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ABSTRACT

Cruciform steel columns, also known as king and queen cross sections, have gained attention in structural
engineering for their ability to overcome the limitations of traditional I-sections and H-sections. These
limitations include reduced stability due to slenderness effects and excessive material usage in tall columns.
Designed to enhance axial load capacity while minimizing weight, cruciform sections offer a more efficient,
cost-effective, and sustainable alternative for modern construction. This study assesses the efficiency of
cruciform steel columns by comparing their design axial capacities to their unit weights. Having used AISC
360-16 provisions, single supported columns with heights of 2 m, 3 m, 4 m, and 5 m were analyzed. The
results showed that all sections perform similarly for short columns (2 m), with efficiency differences of
less than 8% due to the minimal impact of slenderness. However, at 3 m, the I-section is 20% less efficient
than the H-section, and 30% less efficient than cruciform sections. For taller columns (4 m and 5 m),
cruciform sections outperform conventional sections, with the king cross-section proving to be 30% more
efficient than the H-section and superior to the queen cross-section. These findings highlight the structural
and material advantages of cruciform sections, particularly in applications requiring tall columns with
significant slenderness effects. By reducing material usage while maintaining high load-bearing capacity,
cruciform sections enhance sustainability by lowering both carbon and construction costs. This study
provides valuable insights for optimizing steel column designs to achieve more sustainable and cost-
effective construction.

Keywords- cruciform steel section; king cross-section; queen cross-section; axial design efficiency; structural
optimization

I.  INTRODUCTION

Steel is a fundamental material used in modern construction
and is valued for its strength, versatility, and efficiency.
Advancements in steel section design have enabled the
construction of increasingly complex and efficient structures,
such as bridges, buildings, and towers, which play a pivotal
role in contemporary economies [1-4]. These innovations are
driven by the need for lightweight and structurally efficient
solutions that optimize material usage and fabrication
processes. The offsite manufacturing of steel components
further enhances precision and reduces construction time,

making steel an indispensable resource in the construction
industry [5-7]. Among the various steel section profiles, the I-
section is one of the most widely utilized owing to its high
strength-to-weight ratio and ease of fabrication. However,
conventional compression members, such as I-sections, are
typically limited due to the flexural (Euler) buckling along their
weak bending axes, which can lead to premature failure under
axial loads, particularly in slender columns. Figure 1 illustrates
the development of cruciform sections, commonly referred to
as king and queen cross-sections to mitigate these limitations.
These sections offer enhanced resistance to combined
compression and bending owing to their symmetrical cross-
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sectional geometry, which redistributes the stresses more
uniformly. Unlike conventional I-sections, in which failure is
predominantly influenced by flexural instability, cruciform
sections are governed by torsional buckling. This behavior
provides improved stability in applications requiring slender
members or where load eccentricities are common, making
them particularly suitable for high-rise buildings, bridges, and
seismic-resistant designs, where torsional effects constitute
critical considerations [8-13]. Cruciform steel columns offer
enhanced stiffness, higher axial load-carrying capacity, and
reduced weight compared with the conventional columns [14].
Experimental studies have highlighted their excellent
performance in terms of bearing capacity, ductility, and energy
dissipation, provided that key design parameters, such as the
flange width-to-thickness ratio, web depth-to-thickness ratio,
and axial compression ratio, are appropriately configured [15,
16].
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(a) King cross (b) Queen cross

Fig. 1. Cruciform section.

The failure of cruciform columns is typically associated
with local buckling instability and is often accompanied by
sufficient plastic deformation [15]. Advanced finite element
analysis techniques using ABAQUS software have been
instrumental in examining the buckling, post-buckling
behavior, and overall strength of cruciform columns [17].
Additionally, comparative studies indicate that standard
cruciform sections generally outperform the modified versions
in terms of load-bearing capacity. These findings suggest that
cruciform steel columns are well-suited for use in seismic
regions, where their ductility and energy dissipation properties
are particularly beneficial. Their versatility also makes them
valuable for applications in high-rise buildings and bridges,
where structural efficiency is a critical consideration [16].
Recent studies [18, 19] have demonstrated that the load-
carrying capacity is influenced not only by the global
slenderness of the column, but also by the ratio of the elastic
torsional—flexural buckling load to the elastic minor-axis
flexural buckling load. These insights indicate that the existing
design provisions, which rely solely on slenderness as the basis
for resistance reduction factors, may be inadequate for cross-
section columns prone to torsional buckling [20].

Building on the advantages of cruciform steel columns,
researchers have also explored the geometric and material
optimization of steel structures to further enhance efficiency
and sustainability [21-25]. These studies focused on the

member sizing, shape, and configuration factors to achieve
optimal structural performance. Additionally, optimization
efforts have been extended to consider load distribution,
connection design, and material selection, to maximize
structural capacity while minimizing material usage and
environmental impact. Although cruciform steel columns,
including the king cross and queen cross sections, have been
extensively studied for their mechanical behavior, failure
modes, and theoretical performance, few studies have
evaluated their advantages in practical design scenarios.
Specifically, there is a lack of comparative assessments tied to
critical engineering parameters, such as axial capacity under
realistic load combinations, structural weight in material-
sensitive designs, and cost efficiency in large-scale
applications. These practical considerations are essential for
industries focusing on lightweight construction, such as
aerospace, transportation infrastructure, and high-rise buildings
in seismic regions, where material efficiency and ductility play
pivotal roles in structural safety and sustainability. The present
study seeks to bridge these gaps by assessing the design axial
capacity of cruciform steel columns, specifically the king and
queen cross-sections, and comparing their performance to
conventional I-sections. Additionally, a weight-based
assessment was incorporated to quantify the material efficiency
of the cruciform sections. By examining these columns under
realistic load combinations and design conditions, this study
sought to provide insights into their potential applications in
weight-sensitive, cost-efficient, and seismic-resistant structural
designs.

II. MATERIALS AND METHODS

The current study examined the structural performance of
cruciform steel columns by evaluating their design axial
capacities under various conditions. A comparative analysis
was performed to assess the effectiveness of the king cross and
queen cross-sections against conventional I-sections and H-
sections. The columns were modeled as simply supported, as
displayed in Figure 2, with varying clear heights to account for
the effects of slenderness and stability. This configuration
represents an idealized condition commonly used in structural
analysis to establish baseline performance, as it minimizes the
external restraints and focuses on the intrinsic behavior of the
column under axial loading. To investigate the impact of
slenderness on stability, the study analyzed columns with clear
heights of 2, 3, 4, and 5 m. These specific heights were chosen
to represent a range of practical scenarios encompassing short,
medium, and long columns typically found in common
building structural applications. The employed steel material
was JIS G 3101 SS400 with a yield strength (F,) of 245 MPa,
chosen for its widespread availability in Indonesia. This
ensures that the study reflects practical construction practices
while addressing cost efficiency and ease of procurement.
Although JIS G 3101 SS400 was used, the findings are not
limited to this material and can be applied to other commonly
utilized structural steel to adjust material properties and certify
this study’s relevance beyond regional constraints.
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Fig. 2. Simply supported column.

The steel profiles used in this study are presented in Table L.
These profiles were selected to reflect common structural
elements in the Indonesian construction industry. Their
geometric properties were carefully considered to ensure a
representative analysis of the cruciform column configurations.
It is noted that the H-sections have wider and more equal
flanges, whereas the I-sections have narrower flanges and a
taller web. Only compact elements were included in the
analysis, which was determined based on the compact criteria
specified in:

be 0.56\/E and - = 1.49F 0
2tf Fy tw Fy

where E represents the modulus of elasticity, b¢ is the flange
width, t; is the flange thickness, h is the clear distance between
flanges less than the fillet or corner radius at each flange, and t,,
is the web thickness.

The analysis and design of the columns adhere to the AISC
360-16 design code [26], a widely recognized standard for steel
structure design. The design axial capacity (¢P,) was
determined using the critical stress (F.) and gross cross-
sectional area (A,), given by:

$P, = 0.9F A, )

The critical stress (F.) depends on the slenderness ratio
(KL/r) of the column, which captures the relationship between
the effective length (KL) and the radius of gyration (r):

& KL E
Fer = ( 0.658% | F, when == < 4.71 | 3)
y
Fer = 0.887F, when == > 4.71 /FE )
y

where F. denotes the elastic buckling stress, which is
determined by:
_ T2E
€T (KL/r)2

(&)

where E represents the modulus of elasticity of steel (200.000
MPa).

These equations account for the buckling behavior of the
column, which varies based on its geometry, material
properties, and support conditions. The present study provides
a new perspective by including weight-based comparisons to
evaluate the structural efficiency of cruciform steel columns.
Unlike previous studies that focused mainly on axial capacity
or mechanical behavior, this study assessed the ratio of axial
capacity to column weight, thus offering a clearer insight into
the balance between strength and material usage, which is
crucial for cost- and weight-efficient design.

TABLE 1. STEEL PROFILE USED IN THIS STUDY

H B A, Iy Iy
(mm) | (mm) | (mm’ | (mm) | (mm)
H-100 | 100 100 2190 418 | 247
H-125 | 125 125 3031 529 | 31.1
H-150 | 150 150 4014 63.9 | 375
H- H-175 | 175 175 5121 750 | 438
Beam | H200 @ 200 | 200 6353 862 | 502
H250 | 250 | 250 9218 | 1080 | 629
H-300 | 300 | 300 11980 | 131.0 | 75.1
H-350 | 350 | 350 17390 | 1520 | 88.4
1200 | 200 100 2716 82 222
1250 | 250 125 3766 104 27.9
[-Beam | 1300 | 300 150 4678 124 32.9
1350 | 350 175 6314 147 395
1400 = 400 | 200 8410 168 45.4
K-150 | 150 75 3570 448 | 464
K-200 | 200 100 5432 603 | 62.1
King | K250 | 250 125 7532 759 | 775
cross | K-300 | 300 150 9356 908 | 929
K350 | 350 175 12628 | 107.5 | 109.5
K400 | 400 | 200 16824 123 | 1255
Q150 | 150 75 2678 50.8 34
Q-200 | 200 100 4074 684 | 456
Queen | Q250 | 250 125 5649 682 | 57.1
cross | Q-300 | 300 150 7017 | 103.1 | 682
Q-350 | 350 175 9471 1220 | 802
Q400 | 400 | 200 12618 | 139.5 | 91.9

Type Profile

III. RESULTS AND DISCUSSION

This section provides a detailed evaluation of the structural
efficiency of cruciform steel columns (king and queen cross-
sections) compared to standard I-sections and H-sections. The
efficiency of each column type was assessed by analyzing the
ratio of axial design capacity to self-weight, which reflects the
balance between strength and material usage. The analysis
considered columns with clear heights ranging from 2 m to 5 m
to examine the impact of slenderness on performance. The
results highlight the relationship between axial design capacity
and unit weight across different column heights, as portrayed in
Figure 3. For shorter columns (2 m), the axial capacities of the
I-section, H-section, king cross-section, and queen cross-
section vary minimally, with efficiency differences of less than
8%. At this height, the slenderness effects are negligible, so
axial performance is primarily determined by the gross
sectional area. Failure occurs due to material yielding rather
than instability. As a result, the choice of section type has little
impact on efficiency, as shown by the nearly identical capacity-
to-weight ratios across all sections.
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As the column height increased to 3 m, differences in
efficiency emerged. The axial capacity-to-weight ratio of the I-
section was 20% lower than that of the H-section and 30%
lower than that of the cruciform section. This reduction
highlights the higher susceptibility of the I-section to instability
with an increasing slenderness. In contrast, the H-section and
cruciform sections maintained consistent efficiency. This can
be attributed to their geometric configurations, which provide
better lateral stability and load distribution. The symmetric
geometry of cruciform sections allows for a more uniform
stress distribution, improving their ability to resist axial loads,
even as the slenderness effects become more pronounced. The
advantages of cruciform sections are more evident for columns
with heights of 4 m. In this case, the failure primarily occurred
due to elastic bulking because of the high value of the
slenderness ratio. King and queen cross-sections outperform
the I-section and H-section in terms of efficiency. The
efficiency of the King Cross section surpasses that of the H-
section by 30%, whereas the Queen Cross section is 20% more
efficient than the H-section. The enhanced performance of
cruciform sections can be linked to their optimized geometry,
which ensures effective material utilization and improved
stability under axial loads. This result highlights the potential
of cruciform designs for applications that require taller
columns, where the balance between strength and weight is
critical.

This trend continued when the column height reached 5 m,
with the efficiency of the cruciform sections becoming
increasingly evident. Notably, the king cross-section exhibited
superior efficiency compared to the queen cross-section,
attributed to its optimized geometry. The king cross-section
benefits from a more effective flange-web interaction, which
enhances its axial load-bearing capacity and stability. The
broader flanges and symmetrical configuration distribute stress
more uniformly, reducing localized stress concentrations and
improving resistance to lateral-torsional buckling. Additionally,
the king cross-section exhibited higher torsional rigidity than
the queen cross-section. This increased rigidity mitigated
torsional deformation under eccentric or combined loading,
further contributing to its enhanced efficiency. In contrast, the
queen cross-section, which is still effective, has slightly less
optimized geometric proportions, resulting in marginally lower
axial resistance and stability. This performance gap stresses the
importance of geometric optimization in cruciform designs,
particularly in balancing the flange and web dimensions to
achieve superior structural efficiency. For conventional column
sections, these findings align with those of previous research
[14], where it was concluded that flanged cruciform columns
support greater axial loads while simultaneously reducing the
total weight and expense of the structure. The optimized
geometry of cruciform sections, particularly the king cross-
section, increases the load-bearing capacity while improving
material efficiency, making it a cost-effective alternative to
traditional I-sections and H-sections. This synergy between
load efficiency and reduced material usage underscores the
practical advantages of cruciform sections in modern
construction applications, particularly in weight-sensitive and
cost-efficient designs.
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Fig. 3. The axial design capacity and the unit weight of the steel sections.

The findings indicate that cruciform sections, especially the
king cross-section, are well-suited for tall and very tall
columns, where material efficiency and stability are crucial.
Their superior performance compared to I-sections and H-
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sections, renders them an excellent choice for high-rise
buildings, industrial structures, and other applications that
prioritize minimizing weight while maximizing load capacity.
From a sustainability perspective, cruciform sections optimize
material usage by providing higher axial capacity with less
steel. This reduction in material consumption directly lowers
the embodied carbon from steel production, a significant
contributor to greenhouse gas emissions. Additionally, their
lighter weight reduces transportation and handling energy,
improving the overall construction efficiency and
environmental impact. For shorter columns, where efficiency
differences between section types are minimal, cost and ease of
fabrication may play a more significant role in section
selection. Overall, these findings offer a practical approach to
using cruciform sections to enhance structural efficiency while
supporting sustainability objectives.

IV. CONCLUSIONS

This study assessed the efficiency of cruciform steel
columns (king and queen cross-sections) compared to standard
I- and H-sections, focusing on the relationship between axial
design capacity and column weight at different heights.
According to the findings, cruciform sections are efficient
structural solutions, particularly for applications requiring
material optimization and enhanced stability in taller columns.
The results indicate that for short columns (2 m), all steel
sections exhibit similar performance because the impact of
slenderness is minimal. However, as column height increases,
the advantages of cruciform sections become more apparent.
For medium-height columns (3 m), cruciform sections maintain
their efficiency compared to H-sections, while I-sections show
reduced performance. For taller columns (4 m and 5 m), the
king cross-section outperforms both the queen cross-section
and standard sections due to its optimized geometry, which
enhances load-bearing capacity and resistance to buckling.
These findings emphasize the importance of geometric
optimization in improving material efficiency and stability,
especially in slender column designs.

However, some limitations should be considered when
interpreting these results. The study focuses exclusively on
support columns, which may not fully represent real-world
boundary conditions. Additionally, the findings rely on
computational analysis without experimental validation,
highlighting the need for future experimental studies to confirm
these results. Despite these limitations, this study demonstrates
the practical benefits of cruciform steel columns for high-rise
and long-span structures, particularly in weight- and cost-
sensitive designs. Future research could explore the dynamic
behavior, economic impact, and performance of cruciform
sections under different boundary conditions and material
properties to better understand their applications in structural
engineering.
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