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ABSTRACT 

Diagonal bracings are installed in frame structures, functioning as members for lateral resistance and 

energy dissipation. The objective of this study is to assess the hysteresis response behavior of circular 

hollow steel bracing. Energy dissipation, a key consideration in choosing brace parameters, plays a crucial 

role in enhancing seismic performance. This study highlights the cyclic response of three Finite Element 

(FE) modeled steel braces with variable steel diameter and wall thickness. The design method is 

additionally confirmed through FE models experiencing hysteresis loadings, suggesting that this approach 
can secure the overall stability of bracing and is well-suited for practical engineering implementations. 
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I. INTRODUCTION  

Before the 1970s, the design of many structures focused on 
their ability to withstand gravitational loads. Although they 
were capable of bearing such weights, it was uncertain if they 
would withstand seismic loads [1]. Various methods can be 
employed to improve the resistance of Reinforced Concrete 
(RC) structures against lateral loads. Among these methods, the 
most prevalent and effective approach involves reinforcing 
steel structures through the implementation of bracing systems 
[2]. Steel-braced frames are recognized as one of the most cost-
effective and efficient lateral load resisting systems for 
controlling deformations in civil structures subjected to 
earthquake or wind loading [3]. Using steel bracing is an 
efficient approach for strengthening buildings [4]. One of its 
benefits includes the ability to adapt to openings and its 
lightweight nature that imposes minimal additional weight on 
the structure [5].  

Tubular design can be utilized to symbolize modern 
architecture and it is extensively employed in airports, 
stadiums, transmission towers, pylons, and similar structures 
[6]. Closed and curved sections, such as elliptical, circular, and 
oval shapes, are recognized for offering increased torsional 
rigidity and exceptional compression behavior. They provide 
local strength against impact loading [7]. In the last two 
decades, researchers have developed and utilized various 
testing protocols to evaluate the performance of cyclic 

structural members. Cross-type braces are linked to the beam-
to-column connection joints, whereas K-type braces are 
attached to the midpoints of beams and columns. Furthermore, 
the selection of brace configurations depends on the intended 
purpose of buildings. Cross-type bracing is appropriate for 
closed panels, while K-type bracing is appropriate for windows 
[8]. The most effective methods for enhancing the resistance to 
lateral loading during earthquakes involve the utilization of 
steel bracing. This approach is proved to be effective in 
strengthening earthquake-damaged buildings and improving 
the load-resisting capacity of the RC structures [9]. Bracing 
members that experience compressive forces from a moderate 
to severe earthquake are prone to buckling, playing a role in the 
dissipation of energy [10]. Steel braced frames are typically 
utilized to ameliorate stiffness and resistance against lateral 
forces. When these frames are introduced, they serve as a 
means to absorb and dissipate energy during seismic activity. 
In the Special Concentrically Braced Frame (SCBF) system, 
three hinges are created within the braced structure to enhance 
ductility and facilitate the dissipation of energy [11]. Braces 
deform plastically under tension and experience buckling under 
compression, while columns and beams are typically 
considered to stay within the elastic range. Numerous 
experiments and analytical studies have been conducted to 
assess the seismic performance of steel-braced structures [12-
14]. 
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This study specifically focuses on circular hollow steel 
bracing, while other works might explore different types of 
bracing materials (such as concrete or cables) or brace 
configurations (such as X-bracing or K-bracing). Comparing 
the performance of circular hollow steel bracing to alternative 
materials or brace types could provide insights into the relative 
advantages and disadvantages of each option in terms of 
seismic performance, cost-effectiveness, and ease of 
construction. By juxtaposing this work with other relevant 
studies, researchers can gain a more comprehensive 
understanding of the behavior and performance of circular 
hollow steel bracing and identify opportunities for further 
research and improvement. Comparisons could be made with 
studies that examine the performance of bracing systems under 
different loading scenarios, such as wind loads or blast events. 
Understanding how circular hollow steel bracing performs 
under various dynamic loading conditions related to other 
bracing systems, can help assess its versatility and effectiveness 
in different structural contexts. 

Authors in [15] conducted dynamic and static tests on 
frames incorporating braces, demonstrating that the installation 
of bracing enhanced a frame's ability to dissipate energy. They 
demonstrated that the primary frame retained its elastic 
behavior even under significant earthquake loads. Previous 
seismic events have revealed that brace frame systems are 
vulnerable to premature collapse. Several undesirable failure 
modes, including the fracture of the interface weld of the gusset 
plate, tearing of the gusset plate, buckling of the gusset plate, 
net section failure of the brace cross-section, and premature 
failure of the brace section, have been observed [16]. Based on 
the data gathered from both real seismic events and 
experimental assessments [17-20], it has been determined that 
there are three specific locations within the braced frame that 
are susceptible to damage [19]. Previous research conducted on 
both I-shaped bracing members [21–24] and rectangular hollow 
bracing members [25-29] indicates that the geometric 
characteristics of these bracing components play a crucial role 
in determining their performance under low-cycle fatigue 
conditions. 

II. THE SLENDERNESS RATIO 

The slenderness ratio (λ) of a structural member is 
described as the ratio of its effective length to the minimum 
radius of gyration. Due to its circular shape, Hollow Structural 
Sections (HSSs) possess the practical advantage of being able 
to withstand loads in all directions. This is particularly 
beneficial in practical situations, as it enables the structure to 
effectively resist forces in multiple dimensions, e.g. during 
earthquakes. The prevailing conclusion from [30] indicates that 
the global slenderness significantly influences the hysteretic 
behavior of braces. Slender members tend to lose compressive 
resistance at a faster rate compared to stocky members, leading 
to fewer cycles of inelastic response and lesser energy 
dissipation. 

Circular Hollow Sections (CHSs) and Square Hollow 
Sections (SHSs), are optimal as compression members for 
preventing overall (global) buckling because they do not have a 
"weak axis", in contrast to open sections [31]. The seismic 
performance of bracing elements is mainly affected by two 

crucial factors: The effective slenderness ratio and the D/t ratio. 
Specifically, braces with larger cross-sectional dimensions 
exhibit a lower slenderness ratio. The reduction in slenderness 
ratio is associated with a decrease in the ultimate load capacity 
[32]. In general, the non-dimensional global slenderness ratio λ 
is among the most crucial parameters that can be correlated 
with cyclic energy dissipation and fracture life. λ is defined as 
follows [30, 33]: 

λ = k l / r     (1) 

r =
√������

�
        (2) 

where l is the bracing member length, K is the brace-effective 
length factor, r is the governing radius of gyration, d is the 
outer diameter of the circle, and d1 is the inner diameter of the 
circle. 

The global slenderness of the braces is limited to the 
following as given in ANSI/AISC 341-16: 

	


�
  ≤ 4 √ E

Fy
                  (3) 

where E is the modulus of elasticity of steel (200 Gpa) and Fy 
is the specified minimum yield stress to be used (348 Mpa). 

III. CASE STUDY 

A. Brace Characteristics 

The diameter of the 3D circular hollow steel members was 
taken as 6 3mm, 127 mm, and 244mm respectively for each 
member with constant brace thickness of 6.35 mm. Three 
braced members were designed to evaluate the effectiveness of 
CHS bracing members and their behavior was compared. The 
modulus of elasticity of steel was equal to 200000 MPa, with a 
yield stress of 348 Mpa. The plastic material parameters for 
steel tubes were: Ultimate Tensile Strength (UTS) equal to 420 
MPa, steel Poisson’s ratio was assumed as 0.3, hardening 
modulus was 1.94 GPa, and the density was 7850 kg/m3. 
Design and calculations were based on AISC provisions. The 
analytical study was carried out on the ABAQUS Mechanical 
APDL software package. All the braces were made of ASTM 
A500 Grade B steel with modeling members of cold-rolled 
carbon steel. 

B. Non‑linear Finite Element Analysis 

CHSs were selected and analyzed with the ABAQUS 3D 
Finite Element (FE) analysis package. Material nonlinearity 
was incorporated into the FE model. Both solid and shell 
element models were tried to determine the most suitable 
element for simulating the behavior of the pipe. Various mesh 
sizes were investigated to identify a suitable mesh that delivers 
accurate results while minimizing computational time, as 
illustrated in Figure 1. All rotational and translational 
displacement components were constrained at the reference 
points of the lower end plate. A cyclic load was applied to the 
reference points at the upper end plate in the Z-direction, 
whereas the whole translation and rotation in other directions 
were fixed. Stress concentration is obvious at both ends in the 
loading direction, with the maximum stress observed at the 
lower ends in the loading direction. 
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Fig. 1.  Response of braces obtained in ABAQUS. 

For accurately predicting the behavior of HSS bracing and 
compression components, the longitudinal mesh span was set 
to 5 elements at the midpoint, as displayed in Figure 2, for a 
typical bracing model. A similar methodology was employed 
for meshing both ends of the brace models, with the span set to 
10 elements. 

 

 
Fig. 2.  FE mesh pattern. 

The nodes at both ends of the members were constrained, 
with the exception of axial displacement at the loading end, 
which was allowed for translational movement along the global 
axis, as illustrated in Figure 4. 

The nodes at both ends of the members were constrained, 
with the exception of axial displacement at the loading end, 
which was allowed for translational movement along the global 
axis, as can be seen in [6]. Once the steel tubes were subjected 
to axial loading, the cyclic lateral load was subsequently 
applied at the upper section, following the designated loading 
protocol. The cyclic loading protocol implemented followed to 
the ECCS recommendations [24]. In this protocol, the 
incremental rise in cyclic horizontal displacement, denoted as 
d, is contingent upon the known yield displacement δy [33]. 
The loading was initiated at the end through a Reference Point 
(RP), which served as the principal point for all circumferential 
nodes of the model within the loading plane. 

IV. RESULTS AND DISCUSSION 

In practical terms, understanding the relationship between 
axial strain and energy dissipation is crucial in designing and 

analyzing the performance of materials and structures, 
especially in applications where cyclic loading or deformation 
is involved. Figure 3 explains how the cumulative energy 
dissipated per load step varies with the axial strain level of 
braces, considering a specific diameter value and varying 
values of the slenderness ratio. The cumulative energy is 
calculated by determining the area surrounded within the 
hysteresis loops for all the cycles at each axial strain level. The 
magnitude of energy dissipation gradually increases with the 
axial strain level for the brace having a slenderness ratio of 7. 
An augmentation in the slenderness ratio leads to a decrease in 
the cumulative energy due to the fracture of braces. Braces 
with slenderness ratios of 14 and 22 exhibited a lower level of 
energy dissipation. 

 

 
Fig. 3.  Energy dissipation versus D/t. 

To expand the assessment of the circular hollow steel, an 
analytical study was conducted to investigate the impact of the 
diameter-to-thickness ratio (D/t). The D/t is the main parameter 
under consideration in the non-linear FE analysis. The response 
of a CHS steel bracing depends on D/t. The plot of cumulative 
energy versus the diameter-to-thickness ratio is depicted in 
Figure 4. Cumulative energy decreases with an increase of D/t. 

 

 
Fig. 4.  Cumulative energy versus D/t. 

The load-displacement relationship for bracing in buildings 
typically refers to the behavior of bracing elements under 
different loads and corresponding displacements. Bracing 
systems are commonly used in structural engineering to 
provide lateral support and resist forces, such as wind or 
seismic loads. The load-displacement curve for the bracing 
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systems is influenced by various factors, including the type of 
bracing, material properties, and the structural configuration. 

Figure 5 depicts the hysteresis curves for the load 
displacement in three representative CHS FE models. These 
models have a length of 1000 mm and different D/t ratios. It is 
observed that CHS models with high D/t ratios exhibit 
increased post-buckling compressive resistances. Positive 
values on the vertical axis represent tension and negative 
represent compression. Furthermore, smaller diameter sections 
demonstrate greater displacement. In all models, the 
compressive resistance decreases after successive loading 
cycles due to the accumulated elongation and residual lateral 
deformation at the plastic hinge near mid-length. The load-
displacement relationship is a crucial aspect of structural 
analysis and design, helping engineers ensure that buildings 
can withstand anticipated loads while providing a predictable 
and controlled response to external forces. Structural engineers 
use this information to design buildings that meet safety 
standards and performance requirements. 

 

 
Fig. 5.  Load-displacement hysteresis loops of CHS brace models obtained 

in the current FE study. 

V. CONCLUSION 

This study focuses on evaluating the hysteresis response 
behavior of circular hollow steel bracing, which is commonly 
deployed in frame structures for lateral resistance and energy 
dissipation during seismic events. The research examines the 
cyclic response of three finite element modeled steel braces 
with variable steel diameter (D) and wall thickness (t). The 
objective is to understand how these parameters impact energy 
dissipation and seismic performance. The findings suggest that 
the design method, confirmed through finite element models 
experiencing hysteresis loadings, is effective in ensuring the 
overall stability of bracing and is suitable for practical 
engineering applications. The study provides valuable insights 
for practical engineering implementations, offering a 
potentially more efficient and effective approach to securing 
the overall stability of bracing in structures. Based on the 
obtained values from the analytical study, the following 
conclusions can be extracted: 

 The effective slenderness ratio of the brace is decreased 
when the CHS diameter is increased, although the fracture 
life and energy dissipation capacity are differently affected. 

 The influence of the braces was found to depend on the 
specific brace dimensions employed. 

 Sections characterized by a greater D/t ratio typically 
demonstrate decreased lateral deflection. 

 Sections with higher slenderness ratios manifest lower 
energy dissipation values across all levels of ductility. 

This analysis helps understand how different design 
parameters influence the energy dissipation and seismic 
resistance, furnishing meaningful input for optimizing brace 
design in real-world applications. By demonstrating the 
effectiveness of the design method for enhancing the overall 
stability of bracing, the study offers practical implications for 
engineering applications. Engineers and designers can utilize 
the insights gained from this research to improve the seismic 
performance of frame structures in real-world scenarios. 

Understanding the hysteresis response behavior of circular 
hollow steel bracing and its relationship with energy dissipation 
is crucial for enhancing the seismic performance of structures. 
This study adds to the body of knowledge aimed at developing 
more resilient and earthquake-resistant building systems, 
contributing to advancements in seismic engineering practices. 

REFERENCES 

[1] M. Saadi and D. Yahiaoui, "The Effectiveness of Retrofitting RC 

Frames with a Combination of Different Techniques," Engineering, 

Technology & Applied Science Research, vol. 12, no. 3, pp. 8723–8727, 

Jun. 2022, https://doi.org/10.48084/etasr.4979. 

[2] A. Shaji and N. Lokeshwaran, "Comparative Analytical Investigation of 
2d Steel Frames Subjected to Lateral Load Using Steel Cable Bracing," 

International Journal of Civil Engineering and Technology, vol. 8, no. 4, 
pp. 734–743, Apr. 2017. 

[3] J.-W. Lai and S. A. Mahin, "Steel concentrically braced frames using 

tubular structural sections as bracing members: Design, full-scale testing 
and numerical simulation," International Journal of Steel Structures, 

vol. 14, no. 1, pp. 43–58, Mar. 2014, https://doi.org/10.1007/s13296-
014-1006-4. 

[4] P. H. Sarjou and N. Shabakhty, "Effect of the Improved Pall Friction 

Damper on the Seismic Response of Steel Frames," Engineering, 

Technology & Applied Science Research, vol. 7, no. 4, pp. 1833–1837, 

Aug. 2017, https://doi.org/10.48084/etasr.1176. 

[5] H. Veladi and H. Najafi, "Effect of Standard No. 2800 Rules for 
Moment Resisting Frames on the Elastic and Inelastic Behavior of Dual 

Steel Systems," Engineering, Technology & Applied Science Research, 
vol. 7, no. 6, pp. 2139–2146, Dec. 2017, https://doi.org/ 

10.48084/etasr.1040. 

[6] P. V. R. Narendra and K. D. Singh, "Structural performance of elliptical 

hollow section (EHS) steel tubular braces under extremely low cycle 
fatigue loading - a finite element study," Thin-Walled Structures, vol. 

109, pp. 202–216, Dec. 2016, https://doi.org/10.1016/j.tws.2016.09.025. 

[7] J. A. Packer and J. E. Henderson, Design Guide for Hollow Structural 

Section Connections. Markham, Canada: Canadian Institute of Steel 

Construction, 1992. 

[8] T. Türker and A. Bayraktar, "Experimental and numerical investigation 
of brace configuration effects on steel structures," Journal of 

Constructional Steel Research, vol. 67, no. 5, pp. 854–865, May 2011, 
https://doi.org/10.1016/j.jcsr.2010.12.008. 

[9] M. R. Maheri, R. Kousari, and M. Razazan, "Pushover tests on steel X-

braced and knee-braced RC frames," Engineering Structures, vol. 25, no. 
13, pp. 1697–1705, Nov. 2003, https://doi.org/10.1016/S0141-0296 

(03)00150-0. 

[10] A. Kuşyılmaz and C. Topkaya, "A numerical study on local buckling 
and energy dissipation of CHS seismic bracing," Thin-Walled Structures, 

vol. 49, no. 8, pp. 984–996, Aug. 2011, https://doi.org/ 
10.1016/j.tws.2011.03.006. 



Engineering, Technology & Applied Science Research Vol. 14, No. 3, 2024, 14282-14286 14286  
 

www.etasr.com Ali & Mahmood: Influence of Slenderness Ratio and Sectional Geometry on the Behavior of Steel … 

 

[11] P. Patra, D. R. Sahoo, and A. K. Jain, "Experimental Evaluation of 
Ductility of Bracing Members," ce/papers, vol. 4, no. 2–4, pp. 937–944, 

2021, https://doi.org/10.1002/cepa.1381. 

[12] C. D. Annan, M. A. Youssef, and M. H. El Naggar, "Experimental 
evaluation of the seismic performance of modular steel-braced frames," 

Engineering Structures, vol. 31, no. 7, pp. 1435–1446, Jul. 2009, 
https://doi.org/10.1016/j.engstruct.2009.02.024. 

[13] A. Unal and M. Y. Kaltakci, "Seismic behavior of Concentrically steel 

braced frames and their use in strengthening of reinforced concrete 
frames by external application," Steel and Composite Structures, vol. 21, 

no. 4, pp. 687–702, Jul. 2016, https://doi.org/10.12989/scs. 
2016.21.4.687. 

[14] Z. Qu, S. Kishiki, Y. Maida, H. Sakata, and A. Wada, "Seismic 
responses of reinforced concrete frames with buckling restrained braces 

in zigzag configuration," Engineering Structures, vol. 105, pp. 12–21, 
Dec. 2015, https://doi.org/10.1016/j.engstruct.2015.09.038. 

[15] Y. H. Huang, A. Wada, H. Sugihara, M. Narikawa, T. Takeuchi, and M. 

Iwata, "Seismic performance of moment resistant steel frame with 
hysteretic damper," in Proceedings of the Third International 

Conference STESSA 2000, Montreal, Canada, Aug. 2000. 

[16] D. R. Sahoo, P. Patra, and A. K. Jain, "Advances and Challenges in 
Design of Connections in Steel-Braced Frame Systems with In-Plane 

Buckling Braces," Applied Sciences, vol. 13, no. 6, Jan. 2023, Art. no. 
3959, https://doi.org/10.3390/app13063959. 

[17] R. Tremblay, M.-H. Archambault, and A. Filiatrault, "Seismic Response 

of Concentrically Braced Steel Frames Made with Rectangular Hollow 
Bracing Members," Journal of Structural Engineering, vol. 129, no. 12, 

pp. 1626–1636, Dec. 2003, https://doi.org/10.1061/(ASCE)0733-
9445(2003)129:12(1626). 

[18] P. Uriz and S. A. Mahin, "Toward Earthquake-Resistant Design of 

Concentrically Braced Steel-Frame Structures," Pacific Earthquake 
Engineering Research Center, University of California, Berkeley, CA, 

USA, PEER Report 2008-08, 2008. [Online]. Available: 
https://peer.berkeley.edu/publications/2008-08. 

[19] W. Zhang, M. Huang, Y. Zhang, and Y. Sun, "Cyclic behavior studies 

on I-section inverted V-braces and their gusset plate connections," 
Journal of Constructional Steel Research, vol. 67, no. 3, pp. 407–420, 

Mar. 2011, https://doi.org/10.1016/j.jcsr.2010.09.012. 

[20] J.-W. Lai, "Experimental and Analytical Studies on the Seismic 

Behavior of Conventional and Hybrid Braced Frames," Ph.D. 
dissertation, UC Berkeley, Berkeley, CA, USA, 2012. 

[21] Q. Li, H. Yu, and S. Du, "Influence Parameter Research on the Low 

Cycle Fatigue Life for Welded I-Section Bracings," Procedia Earth and 

Planetary Science, vol. 5, pp. 159–163, Jan. 2012, https://doi.org/ 

10.1016/j.proeps.2012.01.028. 

[22] Y. Zhang, W. Lian, and W. Zhang, "The low-cycle fatigue tests of 
welded I-section bracing members," Jianzhu Jiegou Xuebao (Journal of 

Building Structures), vol. 26, no. 6, pp. 114–121, Dec. 2005. 

[23] L. Zeng, W. Zhang, and Y. Ding, "Representative strain-based fatigue 
and fracture evaluation of I-shaped steel bracing members using the fiber 

model," Journal of Constructional Steel Research, vol. 160, pp. 476–
489, Sep. 2019, https://doi.org/10.1016/j.jcsr.2019.05.051. 

[24] M. Haddad and N. Shrive, "Investigating the inelastic cyclic behaviour 

of large-size steel wide-flange section braces," Construction and 

Building Materials, vol. 199, pp. 92–105, Feb. 2019, https://doi.org/ 

10.1016/j.conbuildmat.2018.12.016. 

[25] K. K. Wijesundara, D. Bolognini, R. Nascimbene, and G. M. Calvi, 
"Review of Design Parameters of Concentrically Braced Frames with 

RHS Shape Braces," Journal of Earthquake Engineering, vol. 13, no. 
sup1, pp. 109–131, Apr. 2009, https://doi.org/10.1080/ 

13632460902813331. 

[26] B. Shaback and T. Brown, "Behaviour of square hollow structural steel 

braces with end connections under reversed cyclic axial loading," 
Canadian Journal of Civil Engineering, vol. 30, no. 4, pp. 745–753, 

Aug. 2003, https://doi.org/10.1139/l03-028. 

[27] M. Haddad, T. Brown, and N. Shrive, "Experimental cyclic loading of 
concentric HSS braces," Canadian Journal of Civil Engineering, vol. 38, 

no. 1, pp. 110–123, Jan. 2011, https://doi.org/10.1139/L10-113. 

[28] S. Santagati, D. Bolognini, and R. Nascimbene, "Strain Life Analysis at 
Low-Cycle Fatigue on Concentrically Braced Steel Structures with RHS 

Shape Braces," Journal of Earthquake Engineering, vol. 16, no. sup1, 
pp. 107–137, Jan. 2012, https://doi.org/10.1080/13632469.2012.675840. 

[29] D. Lignos and E. Karamanci, "Predictive Equations for Modeling Cyclic 

Buckling and Fracture of Steel Braces," in 10th International 

Conference on Urban Earthquake Engineering, Tokyo, Japan, Mar. 

2013. 

[30] A. K. Jain, R. D. Hanson, and S. C. Goel, "Hysteretic Cycles of Axially 
Loaded Steel Members," Journal of the Structural Division, vol. 106, no. 

8, pp. 1777–1795, Aug. 1980, https://doi.org/10.1061/JSDEAG. 
0005498. 

[31] A. Y. Elghazouli and J. A. Packer, "Seismic design solutions for 
connections to tubular members," Steel Construction, vol. 7, no. 2, pp. 

73–83, 2014, https://doi.org/10.1002/stco.201410020. 

[32] J. Fitzwilliam and L. Bisby, "Slenderness Effects on Circular CFRP 
Confined Reinforced Concrete Columns," Journal of Composites for 

Construction, vol. 14, no. 3, Jun. 2010, https://doi.org/10.1061/ 
(ASCE)CC.1943-5614.0000073. 

[33] E. P. Popov and R. G. Black, "Steel Struts under Severe Cyclic 

Loadings," Journal of the Structural Division, vol. 107, no. 9, pp. 1857–
1884, Sep. 1981, https://doi.org/10.1061/JSDEAG.0005786. 

 

 

 


