in 
load-bearing calculations for web-stiffened C-sections, irrespective of 
the presence of perforations. Zhang and Alam [15,16] proposed an 
elastic buckling stress extraction method for stiffened Rack sections, and 
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noted inaccuracy and potential safety concerns associated with the 
application of the direct strength method in load-bearing calculations 
for such sections. 

Advanced High Strength Steel (AHSS) exhibits a more intricate 
microstructure in comparison to conventional high-strength steel (HSS). 
This complex microstructure is attained through a precisely controlled 
smelting process that renders AHSS with superior strength and 
remarkable ductility. The AHSS can be generally catogorised in to dual- 
phase steel (DP), complex-phase steel (CP), martensitic steel (MS), and 
twinning-induced plasticity steel (TWIP). Given its widespread appli-
cation in the automotive industry and advancements in manufacturing 
techniques, the production costs of DP and CP steels are gradually 
converging with those of conventional HSS, highlighting their substan-
tial potential in applications involving light gauge steel structures. 
Nevertheless, the research exploring their use in thin-walled compo-
nents remains scarce. The only existing documented research available, 
as reported in Yan et al. [17–19], investigated the material properties of 
these steels. In practical applications, C-sections typically feature plate 
thicknesses ranging from 1.0 to 1.6 mm for light-gauge structures, with 
the prevalent use of S355. In Australia, there is a precedent for 
employing S550 steel in housing construction by reducing the thickness 
to 0.7 mm [20]. This application has demonstrated the potential of 
advanced high-strength steel in further reducing the weight of wall 
panels. The application of advanced high-strength steel extends to 
various structural components, including stocky columns, bottom 
chords in trusses, and tension bars in bridges, particularly for members 
featuring perforations. 

This paper focuses on the axial compression performance of perfo-
rated CP steel thin-walled members. Two types of open sections were 
investigated: flat-webbed C-sections and web-stiffened C-sections, with 
perforation positions including web perforation only and both web and 
flange perforation. The influence of perforation number and position on 
the buckling deformation and ultimate load-bearing capacity of C-sec-
tions was first examined through experiments and finite element ana-
lyses. Subsequently, the appropriateness of the current direct strength 
method to the studied CP steel thin-walled perforated axial compression 
columns was evaluated. Finally, a modified design method using 
strength reduction coefficient, suitable for CP steel perforated C-section 
columns, was proposed. 

2. Axial compression tests 

2.1. Specimen cross-section design, labeling, and preparation 

In this study, the cold-formed thin-walled steel compression mem-
bers were fabricated using high-strength complex-phase steel 
(HC700CP980) plates, and the chemical composition of this material is 
shown in Table 1. The nominal yield stress and ultimate tensile strength 
of HC700CP980, were 700 MPa and 980 MPa, respectively. The steel 
plate had a nominal thickness of 1.0 mm. The cross-sectional profiles of 
the thin-walled members are shown in Fig. 1, where C1 denotes a simple 
lipped channel section, and C2 denotes a simple lipped channel section 
with a web stiffener. The nominal dimensions for the C1 and C2 sections 
are as follows: the overall height of the web (W) was 100 mm, the flange 
width (F1 and F2) was 40 mm, the lip length (l1 and l2) was 15 mm, and 
the stiffener dimension (W2 and W3) was 21 mm. The axial compressive 
test specimens have slotted holes that include holes in the web only and 
holes in both the web and flange. These holes were centrally arranged in 
terms of web height and flange width. Three different member lengths 
were examined in the column tests, including 300, 900, and 1500 mm. A 

total of 19 column specimens were examined in the experimental study, 
of which 14 were C1-section and 5 were C2-section. Detailed measured 
geometric dimensions of the C1 and C2 specimens are shown in Tables 2 
and 3, respectively. 

The labeling for the specimens comprises information related to the 
cross-sectional profile, axial length of the member, slotted hole position, 
and the number of slotted holes, as described in Fig. 2. For example, 
C1L900-F1W1 denotes a specimen from C1 series (a simple lipped 
channel section) with a nominal member length of 900 mm and one 
slotted hole in both the flange and web. A letter “R” is used for the repeat 
specimen. The geometric dimensions of the slotted holes in the web and 
flange and their relative locations along the column length are illus-
trated in Fig. 3. The width of the slotted holes (WH) was taken equal to 
0.4 times the height of the web or the width of the flange according to 
their respective locations, and the length of the slot (LH) was set as 100 
mm and 55 mm respectively for holes in the web and flange, respec-
tively. It is worth noting that, for specimens with holes in both the web 
and flange (i.e. for C1L300-F1W1, C1L900-F1W1, C1L1500-F1W1 and 
C1L1500-F2W2), the centres of the holes were assigned at the same 
cross-sections along the specimen. 

Special care was taken during the fabrication of the channel section 
specimens. Firstly, the high strength steel plates were cut using a fiber 
laser machine and holes were laser-drilled at specific positions based on 
the geometric dimensions of the cross-sectional design. Subsequently, 
the machined plate underwent multiple stamping and bending opera-
tions to conform to the cross-sectional profiles outlined in Fig. 1. Lastly, 
the ends of the specimens were affixed to U-shaped tracks using bolts. 
This is to simulate the constraint boundary condition between the ver-
tical C-shaped studs and horizontal U-shaped runners commonly used in 
a light steel stud wall. Prior to attaching the specimen to U-shaped 
tracks, the ends of the specimens were ground smooth to ensure full 
contact with the web face of the tracks. 

2.2. Material properties 

The mechanical properties of the high-strength complex-phase steel 
were examined through longitudinal coupon tests. Three coupon spec-
imens were taken from the same batch of the steel plates used for the 
column specimens. The tensile testing was performed using a Zwick 
Z100 universal material testing machine, and the testing procedure and 
loading rate conformed to the standard for tensile testing of metallic 
materials in the Chinese Standard GB/T 228.1–2021 [21]. A contact 
extensometer, with a gauge length of 25 mm and a sampling frequency 
of 10 Hz, was used to measure the elongation of the specimen. The 

Table 1 
Chemical composition of high-strength complex-phase steel.  

Grade C% Si% Mn% P% S% Al total % 

HC700CP980 0.162 0.332 1.65 0.008 0.001 0.037  

Fig. 1. Definition of symbols for C-sections.  
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typical stress-strain curve for the high-strength complex-phase steel is 
shown in Fig. 4. The complex-phase steel exhibits no noticeable yield 
plateau, thus the 0.2% proof stress was used to represent the yield stress. 
Table 4 summarises the material properties obtained from the tests, 

where E represents the elastic modulus, σ0.2 and σu correspond to the 
yield stress and ultimate tensile strength, and εf represents the strain at 
fracture. 

2.3. Measurement of initial geometric imperfections 

The structural behavior and axial compressive resistances of thin- 
walled steel members are known to be influenced by their initial geo-
metric imperfections [22–24]. Therefore, the initial global and local 
geometric imperfections were measured prior to column testing. These 
measurements were executed using a three-coordinate measuring ma-
chine with a precision of 0.001 mm. Before the formal measurement, the 
probe of the machine was calibrated to determine the reference points 
for measurement, ensuring test accuracy, as depicted in Fig. 5(a). 

The initial geometric imperfections of thin-walled components can 
generally be classified as local deformations, distortion deformations, 

Table 2 
Measured dimensions of C1-section specimens.  

Specimen ID L/mm t/mm W/mm F1/mm F2/mm l1/mm l2/mm 

C1L300 300 1.004 99.83 39.94 39.70 14.76 14.81 
C1L300R 300 1.007 99.80 39.53 39.79 14.76 14.52 
C1L300-W1 300 1.008 99.81 40.30 39.98 14.48 14.90 
C1L300-W1R 300 1.004 99.89 39.79 39.60 14.72 14.75 
C1L300-F1W1 300 0.998 101.81 39.66 40.39 14.78 15.27 
C1L900 900 0.997 99.91 40.01 39.50 14.62 14.85 
C1L900R 900 0.994 100.42 39.71 39.60 14.68 14.88 
C1L900-W1 900 1.000 100.45 39.77 39.98 15.17 14.66 
C1L900-F1W1 900 1.000 100.34 39.31 39.79 14.81 14.84 
C1L1500 1500 1.006 99.85 39.88 39.63 14.78 14.68 
C1L1500-W1 1500 1.001 100.15 39.76 39.64 14.77 14.74 
C1L1500-W2 1500 0.997 99.95 39.60 39.81 14.89 14.47 
C1L1500-F1W1 1500 0.997 100.10 39.50 39.44 15.10 14.72 
C1L1500-F2W2 1500 0.996 100.10 39.17 39.63 14.88 14.78  

Table 3 
Measured dimensions of C2-section specimens.  

Specimen ID L/mm t/mm W/mm W1/mm W2/mm W13/mm W4/mm F1/mm F2/mm l1/mm l2/mm 

C2L900 900 1.006 101.75 36.11 21.04 20.82 35.96 39.29 39.49 13.79 14.17 
C2L900-W1 900 1.008 101.13 35.29 20.92 21.09 35.37 39.18 39.41 13.36 13.84 
C2L1500 1500 0.997 100.72 35.52 20.12 20.76 35.91 39.84 39.46 14.79 15.16 
C2L1500-W1 1500 1.008 101.36 35.85 20.81 20.40 36.86 39.30 38.99 13.96 14.24 
C2L1500-W2 1500 0.987 101.22 36.27 20.60 20.75 36.36 39.08 39.44 13.95 13.82  

Fig. 2. Specimen labelling system.  

Fig. 3. Locations and dimensions (in mm) of web and flange holes.  
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and overall deformations. The layouts of measurement points for C1 and 
C2 sections are presented in Figs. 5(b) and 5(c), where the vertical axis 
refers to the reading for initial imperfection and the horizontal axial 
refers to the normalized coordinate. The W1, W2, W3, and W4 points 
were used to measure the overall and local initial geometric imperfec-
tions along the axial direction of the web. F1 and F2 points were 
designated for the measurement of distortion imperfections along the 
axial direction of the flange. Note that the measured geometric imper-
fection amplitudes are taken as positive if the negative data recorded by 
the respective LVDT (shortening of the probe in the LVDT). The interval 
distance of measurement points along the member length varied from 3 
to 5 cm. 

Considering data coordinates measured along the length from the 
start to end as a linear reference, the presence of intermediate mea-
surement data lies above this reference indicates an outward deforma-
tion (i.e. the overall profile bowing towards the web); otherwise, it 
denotes a concave deformation. This approach allows for the determi-
nation of both the overall and distortion initial geometric imperfections. 
Two examples of the measured geometric imperfections are depicted in 
Fig. 6, with the statistic results summarised in Table 5. It can be seen that 
the most significant distortion imperfections manifest as outward 
deformation, with peak values of 0.825 mm and 0.833 mm. The largest 
overall imperfections also present as outward deformation, with peak 
values of 0.899 mm and 0.972 mm. For initial local geometric imper-
fection measurement, using the straight line connecting measurement 
points on both sides of the web (W1 and W3 for C1-section, and W1 and 
W4 for C2-section, as shown in Fig. 5) as a reference, the local initial 
geometric imperfections at the corresponding locations on W2 (for C1- 
section) or both W2 and W3 (for C2-section) can be determined. For 
both section types, the most significant local imperfections show inward 
deformations with peak values of − 0.512 mm and − 1.484 mm. 

2.4. Column test setup 

The axial compressive column tests on the thin-walled high strength 
steel channel section specimens were carried out using the 500 kN ca-
pacity POPWARE self-balancing frame-type electro-hydraulic structural 
testing system. A diagram of the column test setup is shown in Fig. 7. 
Prior to testing, the U-shaped runners were first secured at both ends of 
the specimen using bolts, and then the specimen was placed onto a rigid 
support plate. The relative positions of the specimen, runners, and 
loading head were precisely aligned using the laser level in the direction 
of axial loading. Upon alignment, C-clamps were used to fix the upper 
and lower U-shaped runners to the upper rigid end plates and lower rigid 
support, respectively. 

The instrumentations employed for the C1-section and C2-section 
columns are shown in Fig. 8 (a) and (b), respectively. A total of three 
axial displacement transducers and four lateral displacement trans-
ducers were placed for C1-section columns, while two additional lateral 
displacement transducers were used for C2-section columns in order to 
detect lateral deformations at the web stiffener. The layout of the 
displacement transducers is presented in Fig. 8. The axial displacement 
transducers were arranged in a triangular layout to obtain the load-axial 
displacement curves. The lateral displacement transducers were placed 

Fig. 4. Stress-strain curve of CP980.  

Table 4 
Measured material properties of high-strength complex-phase steel.  

Coupon Specimen E/GPa σ0.2/MPa σu/MPa εf /% 

Coupon-1 213.9 889.7 1017.5 7.47 
Coupon-2 215.3 866.9 1028.4 8.20 
Coupon-3 221.0 882.4 1014.0 6.63  

Fig. 5. Measurement of the initial geometric imperfections.  
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at the midpoint of the component, facilitating measurements of the 
overall buckling and distortion buckling of the component. 

Special care was taken during the load application to the specimens. 
To ensure evenly distributed axial loading, a preload equal to 25% of the 
estimated ultimate strength was applied. Deviations of no more than 

±10% in readings from the three axial displacement transducers during 
the preload can confirm the uniform axial load applications. The axial 
loads were applied at a constant loading rate of 0.25 mm/min and 
terminated when the load dropped to approximately 80% of its peak 
value. Throughout the test, a data acquisition device was used to record 
readings from the displacement transducers and the loading. 

3. Experimental results 

The ultimate strengths of the examined CP steel thin-walled C-sec-
tion members under axial compression and their failure modes are 
summarised in Tables 6 and 7. The symbols are used to denote buckling 
modes: “L” for local buckling, “D” for distortional buckling, “F” for 
flexural buckling, “T” for torsional buckling, and “+” to signify the 
interaction between buckling modes. Meanwhile, the losses of load- 
bearing capacity of components with slotted holes compared to their 
counterparts without holes are reported. 

3.1. Failure mode and load-bearing capacity of C1-section 

It was observed that the C1-section specimens exhibited buckling 
interactions. The stub column of section C1 (L = 300 mm) showed in-
teractions between local buckling and distortional buckling. The 
medium-short column of C1-section (L = 900 mm) presented local and 
distortional buckling interactions, with some specimens exhibiting 
torsional buckling. The medium-long columns of section C1 (L = 1500 
mm) exhibited interactions among local buckling, distortional buckling, 
and flexural buckling, with some accompanied by torsional buckling. 

The presence of holes in the web had a notable impact on the load- 
bearing capacity and buckling behavior of the components. The insta-
bility failure mode of the C1-section stub columns, with a nominal 
length of 300 mm, is illustrated in Fig. 9. Unperforated members 
(C1L300) displayed interaction of local and distortional buckling. In the 
specimen with a single web hole (C1L300-W1), instability primarily 
occurred around the holes, with noticeable deformation on the flanges at 
the same height adjacent to the holes, leading to a load-bearing capacity 
reduction of approximately 10%. For the specimen with perforated holes 
in both the web and flange (C1L300-F1W1), significant deformations 
were evident at both hole locations, extending into the adjacent corner 
regions. Consequently, the reduction in load-bearing capacity for this 
specimen exceeded 20%. 

The presence of web perforations exacerbated distortional buckling 
deformations in C1-section specimens as the length of the specimens 
increased. As shown in Fig. 10, unperforated members (C1L900) expe-
rienced interactions of local, distortional, and torsional buckling. 
Specimens with web holes (C1L900-W1) displayed an inward defor-
mation of the flange, indicating an I-shaped distortional buckling. The 
specimen C1L900-F1W1, featuring perforations in both the web and 
flange, exhibited more pronounced distortional buckling with compro-
mised flange stability and resulted in a 19.2% reduction in load-bearing 
capacity. 

The influence of the numbers of web perforations were studied in the 
series of medium-long columns (L = 1500 mm). As illustrated in Fig. 11, 
the unperforated specimen (C1L1500) exhibited more continuous local 
buckling deformations on the web compared to perforated counterparts, 
with negligible distortional buckling deformations. Specimen with a 
single web hole (C1L1500-W1) displayed interrupted local buckling 
deformations around the hole, but distortional buckling deformations 
were evident at the height of the hole on the flange. For specimen with 
holes at both the web and flange (C1L1500-F1W1), it appeared that axial 
stiffness was further compromised at the perforation height, resulting in 
symmetric local and distortional buckling deformations along the axial 
direction of the perforation. The most significant distortional buckling, 
characterized as I-shaped, occurred at the location of the perforation. 
Compared to specimens with a single hole, those with two holes showed 

Fig. 6. Initial geometric imperfections of specimens.  

Table 5 
Measured initial local, distortional and overall geometric imperfections.  

Specimen ID Local/mm Distortional/mm Overall/mm 

C1L300 − 0.255 0.069 0.055 
C1L300R − 0.271 0.122 0.128 
C1L300-W1 − 0.196 0.107 0.129 
C1L300-W1R − 0.098 0.065 0.046 
C1L300-F1W1 − 0.129 0.117 0.310 
C1L900 − 0.318 0.541 0.433 
C1L900R − 0.226 0.314 0.194 
C1L900-W1 − 0.341 0.162 0.227 
C1L900-F1W1 − 0.187 0.397 0.349 
C2L900 − 1.433 0.825 0.301 
C2L900-W1 − 0.732 0.627 0.264 
C1L1500 − 0.214 0.494 0.115 
C1L1500-W1 − 0.304 0.538 0.120 
C1L1500-W2 − 0.512 0.803 0.199 
C1L1500-F1W1 − 0.467 0.715 0.389 
C1L1500-F2W2 − 0.446 0.378 0.899 
C2L1500 − 1.403 0.479 0.218 
C2L1500-W1 − 1.484 0.790 0.217 
C2L1500-W2 − 0.875 0.833 0.972  
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a more pronounced decrease in load-bearing capacity. 

3.2. Failure mode and load-bearing capacity of C2-section 

For C2-section specimens, the introduction of web stiffener signifi-
cantly enhanced the local buckling stability. This led to a transition in 
the failure mode of C2-section members from local buckling to the 
interaction of distortional buckling and overall instability. Generally, 

Fig. 7. Test setup.  

Fig. 8. Locations of axial and lateral displacement transducers.  

Table 6 
Test compression capacities and failure modes of C1-section column specimens.  

Specimen ID PTest/kN Failure mode Loss of load-bearing capacity/% 

C1L300 82.20 L + D / 
C1L300R 80.52 L + D / 
C1L300-W1 74.24 L + D 9.7 
C1L300-W1R 72.38 L + D 11.9 
C1L300-F1W1 62.41 L + D 24.1 
C1L900 60.63 L + D + FT / 
C1L900R 61.88 L + D / 
C1L900-W1 55.32 L + D + F 8.8 
C1L900-F1W1 48.96 L + D + F 19.2 
C1L1500 52.84 L + D + FT / 
C1L1500-W1 49.12 L + D + FT 7.0 
C1L1500-W2 47.11 L + D + FT 10.8 
C1L1500-F1W1 45.73 L + D + F 13.5 
C1L1500-F2W2 41.92 L + D + F 20.7  

Table 7 
Test compression capacities and failure modes of C2-section column specimens.  

Specimen ID PTest/kN Failure mode Loss of load-bearing capacity/% 

C2L900 76.38 D + F / 
C2L900-W1 61.35 D + F 19.7 
C2L1500 60.58 D + FT / 
C2L1500-W1 54.88 D + FT 9.4 
C2L1500-W2 44.54 D + FT 26.5  
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C2-section exhibited a substantial enhancement in the ultimate capacity 
when compared to the C1-section. Table 7 summarises the ultimate load- 
bearing capacity, failure modes, and load-bearing capacity reduction of 
all the C2-section specimens. Distinct flange distortional buckling de-
formations were evidently shown in the medium-short C2-section col-
umns (L = 900 mm), as depicted in Fig. 12. The specimen with a single 
web hole (C2L900-W1) displayed more pronounced distortional buck-
ling deformations, primarily concentrated at the hole location. 
Compared to the unperforated specimen, a high level of capacity 
reduction equal to 19.7% was found in specimen C2L900-W1. This in-
dicates that, though the introduction of web stiffeners enhanced the 
ultimate capacity, as seen by the comparisons of C2L900 and C1L900, 
the strength enhancement has been significantly compromised by the 
hole in the web. 

For the medium-long C2-section columns (L = 1500 mm), 

distortional buckling deformations of the flange were observed, espe-
cially around the hole areas in the flange, as shown in Fig. 13. The 
specimen with two holes (C2L1500-W2), compared to that with a single 
hole (C2L1500-W1), experienced a more pronounced reduction in load- 
bearing capacity, with the capacity loss increasing from 9.4% to 26.5%. 
Additionally, in comparison to C1-section specimens, the loss in load- 
bearing capacity for C2-section specimens with a single hole increased 
from 7.0% to 9.4%, and for those with two holes, it rose from 10.8% to 
26.5%. Overall, the axial compression test results for C1-section and C2- 
section specimens reveal the following key findings: 

Fig. 9. Failure modes of C1-section specimens with a length of 300 mm.  

Fig. 10. Failure modes of C1-section specimens with a length of 900 mm.  

Fig. 11. Failure modes of C1-section specimens with a length of 1500 mm.  

Fig. 12. Failure modes for C2-section specimens with a length of 900 mm.  
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1. The larger width-to-thickness ratio of the web in C1-section speci-
mens primarily led to local buckling deformations. The presence of 
holes in the web reduced the load-bearing capacity of C1-section 
specimens, with an increase in the reduction of load-bearing capac-
ity as the number of holes increased.  

2. The presence of web stiffener in the C2-section specimens improved 
the local buckling stability of the specimens, changing the failure 
mode to flange distortional buckling. In comparison to perforated 
C1-section specimens, the perforated C2-section specimens exhibited 
a higher reduction in load-bearing capacity.  

3. The reduction in load-bearing capacity in C1-section specimens may 
be attributed to the disruption in the continuity of local buckling 
deformations caused by the holes, leading to a decrease in the post- 
buckling capacity of the specimens. In contrast, the primary reason 
for the reduction in load-bearing capacity in C2-section specimen is 
mainly the decrease in axial stiffness due to holes in the stiffened web 
areas. 

4. Finite element modeling and parametric study 

Finite element analyses were conducted to assess the impact of 
perforations on the axial compression stability of the examined CP steel 
thin-walled channel section columns. Upon validation of finite element 
models, a systematic parametric study was undertaken to determine the 
correlation between the number of perforations and the load-bearing 
capacity of these structural members. The numerical results have 
mirrored the test observations, showing a reduction in load-bearing 
capacity for C1- and C2-section specimens when web perforations 
were present, with a further loss observed when both the web and flange 
were perforated. 

4.1. Finite element modeling and verification 

In this section, the general finite element software ABAQUS was used 

to model CP-steel thin-walled channel specimens. The model utilised 
S4R shell elements due to their effectiveness in representing buckling 
instability. The geometric dimensions of the finite element model 
adopted the measured dimensions of the test specimens. Material 
properties in the model were derived after converting the engineering 
stress-strain curve, measured by tensile coupon tests herein, to the true 
stress-strain curve. The mesh was refined around section corners and 
holes with a mesh size of 5 mm × 5 mm. To introduce initial imper-
fections, modal coordinates for local buckling, distortional buckling, and 
flexural buckling were obtained through an elastic eigenvalue buckling 
analysis. These coordinates were combined with measured initial 
imperfection values and imported into the model. 

The boundary conditions were achieved by coupling the end faces of 
the specimen to the reference points (RP) with appropriate degree of 
freedom settings, as shown in Fig. 14. In the experiments, the specimens 
were affixed to a U-shaped guide runner. To account for the variable 
constraint strength, ranging between fixed-fixed and pinned-pinned 
supports, an attempt was made to increase the constraint at the refer-
ence point gradually. The modeling was based on three boundary con-
ditions: pinned-pinned (K = 1), pinned-fixed (K = 0.7), and fixed-fixed 
(K = 0.5). In this context, K is denoted as the effective length factor. 
The load-bearing simulation values for these three examined conditions 
are presented in Table 8. It can be found that the values corresponding to 
an effective length factor of K = 0.7 are in best agreement with the 
experimental results, exhibiting the smallest deviation. The typical load 
versus axial shortening curves for the column specimens, as predicted by 
FE analysis and obtained in tests, are presented in Fig. 15 (a) and (b) for 
specimens C1L1500-W1 and C1L900, respectively, demonstrating good 
agreements. Additionally, the deformation patterns at ultimate loads in 
the finite element models of C1- and C2-section specimens were 
compared with those of the experimental specimens, as depicted in 
Fig. 16. The finite element models effectively replicated the buckling 
deformations in both perforated and unperforated specimens. Therefore, 
an effective length factor of K = 0.7 was adopted for subsequent finite 
element analysis. 

4.2. Parametric study 

Upon validating the experimental data with the finite element 
models, a parametric study was initiated to explore the effects of holes 
on the stability of the examined thin-walled channel section specimens. 
The number of holes was determined based on the axial length of the 
specimens considering their practical uses. Specifically, for C1-section 
stub columns (L = 300 mm), one hole was located in the web. In the 
case of C1-section medium-short columns (L = 900 mm), the number of 
web holes was increased to three. For C1-section medium-long columns 
(L = 1500 mm) and long columns (L = 2000 mm), a maximum of five 
web holes were incorporated. The equivalent C2-section specimens 
featured an identical number of holes as their C1-section counterparts. 
In the specimen FE models of both the C1- and C2-section with axial 
lengths of 300 and 900 mm, one hole was designed for both the web and 
the flange. For specimen FE models with axial lengths of 1500 and 2000 
mm, one or two holes were considered in both the web and the flange. 
Plate thicknesses of 0.6 mm, 1.0 mm, and 2.0 mm were employed for the 
specimens herein. In total, 132 specimens were generated with param-
eter details summarised in Table 9. 

Additionally, to assess the variation in load-bearing capacity of 
specimens with holes under different strength grades of steel, high- 
strength steel (G500) and carbon structural steel (Q235) were incorpo-
rated into the parametric analysis for comparison with the advanced 
high-strength steel (CP980). For the finite element models with the plate 
thickness of 1.0 mm, the material properties of G500 (with nominal 
yield strength and actual yield strength of 500 MPa and 604 MPa, 
respectively) and Q235 (with nominal yield strength and actual yield 
strength of 235 MPa and 313 MPa, respectively) were imported. In the 
strength comparison, there were 44 finite element specimens each for 

Fig. 13. Failure modes for C2-section specimens with a length of 1500 mm.  
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G500 and Q235, making a total of 88 specimens. 

4.3. Discussion of parametric study for perforated columns 

The influence of holes on the buckling failure mode and load-bearing 
capacity of the thin-walled channel section perforated columns is 
investigated by comparisons of the ultimate strengths (PFEA), stress 
contour plots, and load-axial displacement curves. Tables 10–15 provide 
the ultimate strengths (PFEA) of the FE specimens. Figs. 17–19 display the 
stress contour plots of the FE specimens with axial lengths of 900, 1500, 
and 2000 mm (t = 1.0 mm) under ultimate load conditions, as well as a 
comparison with the load-axial displacement curves of the FE speci-
mens. In the legends, Kas represents the slope of the initial segment of the 
load-axial displacement curve, characterising the axial stiffness of the 
specimen. The introduction of holes resulted in a reduced load-bearing 
capacity, primarily attributed to a decrease in axial stiffness. Further-
more, the negative impact of the holes on the load-bearing capability 

Fig. 14. Finite element model for C2L900-W1.  

Table 8 
Comparison of test and FE results.  

Specimen ID PTest/PFEA (K = 0.5) PTest/PFEA 

(K = 0.7) 
PTest /PFEA 

(K = 1.0) 

C1L300 0.95 0.99 1.04 
C1L300R 0.93 0.97 1.02 
C1L300-W1 0.96 0.96 1.11 
C1L300-W1R 0.93 0.93 1.08 
C1L300-F1W1 0.88 0.98 1.14 
C1L900 0.80 0.97 1.27 
C1L900R 0.81 0.99 1.29 
C1L900-W1 0.79 0.92 1.28 
C1L900-F1W1 0.76 0.90 1.29 
C2L900 0.87 0.96 1.18 
C2L900-W1 0.90 0.94 1.28 
C1L1500 0.74 1.04 1.81 
C1L1500-W1 0.76 1.00 1.73 
C1L1500-W2 0.70 0.97 1.64 
C1L1500-F1W1 0.74 0.96 1.63 
C1L1500-F2W2 0.65 0.92 1.49 
C2L1500 0.72 0.92 1.55 
C2L1500-W1 0.91 1.09 1.85 
C2L1500-W2 0.71 0.95 1.61 
Pm 0.81 0.97 1.38 
COV 0.120 0.049 0.195  

Fig. 15. Load versus axial shortening curves.  
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decreased as the component length increased. 
Hole impact for flat web members (C1-section): The introduction 

of holes in the web had a minor effect on the load-bearing capacity of the 
members. For axial lengths of 300, 900, 1500, and 2000 mm, FE spec-
imens with one hole exhibited load-bearing capacity reductions of 6.8%, 
3.7%, 2.8%, and 1.1%, respectively. With five holes at lengths of 1500 
and 2000 mm, reductions were 6.7% and 5.6%. 

Examining the load-displacement curves in Figs. 17–19, it is evident 
that while the hole disrupted localised buckling deformations, the stress 
distribution around the web hole remained almost identical to that 
without a hole. Furthermore, it can be observed that the slope of the 

load-displacement curve for the specimens with holes also remained 
almost unaltered. Therefore, it can be concluded that, for C1-section 
specimens, the introduction of holes in the web disrupted the continu-
ity of local buckling deformation, resulting in a slight decrease in the 
post-buckling capacity and a minor reduction in load-bearing capacity. 

Hole impact for web-stiffened members (C2-section): The C2- 
section specimens experienced a relatively significant decrease in 
load-bearing capacity following the introduction of holes. Load-bearing 
capacities dropped by 28.9%, 17.5%, 23.1%, and 11.5%, respectively, 
after a single hole in FE specimens with the corresponding axial length of 
300, 900, 1500, and 2000 mm. For specimens with five holes, reductions 

Fig. 16. Comparison of finite element models and the test specimens.  
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were 29.5% and 21.8%. 
A noticeable decline in slope in the load-displacement curve for C2- 

sections is indicative of a reduced axial stiffness, along with a significant 
drop in the stress levels around the hole and along the stiffened parts of 
the web, as shown in Figs. 17–19. It was found that the hole has 
weakened the axial stiffness of the specimen, attributed to a significant 
reduction in its load-bearing capacity. 

Web and Flange Hole Impact: The inclusion of holes in both the 
web and flange further reduced the load-bearing capacity. For C1- 
section medium-short columns (L = 900 mm), this impact resulted in 
an extra 9.3% reduction, while for medium-long columns (L = 1500 
mm), it was 3.5%. For equivalent C2-section specimens, the additional 
reductions were 17.4% and 6.9%. It is worth noting that the decrease in 
load-bearing capacity does not entirely align with the trend of reduced 
axial stiffness of the member. Figs. 20 and 21 illustrate increased stress 
around the hole in the web and near the flange, along with a larger area 
of localised deformation. This observation implies that the existence of 
holes in both the web and flange at the same height may yield detri-
mental mutual influence, ultimately resulting in a more substantial 
reduction in load-bearing capacity. 

Impact of Strength Grade on Structural Performance: The 
strength comparison for finite element analysis (FEA) specimens of 
CP980, G500, and Q235 is detailed in Tables 17 and 18, where PFEA

CP980, 
PFEA

G500 and PFEA
Q235 represent the ultimate strengths of the FEA specimens. 

On average, the ratios of PFEA
CP980/PFEA

G500 are 1.15 and 1.19 for C1-section 
and C2-section, respectively. Similarly, the mean ratios of PFEA

CP980/PFEA
Q235 

are 1.62 and 1.69 for the C1-section and the C2-section, respectively. 
The comparison results indicate that using the advanced high-strength 
steel CP980 results in an average increase in ultimate load-bearing ca-
pacity of 15% and 19% compared to high-strength steel G500, and 62% 
and 69% compared to Q235. It can be also found in Tables 17 and 18 
that the enhancement in load-bearing capacity diminishes with the in-
crease of the specimen length. The load-bearing capacity ratios for 

Table 9 
Range of parameters of C1- and C2-section columns selected for parametric 
studies.  

C1 (t = 0.6 mm,t = 1.0 
mm,t = 2.0 mm) 

L = 300 
mm 

NH,W1,F1W1 9 specimens 

L = 900 
mm 

NH,W1,W2,W3, 
F1W1 

15 specimens 

L = 1500 
mm 

NH,W1,W2,W3,W5, 
F1W1,F2W2 

21 specimens 

L = 2000 
mm 

NH,W1,W2,W3,W5, 
F1W1,F2W2 

21 specimens 

C2 (t = 0.6 mm,t = 1.0 
mm,t = 2.0 mm) 

L = 300 
mm 

NH,W1,F1W1 9 specimens 

L = 900 
mm 

NH,W1,W2,W3, 
F1W1 

15 specimens 

L = 1500 
mm 

NH,W1,W2,W3,W5, 
F1W1,F2W2 

21 specimens 

L = 2000 
mm 

NH,W1,W2,W3,W5, 
F1W1,F2W2 

21 specimens 

sum   132specimens  

Table 10 
Comparison of FE failure loads with codified compression resistance predictions 
for C1-section specimens (t = 0.6 mm).  

Specimen ID PFEA PDSM PM
DSM PFEA/PDSM PFEA/PM

DSM 

C1L300 31.4 31.3 31.8 1.00 0.99 
C1L300-W1 31.6 31.2 29.9 1.01 1.06 
C1L300-F1W1 26.6 27.6 25.1 0.96 1.06 
C1L900 26.6 25.6 26.1 1.04 1.02 
C1L900-W1 25.0 25.4 25.7 0.98 0.97 
C1L900-W2 24.4 25.3 25.3 0.97 0.96 
C1L900-W3 23.7 25.2 24.5 0.94 0.97 
C1L900-F1W1 22.3 22.4 23.7 1.00 0.94 
C1L1500 19.6 17.1 17.6 1.14 1.11 
C1L1500-W1 19.8 16.8 17.3 1.18 1.15 
C1L1500-W2 19.2 16.7 17.2 1.15 1.11 
C1L1500-W3 18.4 16.6 17.1 1.11 1.08 
C1L1500-W5 18.2 16.3 16.6 1.11 1.10 
C1L1500-F1W1 19.2 14.8 16.4 1.30 1.17 
C1L1500-F2W2 18.4 14.7 15.8 1.25 1.16 
C1L2000 14.9 12.0 12.3 1.25 1.21 
C1L2000-W1 14.8 11.8 12.2 1.25 1.21 
C1L2000-W2 14.6 11.7 12.1 1.25 1.21 
C1L2000-W3 15.1 11.6 12.1 1.29 1.25 
C1L2000-W5 14.3 11.5 11.9 1.24 1.20 
C1L2000-F1W1 14.6 10.3 11.6 1.42 1.27 
C1L2000-F2W2 14.4 10.2 11.4 1.41 1.26 

Pm 

COV 
1.15 1.11 
0.13 0.09  

Table 11 
Comparison of FE failure loads with codified compression resistance predictions 
for C1-section specimens (t = 1.0 mm).  

Specimen ID PFEA PDSM PM
DSM PFEA/PDSM PFEA/PM

DSM 

C1L300 83.2 76.4 78.3 1.09 1.06 
C1L300-W1 77.6 74.4 72.3 1.04 1.07 
C1L300-F1W1 63.5 62.0 60.7 1.02 1.05 
C1L900 62.4 62.4 64.2 1.00 0.97 
C1L900-W1 60.1 60.2 61.7 1.00 0.97 
C1L900-W2 59.9 59.9 60.8 1.00 0.99 
C1L900-W3 57.8 59.6 59.2 0.97 0.98 
C1L900-F1W1 54.3 50.2 57.4 1.08 0.95 
C1L1500 50.7 41.8 43.3 1.21 1.17 
C1L1500-W1 49.3 39.6 41.8 1.24 1.18 
C1L1500-W2 48.3 39.3 41.6 1.23 1.16 
C1L1500-W3 46.9 39.0 41.2 1.20 1.14 
C1L1500-W5 47.3 38.4 40.0 1.23 1.18 
C1L1500-F1W1 47.5 33.1 39.7 1.43 1.20 
C1L1500-F2W2 45.4 32.9 38.2 1.38 1.19 
C1L2000 35.8 29.0 30.5 1.23 1.18 
C1L2000-W1 35.4 27.4 29.4 1.29 1.21 
C1L2000-W2 35.3 27.2 29.3 1.30 1.20 
C1L2000-W3 34.8 27.0 29.1 1.29 1.19 
C1L2000-W5 33.8 26.7 28.7 1.27 1.18 
C1L2000-F1W1 35.3 23.0 27.9 1.54 1.27 
C1L2000-F2W2 34.4 22.9 27.5 1.50 1.25 

Pm 

COV 
1.21 1.12 
0.14 0.09  

Table 12 
Comparison of FE failure loads with codified compression resistance predictions 
for C1-section specimens (t = 2 mm).  

Specimen ID PFEA PDSM PM
DSM PFEA/PDSM PFEA/PM

DSM 

C1L300 255.5 250.8 245.7 1.02 1.04 
C1L300-W1 222.4 232.7 217.1 0.96 1.02 
C1L300-F1W1 175.8 188.5 182.4 0.93 0.96 
C1L900 195.8 204.3 204.1 0.96 0.96 
C1L900-W1 174.8 187.5 187.9 0.93 0.93 
C1L900-W2 167.2 186.5 185.1 0.90 0.90 
C1L900-W3 170.9 185.6 180.4 0.92 0.95 
C1L900-F1W1 145.7 152.4 175.6 0.96 0.83 
C1L1500 144.9 139.1 138.1 1.04 1.05 
C1L1500-W1 141.3 115.3 127.5 1.23 1.11 
C1L1500-W2 139.8 113.8 126.8 1.23 1.10 
C1L1500-W3 137.6 112.4 125.7 1.22 1.09 
C1L1500-W5 132.7 109.5 122.1 1.21 1.09 
C1L1500-F1W1 132.6 102.4 121.1 1.29 1.09 
C1L1500-F2W2 131.9 101.6 116.7 1.30 1.13 
C1L2000 94.7 88.2 88.2 1.07 1.07 
C1L2000-W1 93.4 69.4 81.5 1.35 1.15 
C1L2000-W2 94.5 68.7 81.3 1.37 1.16 
C1L2000-W3 92.0 68.1 80.9 1.35 1.14 
C1L2000-W5 89.4 66.7 79.6 1.34 1.12 
C1L2000-F1W1 95.1 62.7 77.4 1.52 1.23 
C1L2000-F2W2 92.1 62.1 76.4 1.48 1.21 

Pm 

COV 
1.16 1.06 
0.17 0.10  
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specimens with holes are considerably higher than those without holes 
at the same axial length, indicating that a slower reduction in load- 
bearing capacity for CP980 specimens with holes compared to those 
made from G500 and Q235. This might be attributed to the fact that the 
high yield and tensile strengths of CP980 allow the areas around holes in 
the plate to endure greater stress concentration level. Overall, the 
comparisons in Tables 17 and 18 indicate that, for axially compressed 
thin-walled specimens with holes, using advanced high-strength steel is 
capable of providing significant advantages in axial capacity enhance-
ment as well as lower strength reduction when perforations are present. 

It is worth noting that the yield strength of the advanced high- 
strength steel has not been fully realized across the cross-sections of 
the members investigated herein. Therefore, ongoing research is being 

conducted to explore optimal section designs, aiming to fully harness the 
advantages associated with the high yield strength inherent in advanced 
high-strength steel. 

5. Design calculation for column with holes 

5.1. The current direct strength method 

The direct strength method (DSM) is a load-bearing calculation 
method for thin-walled members adopted by AISI S100–16 [5]. 
Compared to the Effective Width Method, the Direct Strength Method 
offers a more straightforward calculation process. In DSM, the nominal 
axial strength (Pn) for a thin-walled axial compression member is 
determined as the lowest among its nominal axial strengths for overall 
buckling (Pne), local buckling (Pnl), and distortional buckling (Pnd). The 
equations for overall buckling, local buckling and distortional buckling 
of the direct strength method are presented as follows: 

Pne =

⎧
⎪⎪⎪⎨

⎪⎪⎪⎩

(
0.658λ2

c

)
Py λc ≤ 1.5

(
0.877

λ2
c

)

Py λc > 1.5
(1)  

Pnl =

⎧
⎪⎪⎨

⎪⎪⎩

Pne λl ≤ 0.776
[

1 − 0.15
(

Pcrl

Pne

)0.4
](

Pcrl

Pne

)0.4

Pne λl > 0.776
(2)  

Pnd =

⎧
⎪⎪⎨

⎪⎪⎩

Py λd ≤ 0.561
[

1 − 0.25
(

Pcrd

Py

)0.6
](

Pcrd

Py

)0.6

Py λd > 0.561
(3)  

where:λc =
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
Py/Pcre

√
, Py = Agfy; λl =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
Pne/Pcrl

√
, Pcrl = Agfcrl; λd =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
Py/Pcrd

√
, Pcrd = Agfcrd. Agis the gross cross-section area and fy is the 

0.2% proof stress (yield stress) of the material. The elastic flexural 
buckling strength (Pcre) is calculated as Pcre = Agπ2EI/(KL)2, and the 
computation of the elastic local buckling stress (fcrl) and distortional 
buckling stress (fcrd) were obtained from a rational elastic finite strip 
buckling analysis. 

Table 13 
Comparison of FE failure loads with codified compression resistance predictions 
for C2-section specimens (t = 0.6 mm).  

Specimen ID PFEA PDSM PM
DSM PFEA/PDSM PFEA/PM

DSM 

C2L300 53.2 45.4 44.7 1.17 1.19 
C2L300-W1 31.1 31.3 29.3 0.99 1.06 
C2L300-F1W1 29.1 22.0 24.6 1.32 1.18 
C2L900 45.5 45.4 39.0 1.00 1.17 
C2L900-W1 25.3 25.8 28.4 0.98 0.89 
C2L900-W2 23.3 25.6 27.3 0.91 0.85 
C2L900-W3 23.5 25.4 25.5 0.92 0.92 
C2L900-F1W1 21.8 18.2 26.4 1.20 0.83 
C2L1500 27.5 34.3 29.2 0.80 0.94 
C2L1500-W1 21.1 17.6 21.4 1.20 0.98 
C2L1500-W2 20.4 17.3 21.2 1.17 0.96 
C2L1500-W3 18.9 17.1 20.7 1.11 0.92 
C2L1500-W5 18.7 16.6 19.1 1.12 0.98 
C2L1500-F1W1 20.1 12.4 20.4 1.62 0.99 
C2L1500-F2W2 18.3 12.4 19.5 1.48 0.94 
C2L2000 20.4 23.6 21.2 0.86 0.96 
C2L2000-W1 17.3 12.2 15.6 1.41 1.11 
C2L2000-W2 16.3 12.1 15.5 1.34 1.05 
C2L2000-W3 15.2 12.0 15.3 1.27 1.00 
C2L2000-W5 14.5 11.7 14.6 1.24 0.99 
C2L2000-F1W1 16.7 8.7 14.8 1.92 1.13 
C2L2000-F2W2 15.4 8.7 14.5 1.78 1.06 

Pm 

COV 
1.22 1.01 
0.24 0.10  

Table 14 
Comparison of FE failure loads with codified compression resistance predictions 
for C2-section specimens (t = 1.0 mm).  

Specimen ID PFEA PDSM PM
DSM PFEA/PDSM PFEA/PM

DSM 

C2L300 110.4 104.6 102.7 1.06 1.07 
C2L300-W1 78.5 73.0 70.2 1.08 1.12 
C2L300-F1W1 66.4 53.8 59.0 1.23 1.13 
C2L900 79.2 104.6 88.5 0.76 0.89 
C2L900-W1 65.3 60.0 67.2 1.09 0.97 
C2L900-W2 56.5 59.5 64.6 0.95 0.87 
C2L900-W3 58.8 59.0 60.4 1.00 0.97 
C2L900-F1W1 51.5 44.3 62.5 1.16 0.82 
C2L1500 65.7 80.5 64.3 0.82 1.02 
C2L1500-W1 50.5 40.8 49.2 1.24 1.03 
C2L1500-W2 46.8 40.3 48.5 1.16 0.97 
C2L1500-W3 45.6 39.7 47.4 1.15 0.96 
C2L1500-W5 46.4 38.6 43.9 1.20 1.06 
C2L1500-F1W1 46.0 30.3 46.7 1.52 0.99 
C2L1500-F2W2 41.9 30.2 44.6 1.39 0.94 
C2L2000 42.1 46.4 43.6 0.91 0.97 
C2L2000-W1 37.3 28.4 33.4 1.32 1.12 
C2L2000-W2 35.2 28.1 33.2 1.26 1.06 
C2L2000-W3 33.9 27.7 32.7 1.22 1.04 
C2L2000-W5 33.0 27.1 31.4 1.21 1.05 
C2L2000-F1W1 35.7 21.2 31.7 1.68 1.13 
C2L2000-F2W2 33.2 21.1 31.2 1.57 1.06 

Pm 

COV 
1.18 1.01 
0.19 0.08  

Table 15 
Comparison of FE failure loads with codified compression resistance predictions 
for C2-section specimens (t = 2.0 mm).  

Specimen ID PFEA PDSM PM
DSM PFEA/PDSM PFEA/PM

DSM 

C2L300 283.6 281.2 275.4 1.01 1.03 
C2L300-W1 234.1 228.7 205.1 1.02 1.14 
C2L300-F1W1 183.8 176.2 172.3 1.04 1.07 
C2L900 268.2 281.2 232.3 0.95 1.15 
C2L900-W1 185.2 187.2 192.2 0.99 0.96 
C2L900-W2 161.7 185.6 185.0 0.87 0.87 
C2L900-W3 163.2 184.0 173.0 0.89 0.94 
C2L900-F1W1 144.9 144.8 178.7 1.00 0.81 
C2L1500 153.3 163.8 156.7 0.94 0.98 
C2L1500-W1 133.2 124.0 130.7 1.07 1.02 
C2L1500-W2 124.4 121.5 128.9 1.02 0.96 
C2L1500-W3 126.5 119.1 126.0 1.06 1.00 
C2L1500-W5 127.3 113.9 116.7 1.12 1.09 
C2L1500-F1W1 126.3 101.1 124.1 1.25 1.02 
C2L1500-F2W2 120.5 100.6 118.6 1.20 1.02 
C2L2000 94.2 92.8 92.8 1.02 1.02 
C2L2000-W1 89.3 70.3 77.5 1.27 1.15 
C2L2000-W2 87.2 69.9 76.9 1.25 1.13 
C2L2000-W3 85.1 69.5 76.0 1.22 1.12 
C2L2000-W5 85.6 68.7 72.9 1.25 1.17 
C2L2000-F1W1 87.9 63.6 73.6 1.38 1.19 
C2L2000-F2W2 84.6 63.2 72.3 1.34 1.17 

Pm 

COV 
1.10 1.05 
0.13 0.10  
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For perforated thin-walled columns, DSM incorporates the impact of 
these holes on the overall buckling strength (PH

ne), local buckling strength 
(PH

nl), and distortional buckling strength (PH
nd) of the members. In the 

calculation of the overall buckling strength of perforated specimens, the 
expression for the strength curve remains consistent with that for 
specimens without holes. The influence of the holes is factored in using a 
weighted method to adjust the elastic flexural buckling strength, which 
for perforated member is represented as PH

cre. In the calculation of the 
local buckling strength of perforated specimens, the strength curve for 
local buckling is as shown in Eq. (4), where Pnet = Anetfy, in which Anet is 
the net cross-sectional area at the hole location, and Pcrlis the minimum 
value between the elastic local buckling strength of the specimen 
without a hole and the elastic local buckling strength of the perforated 
specimen, as detailed in Commentary on AISI S100–16 [25]. The 
calculation curve for the distortional buckling strength of perforated 
specimens is presented in Eq. (5), 

PH
nl =

⎧
⎪⎪⎪⎨

⎪⎪⎪⎩

Pne λl ≤ 0.776
[

1 − 0.15
(

Pcrl

Pne

)0.4
](

Pcrl

Pne

)0.4

λl > 0.776

and PH
nl ≤ Pynet

(4)  

PH
nd =

⎧
⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎩

Pynet λd ≤ λd1

Pynet −

[
Pynet − Pd2

λd2 − λd1

]

(λd − λd1) λd1 < λd ≤ λd2

[

1 − 0.25
(

Pcrd

Py

)0.6
](

Pcrd

Py

)0.6

Py λd > λd2

(5)  

where λd1 = 0.561
(
Pynet/Py

)
, λd2 = 0.561

[
14
(
Pynet/Py

)0.4
− 13.0

]
, and 

Pd2 =
[
1 − 0.25(1/λd2)

1.2
]
(1/λd2)

1.2Py. 

The nominal design strength of axially compressed column obtained 
by DSM for perforated thin-walled columns is presented as PDSM. The 
column strength determined by finite element analysis (PFEA) and tests 
(PTest) were used to evaluate the design strength (PDSM). The statistical 
comparisons are presented in Tables 10–16. For the C1-section speci-
mens with thicknesses t of 0.6, 1.0, and 2.0 mm, the mean values for 
PFEA/PDSM are 1.15, 1.21, and 1.16, respectively, with corresponding 
COVs of 0.13, 0.14, and 0.17. For the C2-section specimens with 
thicknesses t of 0.6, 1.0, and 2.0 mm, the mean values for PFEA/PDSM are 
1.22, 1.18, and 1.10, respectively, paired with COVs of 0.24, 0.19, and 
0.13. Moreover, the mean value of PTest/PDSM is 1.07 and a COV of 0.17. 

The comparison reveals that the DSM ultimate capacity predictions 

Fig. 17. Effects of web holes on the ultimate strengths for thin-walled open section columns (L = 900 mm).  
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are generally conservative, albeit with a high degree of scatter. For 
columns featuring a web stiffener, there is a discernible disparity in load- 
carrying capacity calculations. This disparity becomes more pronounced 
as the length of the specimen increases, leading to even greater 
conservatism in the DSM predictions. 

The conservative and highly scattered design predictions from DSM 
can be attributed to: 1) potential inaccuracies in design calculations for 
columns without perforations; 2) overestimation or underestimation of 
the impact of holes on load-bearing capacity in the calculations. 

5.2. Modified direct strength method 

In this study, the DSM design rules are modified to attain more ac-
curate and consistent column design predictions for the examined 
perforated channel columns. The modifications were made by reevalu-
ating the design calculations for non-perforated members and 

reassessing the influence of holes on load-bearing capacity for perfo-
rated members. 

It is observed in Tables 19 and 20 that, compared to FE results, the 
design strengths by DSM for the C1-section are conservative, while those 
for the C2-section are overestimated. The reduction in load-bearing 
capacity for perforated members was evaluated based on the FE re-
sults, alongside the reduction obtained from the design strength calcu-
lated using the DSM, as depicted in Fig. 22, where the load-bearing 
reduction factor R, indicating the ratio of the load-bearing capacity of 
the perforated member to the non-perforated one, is plotted against the 
number of holes in the web. The comparison reveals that the reduction 
in strength of perforated members calculated using the DSM exceeds the 
FE values, with this trend being more pronounced in the C2-section. 
Therefore, the modified design calculation for the perforated member 
was divided into three steps: firstly, the precise determination of load- 
bearing capacity when the member is unperforated; secondly, the 

Fig. 18. Effects of web holes on the ultimate strengths for thin-walled open section columns (L = 1500 mm).  
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derivation of the load-bearing reduction factor based on hole location, 
number, and geometric dimensions; and thirdly, the multiplication of 
the reduction factor by the load-bearing capacity value calculated for 
the non-perforated member. 

In the load-bearing capacity calculation of the non-perforated 
member, the local buckling strength curve and distortion buckling 
strength curve were revised to Eqs. (6) and (7), respectively. The local 

buckling strength curve simply adjusts the coefficient parameter from 
0.15 to 0.1, while the non-dimensional slenderness ratio (λl) threshold is 
changed to 0.861. In the distortion buckling strength curve, the yield 
strength is replaced with the overall buckling strength value to account 
for the interaction of distortion and overall buckling. The modified 
design strength of the non-perforated member is Pn. As shown in Ta-
bles 19 and 20, the modified calculations for the non-perforated columns 

Fig. 19. Effects of web holes on the ultimate strengths for thin-walled open section columns (L = 2000 mm).  
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are shown to be more accurate and less scattered than the DSM 
calculations. 

Pnl =

⎧
⎪⎪⎨

⎪⎪⎩

Pne λl ≤ 0.861
[

1 − 0.1
(

Pcrl

Pne

)0.4
](

Pcrl

Pne

)0.4

Pne λl > 0.861
(6)  

Pnd =

⎧
⎪⎪⎨

⎪⎪⎩

Pne λd ≤ 0.561
[

1 − 0.25
(

Pcrd

Pne

)0.6
](

Pcrd

Pne

)0.6

Pne λd > 0.561
(7) 

The modified calculation for the perforated members is represented 
as Phole

n = RWRFPn, in which RW = KL+GKDKt is the strength reduction 
factor for the perforated web. The parameter KL+G indicates the impact 
of web perforation on local buckling and overall buckling strength, KD 

indicates the effect of web perforation on distortional buckling strength, 
and Kt is the thickness adjustment coefficient. The expressions for KL+G, 
KD, and Kt are given by Eqs. (8)–(10), where LH is the hole length, WH is 
the hole width, L is the axial length of a column, Wis the width of the 
web, and t represents the thickness of the plate. If there are multiple 
holes, the cumulative hole length is used for calculations. 

KL+G =

⎧
⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎩

1 − 0.4
(∑

LH

L

)2

flat web section

0.8 − 0.8
(∑

LH

L

)2

web-stiffened section

(8)  

KD = 1 − 0.4
(∑

WH

W

)2

(9)  

Kt =

⎧
⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎩

(
3

2 + t

)0.15

flat web section

(
3

2 + t

)− 0.3

web-stiffened section

(10) 

Similar to the expression structure of RW, the strength reduction 
factor for the perforated web is RF = KL+GKD, in which KL+G indicates the 
impact of the web perforation on local buckling and overall buckling 
strength, and KD indicates the effect of the web perforation on distor-
tional buckling strength. The expressions for KL+G and KD are given by 
Eqs. (11) and (12), respectively, where LH is the hole length, WH is the 
hole width, L is the axial length of the component, and F is the width of 
the flange. If multiple holes are drilled axially, the cumulative hole 
length is used for calculations. 

KL+G = 1 −
(∑

LH

L

)1.2

(11)  

KD = 1 − 0.4
(∑

WH

F

)0.2

(12) 

The strength reduction factors for perforated columns are shown in 
Fig. 22. For the C1-section, the trend of the proposed reduction factor is 
closer to the decay trend of the finite element data. For the C2-section, 
the proposed reduction factor significantly outperforms the reduction 
factor obtained from DSM calculations and is also closer to the FE data. 

The proposed strength reduction factor for the perforated section is 
multiplied by the load-bearing capacity of the non-perforated specimen 
to obtain the modified design strength for the perforated specimen, 
represented as PM

DSM Tables 10–16 detail the ratios of PFEA/PM
DSM and 

Fig. 20. Stress contour plots of 900 mm specimens with web and flange holes.  
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PTest/PM
DSM. In the C1-section specimens, with thicknesses t = 0.6, 1.0, 

and 2.0 mm, the mean values ofPFEA/PM
DSM are 1.11, 1.12, and 1.06, with 

COVs of 0.09, 0.09, and 0.10, respectively. Regarding the C2-section 
specimens with thicknesses t = 0.6, 1.0, and 2.0 mm, the mean values 
of PFEA/PM

DSMare 1.01, 1.01, and 1.05, respectively, with COVs of 0.10, 
0.08, and 0.10. The ratio of PTest/PM

DSM is shown in Table 15, with a mean 
value of 1.02 and a COV of 0.11. Compared to the current DSM, the 
modified method provides more accurate and less scattered axial ca-
pacity predictions. Furthermore, the revised calculation approach 
removes the necessity to independently evaluate the impacts of perfo-
rations on local, distortional, and overall buckling strengths, simplifying 
the computation process and enhancing its user-friendliness. 

6. Conclusions 

In this study, laboratory testing and numerical modeling have been 
conducted to investigate the effects of perforation quantity and location 
on the buckling instability and ultimate load-bearing capacity of high 
strength steel CP980 channel section axial compression members. A 
total of 19 column tests were performed on two channel sections with 

varying lengths. Parametric studies were also conducted, generating 132 
additional results over an extended range of thicknesses, member 
lengths, and perforations. The combined test and FE data was used to 
assess the appropriateness of the DSM for perforated members and 
modifications to current DSM were also proposed. Key findings and 
implications are as follows:  

1. Flat Web Members (C1-section): After perforation, these members 
typically experienced local buckling or the interaction of local and 
overall buckling. Perforations on the web primarily impacted post- 
local buckling strength, causing a minor loss in load-bearing 
capacity.  

2. Web-Stiffened Members (C2-section): Distortional buckling and the 
interaction of distortional and overall buckling were observed for 
these members once perforated. The most significant loss in load- 
bearing capacity post-perforation was primarily due to disruptions 
at the stiffened regions, which notably decreased axial stiffness.  

3. Perforation Impact on Both Web and Flanges: There was a higher 
stress level around the holes and a broader boundary of localised 
deformation. Deformations from holes in both the web and flange at 

Fig. 21. Stress contour plots of 1500 mm specimens with web and flange holes.  
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the same height have a compounded impact, leading to a further 
reduction in load-bearing capacity at the web-flange junction.  

4. Assessment of DSM: The current DSM was found to be inadequate to 
predict the post-perforation degradation trend in load-bearing ca-
pacity, showing a high level of inaccuracy and inconsistency.  

5. Proposed Modified Calculation: The modified calculation method 
was developed by multiplying the DSM design strength of unperfo-
rated members by a strength reduction factor for perforated mem-
bers. This reduction factor accounts for the influence of perforations 
on the overall buckling, local buckling, and distortional buckling 
stability of the member. The calculation process is simple and intu-
itive, offering high precision. Thus, this method may be considered 
as a promising choice for evaluating the high strength steel thin- 
walled perforated channel section axial compression members. 

Table 16 
Comparison of test failure loads with codified compression resistance pre-
dictions for C1- and C2-section specimens (t = 1.0 mm).  

Specimen ID PTest PDSM PM
DSM PTest/PDSM PTest/PM

DSM 

C1L300 82.20 76.4 78.3 1.08 1.05 
C1L300R1 80.52 76.4 78.3 1.05 1.03 
C1L300-W1 74.24 74.4 72.3 1.00 1.03 
C1L300-W1R 72.38 74.4 72.3 0.97 1.00 
C1L300-F1W1 62.41 62 60.7 1.01 1.03 
C1L900 60.63 62.4 64.2 0.97 0.94 
C1L900R 61.88 62.4 64.2 0.99 0.96 
C1L900-W1 55.32 60.2 61.7 0.92 0.90 
C1L900-F1W1 48.96 50.2 57.4 0.98 0.85 
C1L1500 52.84 41.8 43.3 1.26 1.22 
C1L1500-W1 49.12 39.6 41.8 1.24 1.18 
C1L1500-W2 47.11 39.3 41.6 1.20 1.13 
C1L1500-F1W1 45.73 33.1 39.7 1.38 1.15 
C1L1500-F2W2 41.92 32.9 38.2 1.27 1.10 
C2L900 76.38 104.6 88.5 0.73 0.86 
C2L900-W1 61.35 60 67.2 1.02 0.91 
C2L1500 60.58 80.5 64.3 0.75 0.94 
C2L1500-W1 54.88 40.8 49.2 1.35 1.12 
C2L1500-W2 44.54 40.3 48.5 1.11 0.92 
Pm 

COV 
1.07 1.02 
0.17 0.11  

Table 17 
Comparison of FE failure loads with different strength grade for C1-section 
specimens (t = 1.0 mm).  

Specimen ID PG500
FEA PQ235

FEA PCP980
FEA /PH500

FEA PCP980
FEA /PQ235

FEA 

C1L300 72.1 47.6 1.15 1.75 
C1L300-W1 59.9 37.7 1.30 2.06 
C1L300-F1W1 47.3 29.1 1.34 2.18 
C1L900 54.5 37.4 1.14 1.67 
C1L900-W1 51.5 33.2 1.17 1.81 
C1L900-W2 47.5 29.6 1.26 2.02 
C1L900-W3 46.7 29.5 1.24 1.96 
C1L900-F1W1 41.2 26.4 1.32 2.06 
C1L1500 45.9 36.1 1.10 1.40 
C1L1500-W1 43.9 32.6 1.12 1.51 
C1L1500-W2 43.0 31.9 1.12 1.51 
C1L1500-W3 42.6 31.6 1.10 1.48 
C1L1500-W5 42.9 31.1 1.10 1.52 
C1L1500-F1W1 39.0 26.5 1.22 1.79 
C1L1500-F2W2 37.1 26.1 1.22 1.74 
C1L2000 34.2 30.2 1.05 1.19 
C1L2000-W1 33.7 28.4 1.05 1.25 
C1L2000-W2 33.1 27.8 1.07 1.27 
C1L2000-W3 33.4 27.0 1.04 1.29 
C1L2000-W5 32.0 26.4 1.06 1.28 
C1L2000-F1W1 32.7 24.7 1.08 1.43 
C1L2000-F2W2 31.3 24.3 1.10 1.42 
Pm 1.15 1.62  

Table 18 
Comparison of FE failure loads with different strength grade for C2-section 
specimens (t = 1.0 mm).  

Specimen ID PG500
FEA PQ235

FEA PCP980
FEA /PH500

FEA PCP980
FEA /PQ235

FEA 

C2L300 85.7 63.7 1.29 1.73 
C2L300-W1 61.2 38.6 1.28 2.03 
C2L300-F1W1 48.9 29.9 1.36 2.22 
C2L900 77.6 57.5 1.02 1.38 
C2L900-W1 49.2 32.3 1.33 2.02 
C2L900-W2 45.6 27.2 1.24 2.08 
C2L900-W3 45.2 27.4 1.30 2.15 
C2L900-F1W1 38.6 24.3 1.33 2.12 
C2L1500 61.3 54.3 1.07 1.21 
C2L1500-W1 41.3 29.5 1.22 1.71 
C2L1500-W2 39.7 27.5 1.18 1.70 
C2L1500-W3 38.4 27.1 1.19 1.68 
C2L1500-W5 37.2 26.4 1.25 1.76 
C2L1500-F1W1 36.5 25.0 1.26 1.84 
C2L1500-F2W2 34.0 24.0 1.23 1.75 
C2L2000 42.0 39.9 1.00 1.06 
C2L2000-W1 33.5 26.0 1.11 1.43 
C2L2000-W2 31.7 25.1 1.11 1.40 
C2L2000-W3 30.6 23.7 1.11 1.43 
C2L2000-W5 30.1 24.0 1.10 1.38 
C2L2000-F1W1 31.1 22.7 1.15 1.57 
C2L2000-F2W2 29.0 21.5 1.14 1.54 
Pm 1.19 1.69  

Table 19 
Comparison of FE failure loads with codified compression resistance predictions 
for C1-section specimens with no perforations.  

Plate thickness (mm) Specimen ID PFEA/PDSM PFEA/PM
DSM 

0.6 C1L300 1.00 0.99 
C1L900 1.04 1.02 
C1L1500 1.14 1.12 
C1L2000 1.25 1.21 

1.0 C1L300 1.08 1.05 
C1L900 0.97 0.94 
C1L1500 1.27 1.22 
C1L2000 1.23 1.18 

2.0 C1L300 1.02 1.02 
C1L900 0.96 0.91 
C1L1500 1.04 0.99 
C1L2000 1.07 1.07 

Pm 1.09 1.06 
COV 0.099 0.096  

Table 20 
Comparison of FE failure loads with codified compression resistance predictions 
for C2-section specimens with no perforations.  

Plate thickness (mm) Specimen ID PFEA/PDSM PFEA/PM
DSM 

0.6 C2L300 1.17 1.19 
C2L900 1.00 1.17 
C2L1500 0.80 0.94 
C2L2000 0.87 0.96 

1.0 C2L300 1.06 1.07 
C2L900 0.73 0.86 
C2L1500 0.75 0.94 
C2L2000 0.91 0.97 

2.0 C2L300 1.01 1.03 
C2L900 0.95 1.15 
C2L1500 0.94 0.98 
C2L2000 1.02 1.02 

Pm 0.93 1.02 
COV 0.139 0.100  
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