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Abstract

Conventional Concentrically Braced Frames (CBFs) exhibit asymmetric hysteretic response under seismic loading
due to brace buckling, limiting energy dissipation. Buckling-Restrained Braced Frames (BRBFs) overcome this
through buckling-restrained braces (BRBs) that yield stably in both tension and compression. This study presents
a comparative finite element investigation of six BRB cross-sectional geometries circular, rectangular, diamond,
elliptic-large (Ell-L, aspect ratio 2:1), elliptic-small (Ell-S, aspect ratio 1.5:1), and octagonal within an inverted-V
CBF configuration under ATC-24 cyclic loading. Results reveal that cross-sectional geometry significantly affects
the numerical performance indices, with the two elliptical configurations exhibiting distinct and complementary
characteristics: Ell-S achieved the highest ductility among all specimens (i = 9.02, approximately 177.5%
improvement over the bare frame), while Ell-L attained the maximum initial lateral stiffness (Ki = 6.250 kN/mm,
76.06% improvement). The rectangular BRB configuration provided the highest peak lateral load capacity (Pmax
=495.14 kN, 126.76% increase). These findings demonstrate that BRB cross-section selection can tailor frame
behavior for specific performance objectives within the adopted numerical framework: Ell-S for maximum
ductility, Ell-L for maximum initial lateral stiffness, and rectangular sections for maximum peak lateral load

capacity.
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1. Introduction

The adoption of Buckling-Restrained Braced Frames (BRBFs) in lieu
of conventional Concentrically Braced Frames (CBFs) for both new
construction and seismic rehabilitation projects has increased
substantially in recent years (Chou et al, 2016; Guerrero et al.,, 2016;
Hoveidae et al.,, 2015). This trend is driven by the inherent limitation of
conventional CBFs: the susceptibility of compression braces to buckling,
which results in asymmetric hysteretic response and diminished energy
dissipation capacity under seismic loading. Consequently, extensive
research efforts worldwide have focused on enhancing CBF performance
through innovative structural configurations and advanced response
mechanisms. These developments include the utilization of composite
action, controlled metallic yielding, and high-performance materials (Issa
etal, 2024; Li et al., 2024; Shen, 2023).

Extensive experimental investigations have been conducted on
bracing components featuring a ductile steel core encased within a
restraining mechanism that prevents local and global buckling (Dursun et
al, 2023; Ghadami et al, 2024; Kontoni et al, 2023). The Buckling-
Restrained Brace (BRB) exhibits stable and symmetric hysteretic
behavior, thereby transmitting reduced force demands to foundations and
adjacent structural elements (Bai et al., 2016). Typically, by concentrating
inelastic action within a shortened yielding core segment, BRB
configurations achieve lateral stiffness comparable to or exceeding that of
conventional tension-compression CBFs, despite higher axial stresses. The
BRB configuration originated in Japan as a supplemental energy
dissipation device and was subsequently adopted in North America as a
primary seismic force-resisting element (Black et al., 2004). Foundational
BRB testing was reported by Watanabe et al. (A. Watanabe et al., 1988; N.
Watanabe et al,, 2003), who demonstrated that the brace configuration
exhibits excellent ductility and energy dissipation capacity, while also
highlighting the critical importance of adequate stiffness in the restraining
mechanism. Subsequent advancements have led to the development of all-
steel BRBs (Judd et al, 2016; Tremblay et al, 2006; Zhao et al.,, 2012).
Numerical studies indicate that BRBFs exhibit significantly enhanced
energy absorption and ductility compared to conventional CBFs, as
reflected in more favorable seismic response modification factors (Shete
etal, 2022).

Recent advances in computational engineering have highlighted the
growing importance of mathematical modeling, numerical simulation, and
parametric analysis in solving complex engineering problems (Islam et al.,
2023). Such approaches have been applied to energy-related planning
systems (Zoryna et al., 2022), wave propagation in elastoplastic media
(Donayev and Ergashov, 2024), and heat transfer analysis under steady-

state and boundary conditions (Alimov and Qudaybergenov, 2023, 2024).
Similar computational strategies have also been used in thermal-fluid flow
problems (Bibi et al., 2026; Nazeer et al.,, 2025; Kausar et al., 2025), finite-
element treatment of boundary-value problems (Ernazarov et al., 2025),
and optimization of engineering energy systems (Moradi et al, 2025;
Pradhan et al., 2025). Moreover, generalized numerical formulations have
been extended to differential models with complex constraints
(Atamurodov et al.,, 2025; Gunasekar et al., 2025). Although these studies
are not directly focused on buckling-restrained braced frames, they reflect
the broader trend toward physics-based computational frameworks and
systematic parametric investigation, which also underpins the present
finite element study on the influence of BRB cross-sectional geometry on
the seismic performance of concentrically braced frames.

Recent studies have further demonstrated the ongoing development
of buckling-restrained braced systems toward enhanced seismic
resilience, self-centering capability, and residual deformation control.
Azizi et al. (2025) proposed synchronized double-stage yield buckling-
restrained braces to improve the seismic performance of steel frames.
Azizi (2025) numerically evaluated the cyclic and seismic behavior of
three-core buckling-resistant braces with partially re-centering
properties. In addition, Azizi et al. (2025) investigated the seismic
performance of double-stage yield buckling restrained braced frames
under mainshock-aftershock sequences, while Azizi and Ahmadi (2025)
examined the mitigation of residual deformations in steel braced frames
through an innovative Y-shaped hybrid buckling restrained brace.
Moreover, Azizi et al. (2024) numerically studied the efficiency of self-
centering two-yield buckling restrained braces in low-rise steel frames.
Collectively, these studies confirm the growing research emphasis on
advanced BRB configurations with improved energy dissipation,
recentering behavior, and post-earthquake structural performance. Guo et
al. (2025) investigated the seismic performance of a novel self-centering
BRB with shape memory alloy bars, demonstrating enhanced recentering
capacity and energy dissipation through experimental testing and
numerical analysis. Liu et al. (2025) developed an innovative all-steel BRB
with replaceable energy dissipation segments, showing that modular
construction can facilitate post-earthquake repair while maintaining
stable hysteretic behavior. Wang and Chen (2025) examined the effect of
core plate slenderness on the low-cycle fatigue life of BRBs, providing
critical insights into damage evolution and failure prediction under
repeated seismic loading. Rahnavard et al. (2024) conducted a
comprehensive numerical study on the cyclic behavior of BRBs with
different core configurations, highlighting the influence of core geometry
on stiffness degradation and energy dissipation capacity. These recent
contributions underscore the continued evolution of BRB technology
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toward enhanced reparability, fatigue resistance, and performance
optimization areas directly relevant to the present investigation of cross-
sectional shape effects.

Furthermore, the truss-confined BRB (TC-BRB) has been proposed to
provide building structures with enhanced stiffness, strength, and energy
dissipation capacity; experimental tests have confirmed that this
configuration demonstrates stable and repeatable hysteretic response
(Azevedo et al, 2023). Additionally, eccentricity in braced frames
particularly in V-type CBFs—alters stress and strain distributions; with
increasing eccentricity, the frame behavior may approach that of a
moment-resisting frame (Naghavi et al.,, 2019). These findings underscore
that careful consideration of cross-sectional design is essential for
optimizing seismic performance and deformation capacity in BRBs within
braced frame systems. Yeom and Yoo (2018) performed finite element
analyses to investigate the effect of gusset plate clearance distance on the
seismic behavior of inverted V-braced frames. The inverted-V
configuration effectively reduces lateral drift in steel structures, thereby
enhancing both stability and rigidity (Mishra et al., 2023). An innovative
development in this field is the Assembled Self-Centering Buckling-
Restrained Brace (ASC-BRB), which provides adjustable post-yield
stiffness—a practical mechanism for controlling structural response
across varying seismic intensity levels (Zhang et al,, 2023). Collectively,
these studies demonstrate that the integration of advanced materials,
innovative designs, and optimized configurations is essential for achieving
optimal performance of BRB systems in seismic applications. Recent
research has advanced finite element modeling of steel elements under
cyclic loading conditions. Ghadami and Pourmoosavi (2024) established a
validated numerical model for low-yield-point steel links with exact
predictions of cyclic behavior in terms of stiffness and damage. Ghadami
et al. (2024) investigated buckling behavior in thin-walled steel elements,
emphasizing the significance of mesh size and sensitivity to initial
imperfections for local buckling behavior. Beyond these mechanical
considerations, each cross-sectional shape presents distinct practical
advantages and limitations that make it suitable for specific engineering
applications, as summarized in Table 1.

Table 1. Summary of the key engineering characteristics and
typical application scenarios for each cross-sectional shape

Cross- .., Fabrication I .

Section Strength Ductility Cost Application Scenario
High-rise, offshore,

Circular High Moderate High variable loading

directions

Low/mid-rise, seismic

Rectangular High High Low retrofit, cost-sensitive
projects
Ver Essential facilities,
Diamond  Moderate Hi l}; Moderate  performance-based
& design
o . Very Moderate- Stru.ctures requiring
Elliptical ~ High : . maximum energy
High High s
dissipation
Octagonal Moderate High Moderate Modular construction,

standardized connections

Despite the clear practical importance of cross-sectional geometry, no
systematic study has compared these shapes under identical conditions to
provide engineers with quantitative guidance for shape selection. Prior
research has typically focused on optimizing a single geometry (e.g.,
improving rectangular BRB performance) rather than comparing multiple
shapes. Furthermore, existing design provisions (AISC 341-22, EN 1998-
1) treat BRBs generically without differentiating cross-sectional shape
effects, potentially leading to suboptimal design choices.

As a matter of fact, there is a significant variation in stiffness, loading
capacity, and ductility of a structure throughout its cross-section in
reference to BRBs, and this variation significantly influences seismic
performance. In this work, six cross-sectional shapes of BRBs are
investigated, namely circular, rectangular, diamond, elliptical with two
aspect ratios, and octagonal. We also assess their impact on the seismic
performance of CBFs. We perform detailed finite element simulations in
ABAQUS to thoroughly investigate these parameters. Our main aim is to
identify the cross-sectional shape of BRBs that produces the most
favorable seismic performance in CBFs in order to enhance safety and
reliability in seismic design.

This study addresses the identified research gap by investigating the
effect of six distinct BRB cross-sectional shapes on the seismic
performance of an inverted-V concentrically braced frame. The primary
objectives are:

1. To quantify the influence of cross-sectional shape on frame
ductility, initial stiffness, and critical load capacity through
systematic finite element analysis

2. To evaluate energy dissipation characteristics and failure
mechanisms associated with each cross-sectional geometry
3. To identify optimal cross-sectional shapes for different seismic
performance objectives (maximum strength, maximum
ductility, balanced performance)
4. To provide quantitative guidance for performance-based
design optimization of BRBF systems
The scope is limited to ST-37 steel BRBs with constant cross-sectional
area, identical frame geometry, and cyclic loading following the ATC-24
protocol. This controlled parametric approach ensures that observed
performance differences are attributable solely to cross-sectional shape.

2. Methods

2.1 Design Basics of Buckling-Restrained
Braced

For designing the BRB, low-yield-strength steel is used as the core of
concentrically braced members, with Teflon coating applied to the core
surface, along with a separator and steel pipe covering the bracing
assembly.

The BRB configuration examined in this study comprises a steel core
encased within an outer restraining sleeve. To derive the critical buckling
load, the system is idealized as two parallel structural elements subjected
to the same lateral deformation but with different load-sharing
mechanisms. The following assumptions are made:

1. Deformation compatibility: The steel core and outer sleeve
undergo identical lateral deflections at any point along their
length (no separation between components)

2. Load transfer: Axial load P is carried entirely by the steel core;
the outer sleeve provides only flexural restraint and carries no
axial load

3. Nofriction: The interface between core and sleeve is frictionless
(ensured by Teflon coating)

4.  Small deformations: Euler-Bernoulli beam theory applies

5. Linear elastic behavior: Both components remain elastic until
buckling

To assess the buckling of a Euler column, the critical buckling load is
determined for the steel core supported along the minor axis, employing
the method below (Maleki and Mohammadi, 2017):

n*n?(El
Pcr—core = # (1)

where ET is the flexural stiffness around the weak axis, n denotes the
number of buckling modes, and KL is the core brace's effective length.
Critical buckling load can be calculated by solving the buckling of one
beam-column in an elastic foundation or under uniform transverse load. If
q(x) is the uniformly distributed transverse load on the brace member, and
Elcore and Elmantie denote the flexural rigidity of the steel core and the outer
restraining tube, respectively, the governing equations are written as
follows:

d4
(El)mantel %(4){) = Q(x) (2)
d*y(x) d*y(x) _
(EDcore dx;4 +P— =0 3)
—(EDmante %(:C) =0 (4)
d*y(x) p d’y(x)

dx* (El)core + (El)mancel dx? 0 (5)
By substituting the compatibility and equilibrium relations into the
governing differential equation, Eq. (5) can be treated as a homogeneous
eigenvalue problem for the lateral displacement of the brace. Applying the
Euler-column boundary conditions at the brace ends and enforcing the
non-trivial solution condition led to the characteristic equation, from
which the critical buckling load can be derived and expressed as Eq. (6):

W [(El)cure + (El)mantel] (6)

Since the buckling capacity around the weak axis of the steel core is
significantly lower than that of the surrounding steel pipe, flexural
deformations about the weak axis are neglected. Therefore, the critical
buckling load of the brace (comprising both steel core and cover) is
governed by the critical load of the outer pipe:
n’m?

(Elztube %

(KL)

In a properly constructed ductile brace, the load required to yield the
steel core is considerably lower than the load that causes overall buckling
of the brace assembly, as determined by Eq. (7). Consequently, the brace
core is expected to yield under both compressive and tensile stresses.
Accordingly:

(Py)core = (0yA) core < Per—pp (8)

This ensures that the core yields inelastically under both tension and
compression before global buckling can occur.

PET—EOTE =

Per_pp =
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2.2 FE Simulation

The finite element method has been widely employed in various
structural engineering applications due to its capability to accurately
simulate complex geometries, material nonlinearities, boundary
conditions, and load-deformation responses of different structural
systems (Malekzadeh et al, 2025; Pashaki et al,, 2018; Adewunmi et al.
2024). This research utilized ABAQUS software to model structural
elements (beams, columns, and bracing components) composed of ST-37
steel, as depicted in Fig. 1. The boundary conditions adopted in the finite
element model are shown in Fig. 2. The column bases were assumed to be
fully fixed, with all translational and rotational degrees of freedom
restrained. The study applied cyclic loading derived from the ATC-24
protocol (Fig. 3), using displacement-controlled loading with yield
displacements at multiples of 0.333, 0.667, 1, 2, and 3, each repeated for
three cycles, followed by four loading phases until failure (two cycles per
phase). This comprehensive cyclic loading protocol enabled detailed
assessment of structural response, performance, and failure mechanisms.

To ensure numerical accuracy and computational efficiency, the finite
element models were discretized using S4R reduced-integration shell
elements. This element type is specifically suited for thin-walled steel
sections where the thickness-to-width ratio is small, as it accurately
captures membrane and bending behavior while avoiding shear locking.
For the BRB configurations examined in this study featuring hollow cross-
sections with thin walls shell elements provide an optimal balance
between accuracy and computational cost, particularly for parametric
studies involving multiple geometries. Mesh convergence studies were
conducted to determine the optimal element size, establishing that
element sizes ranging from 2 mm to 50 mm provide reliable solutions
while maintaining reasonable computational cost. This range ensures
accurate representation of stress gradients, particularly in regions of high
stress concentration such as brace connections and gusset plates.

For clear identification and systematic comparison, specimen
designations reflect the cross-sectional geometry of the BRB system: 'Cir’
denotes circular, 'Rec' rectangular, 'Dia’ diamond, 'Ell-L' elliptic-large
(higher aspect ratio), 'Ell-S" elliptic-small (lower aspect ratio), and 'Oct’
octagonal configurations. This nomenclature facilitates direct correlation
between cross-sectional shape and observed performance metrics.

The material behavior of ST-37 steel was characterized using an
elastic modulus (Es) of 203 GPa, Poisson's ratio (vs) of 0.28, yield strength
(fy) of 263 MPa, and ultimate tensile strength (f.) of 379 MPa (Naghavi et
al,, 2019). These values correspond to standard material properties for
structural steel and ensure consistency with practical applications. The
elastoplastic response was modeled using a bilinear elastic-plastic
constitutive law with kinematic hardening, which adequately captures the
cyclic behavior including Bauschinger effect a critical consideration for
accurate simulation of seismic loading response.

N em

Jem

Fig. 1 Components of the model

Applied Load

Applied Load

Fig. 2 Geometrical model and boundary condition of the models
in ABAQUS

The study applied cyclic loading following the ATC-24 (1992) protocol
for seismic testing of steel components (Fig. 3). This protocol uses
displacement-controlled loading with amplitudes expressed as multiples
of the yield displacement (8y), which is first determined from monotonic

pushover analysis. For each specimen, the yield displacement 8y was first
established through nonlinear static pushover analysis, defined as the
displacement at which significant yielding first occurs in the BRB core
(identified by the point where the force-displacement curve deviates from
linearity). For the CBF-Cir specimen, the characteristic displacement used
for protocol normalization was determined from the monotonic pushover
response through bilinear idealization of the base shear-lateral
displacement curve. The physical significance of the multipliers is as
follows:

® (0.3338y and 0.6678y: Sub-yield amplitudes used to
characterize elastic stiffness and verify that no premature
yielding occurs

® 1.08y: The amplitude at which first yielding is expected,
allowing verification of yield displacement prediction

®  2.08y and 3.08y: Ductility levels of 2 and 3, representing
moderate inelastic demands typical of design-level earthquakes

®  Subsequent amplitudes: Progressively increasing ductility
demands up to failure, capturing ultimate capacity and
degradation behavior
This protocol is widely used in seismic performance evaluation of
steel structures because it systematically explores behavior from elastic
through inelastic to failure, providing comprehensive data on stiffness
degradation, energy dissipation, and failure mechanisms.
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0.03 |-
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o
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.|
o
purg
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o

-0.02

-0.03

1 |

-0.04 | | |
0 10 20 30 40 50 60

Step
Fig. 3 ATC-24 cyclic loading protocol: Normalized displacement
history showing amplitudes as multiples of yield displacement
(8y). Cycles 1-3: 0.333dy; Cycles 4-6: 0.667d0y; Cycles 7-9: 1.08y;
Cycles 10-12: 2.08y; Cycles 13-15: 3.08y; followed by increasing
amplitudes to failure.

To accurately capture the cyclic response under seismic loading, a
combined hardening model was implemented in ABAQUS, following the
approach validated by Ghadami and Zare (2024) for steel components
subjected to cyclic loading. The model incorporates both isotropic and
kinematic hardening components to simulate the evolution of the yield
surface under repeated inelastic cycles. For damage initiation and
evolution, the ductile damage criterion available in ABAQUS was
employed, with damage initiation defined by equivalent plastic strain at
the onset of necking. Following the methodology recommended by
Ghadami and Zare (2024), damage evolution was specified based on
fracture energy to ensure mesh objectivity, using a characteristic element
length and a linear damage evolution law. This approach captures strength
degradation and eventual failure under cyclic loading, which is essential
for accurate prediction of brace fracture and frame collapse mechanisms.

3. Results and Discussion
3.1 Mesh Sensitivity Analysis

A methodical mesh convergence study was carried out to ensure the
accuracy and consistency of the numerical solution for all the geometrical
configurations (Table 2). Five different mesh densities were used,
corresponding to global mesh sizes of 2 mm, 5 mm, 10 mm, 25 mm, and 50
mm. The criteria for mesh convergence were based on three fundamental
parameters, which are crucial for the assessment of seismic performance.
These parameters are initial elastic stiffness, ultimate load capacity, and
energy dissipation per cycle (Ghadami et al, 2024). Based on this
convergence study, a global mesh size of 10 mm was selected for all
production models, as further refinement to 5 mm produced changes of
less than 2% in the monitored response quantities while increasing
computational cost by approximately 130%. This 10 mm mesh provides
an optimal balance between accuracy and computational efficiency for
parametric study involving six cross-sectional geometries.
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3.2 General Observations and Numerical

Response

In this study, six BRBF specimens with different cross-sectional
geometries are investigated. For each model, the characteristic yielding
displacement was determined from the monotonic pushover response
using a bilinear idealization of the base shear-lateral displacement curve.
For example, Fig. 4 presents the force-deformation curve of the CBF-Cir
specimen under monotonic loading. The results indicate that the CBF-Cir
specimen reaches a peak lateral load of approximately 317 kN at a lateral
displacement of about 141 mm. Subsequently, all specimens were
analyzed under cyclic loading following the ATC-24 protocol. The initial
lateral stiffness was calculated separately from the initial linear branch of
the base shear-lateral displacement curve and should not be interpreted
as the secant stiffness at the peak load.

Regarding initial geometric imperfections, a sensitivity study was
conducted following the approach of Ghadami and Broujerdian (2018),
who demonstrated that imperfection sensitivity in steel members varies
with geometric properties. The first eigenmode was scaled to magnitudes
of L/1000, L/500, and L/200 and introduced as initial imperfections.
Results showed negligible variations (<2.1%) in ultimate load and energy
dissipation compared to perfect geometry models. This imperfection
insensitivity is attributed to the BRB restraining mechanism, which
prevents buckling before core yielding (Eqgs. 1-8). Accordingly, main
parametric studies were conducted without explicit imperfection
modeling.

Fig. 5 presents the von Mises stress distribution of the CBF-Cir
specimen at a peak drift ratio of 2%. The maximum resultant stress was
256 MPa, which balanced the vertical component of the contact stress
from the steel connection. The stress near the edges connected to the beam
to the column is still high because of stress concentration. During the cyclic
tests, all six specimens displayed stable deformations. Fig. 6 shows the
force-displacement hysteresis response of the CBF-Cir specimen obtained
Table 2. The convergence study results for the CBF-Cir specimen

from the cyclic analysis. The specimen clearly shows hysteretic behavior
with a gradual transition from elastic to inelastic behavior at small

displacements. The hysteresis response indicates that the specimen
maintained its load-carrying capacity over most of the loading history,
after which a gradual strength degradation occurred during the final five
cycles preceding the last analysis step.

3.3

Figs. 7 and 8 present the cyclic load-displacement diagrams for the
numerical models, compared to the base model lacking a steel brace. These
cyclic diagrams are crucial for evaluating the seismic performance
characteristics of lateral load-bearing systems, providing insight into
parameters, namely, stiffness, energy dissipation, ductility, and resistance.
The comparison of the diagrams shows that most of the increase in
resistance can be attributed to the extreme points of the loading cycle. In
particular, the peak lateral load of the base frame is 218.35 kN, whereas
the CBF-Dia specimen reaches a peak lateral load of 296.23 kN,
representing a 35.67% increase in load-carrying capacity compared with
the base frame. The hysteresis loops exhibit noticeable pinching near the
central region, which may be associated with localized inelastic
deformation, stiffness degradation, and interaction effects in the bracing
system. Nevertheless, the enlarged loop areas of the braced specimens
compared with the bare frame indicate improved energy dissipation
capacity. The reduced width in the central portion of the hysteresis loops
may be associated with localized inelastic response and stiffness
degradation in the bracing members during cyclic loading, thereby
influencing the energy dissipation behavior of the frame. These hysteretic
characteristics qualitatively suggest an improvement in the energy
dissipation behavior of the braced configurations under cyclic loading.
However, a quantitative comparison based on cumulative dissipated
energy or hysteresis loop area is required to more rigorously substantiate
this observation.

Hysteretic Behavior and Energy Dissipation

Mesh Size Elements

Initial Stiffness (kN/mm) Difference (%) Ultimate Load (kN) Difference (%) Energy Dissipation (k])

Difference (%)

50mm 1,248 5.477 - 308.2 - 1124 -
25mm 4,562 5.815 +6.2 316.7 +2.8 1189 +5.8
10mm 18247  5.950 +2.3 317.8 +1.8 1236 +4.0
5mm 42,368  5.995 +0.8 320.1 +0.5 1248 +1.0
2mm 156,432 6018 +0.4 3218 +0.2 1253 +0.4
400
300 ;
200
g 100 +
S -100 :
-200
-300
qoob—— 1
300 <200 -100 0 100 200 300

Lateral displacement (mm)

Fig. 4 The load—deformation curve of the CBF-Cir specimen

Fig. 5 von Mises stress (Pa) distribution in the CBF-Cir specimen
at peak drift ratio of 2% (fully yielded state)

Shear Force (kN)

-300

=200 -100

0 100 300

Drift (mm)

Fig. 6 Force—displacement hysteresis for the cyclic test of the CBF-Cir specimen
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Fig. 7 Force—displacement hysteresis response of the base frame, CBF-Dia, and CBF-EIlI-L specimens under cyclic loading
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Fig. 8 Force-displacement hysteresis response of the CBF-Oct, CBF-Rec, and CBF-EII-S specimens under cyclic loading

3.4 Stiffness, Strength, and Ductility

500 1 T T T I
Characteristics Base frame
Buckling-restrained braces in steel frames significantly enlarge the 00T gg,ﬂ:gz
hysteresis-loop area, thereby enhancing the energy dissipation capacity A ——o— CBF-FIl-L
and ductility of the frame. This leads to improved seismic resistance and z 100
reduced damage. Examination of the base shear-lateral displacement -E
curves (Fig. 9) reveals that the peak lateral load capacity of the braced 5 -100
frame increased substantially compared with the bare frame. This
enhancement is primarily attributed to the BRB members, particularly 300
those arranged in the diagonal inverted-V configuration, which increases
the load-bearing capacity and restrains out-of-plane instability. The
. . e s =300
numerical results show that the BRB-equipped frames exhibit improved 300 200 -100 0 100 200 300

load-carrying capacity and more stable cyclic response than the bare
frame, indicating the beneficial effect of BRB incorporation on structural
strength and ductility.

500 T T T T

Lateral displacement (mm)
Fig. 10 Force-displacement pushover curves of base frame and
bracing samples

tr S 3.5 Quantitative Comparison of Cross-Sectional
Base frame Performance
300 1= ~- CBF-Rec

Table 3 presents the ductility factors, initial stiffness values, and
;i 100 critical load capacities obtained from pushover analyses conducted on
g various braced steel frame specimens, using a base frame as the reference
E -100 model. The equivalent ductility factor (u) for each specimen was
calculated using the following formula based on the force-displacement

300 hysteresis curves obtained from cyclic analysis:

p=Au/Ay (9)
where Au is the ultimate displacement corresponding to a 20%
-500 reduction in peak load capacity, and Ay is the yield displacement
-300 -200 -100 0 100 200 300

Lateral displacement (mm})
Fig. 9 Force—displacement pushover curves of the base frame
and the CBF-Rec specimen

Figure 10 presents the force-displacement curves of enhanced finite
element models alongside the base model for comparison. Performance
improvements resulting from the modifications were derived from
analysis of these curves. The enhanced models exhibit distinct force-
displacement characteristics that highlight the advantages of the
implemented design changes over the base model. These differences
underscore the effects of the modifications on structural performance,
including increased strength, ductility, and energy dissipation capacity.
Comparative analysis demonstrates how these improvements contribute
to a more robust and resilient structural response under loading
conditions.

determined using the equivalent elastic-plastic energy method (Park,
1989). In this method, Ay is defined as the displacement at which the area
under the actual force-displacement curve equals the area under an
idealized bilinear elastic-perfectly plastic curve with the same initial
stiffness and peak load. The initial lateral stiffness, K;, was calculated from
the slope of the initial linear branch of the base shear-lateral displacement
curve:
AV,
T8 (10)

where Vj is the base shear and § is the lateral displacement of the
frame. The stiffness values are reported in kN/mm and represent the
global lateral stiffness of the frame, not the axial stiffness of an individual
brace member. The peak lateral load, Pmax, was obtained as the maximum
lateral resistance reached in the pushover response.
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Table 3. Equivalent ductility factor, initial lateral stiffness, and peak lateral load obtained from pushover curves of braced steel frames

Specimen Aspect Ductility Initial lateral stiffness Peak lateralload Improvement of peak lateral Improverpent of initial
Ratio (kN/mm) (kN) load (%) lateral stiffness (%)

Base frame - 3.25 3.550 218.35 - -

CBF-Cir 1:1 5.71 5.950 317.87 45.58 67.61

CBF-Dia - 8.57 6.180 296.23 35.67 74.08

CBF-Ell-L 2:1 8.94 6.250 279.74 28.12 76.06

CBF-ElI-S 1.5:1 9.02 6.050 382.78 75.31 70.42

CBF-Rec - 8.94 6.100 495.14 126.76 71.83

CBF-Oct - 8.95 5.850 370.05 69.48 64.79

The base frame demonstrated a ductility factor of 3.25, an initial
stiffness of 3.550 kKN/mm, and a critical load of 218.35 kN. The enhanced
models, incorporating different bracing configurations (CBF-Cir, CBF-Dia,
CBF-Ell-L, CBF-Ell-S, CBF-Rec, and CBF-Oct), exhibited considerably higher
values for ductility. The CBF-EII-S specimen recorded the highest ductility
factor at 9.02. The initial stiffness also varied among the specimens, with
the CBF-Ell-L model achieving the maximum value of 6.250 kN/mm.
Moreover, the CBF-Rec specimen can be considered the strongest
configuration among the tested frames, as it exhibited the highest peak
lateral load of 495.14 kN, which is substantially higher than that of the
base frame. The results confirm that the tested brace configurations
effectively improve the ductility and load-carrying capacity of steel frames.
The enhanced ductility indicates that a greater portion of the input energy
can be dissipated during loading. The increased initial stiffness and critical
loads are a clear indication of the strengthened resistance to the applied
forces. The enhanced models showed significant improvements, including
ductility enhancements from 75.69% to 177.23%, initial stiffness
increases from 64.79% to 76.06%, and critical load capacity enhancement
up to 126.76% for the CBF-Rec specimen. These findings provide strong
evidence for the effectiveness of the improved brace configurations in
enhancing structural resilience and load-carrying capacity.

The major conclusion that can be drawn from this research is that
elliptical BRBs are not a uniform entity; instead, they are a class of shapes
whose properties are greatly dependent upon the aspect ratio. The two
shapes studied are found to have significantly different properties. The
Elliptic-Small (ElI-S) configuration, with an aspect ratio of 1.5:1, exhibited
the highest ductility among all examined shapes, reaching a ductility factor
of 1=9.02, corresponding to an approximately 177.54% enhancement over
the bare frame. This behavior can be attributed to the more efficient
distribution of material within the cross-section. The elliptical shape is
able to grow a plastic zone that is able to enhance ductility significantly.
However, the Elliptic-Large (Ell-L) configuration, with a 2:1 aspect ratio,
attained the highest initial lateral stiffness of 6.250 kN/mm,
corresponding to a 76.06% enhancement over the bare frame. The
elongated elliptical geometry may increase the effective flexural
contribution of the brace cross-section in the dominant deformation
direction, thereby improving the initial lateral stiffness without increasing
the cross-sectional area. The elliptical shapes are thus able to provide a lot
of design flexibility by adjusting the aspect ratio to enhance ductility or
stiffness as desired. The ElI-S is thus suitable for use in structures that are
dependent upon energy dissipation, while the Ell-L is suitable for use in
structures that are dependent upon initial stiffness.

4. Conclusion

This study investigated the effect of six BRB cross-sectional
geometries circular, rectangular, diamond, elliptic-large (Ell-L, aspect
ratio 2:1), elliptic-small (Ell-S, aspect ratio 1.5:1), and octagonal on the
seismic performance of inverted-V concentrically braced frames under
cyclic loading. The results showed that the selected cross-sectional
geometry significantly influences the strength, stiffness, and ductility of
the frame within the modeling framework adopted in this study.

Among the examined configurations, Ell-S exhibited the highest
ductility (p = 9.02, approximately 177.54% improvement), whereas Ell-L
provided the maximum initial lateral stiffness (6.250 kN/mm, 76.06%
improvement). The rectangular section achieved the highest peak lateral
load capacity (495.14 kN, 126.76% increase) while maintaining high
ductility, indicating its strong potential for strength-oriented design
objectives. Diamond and octagonal sections also exhibited relatively
balanced performance, combining substantial strength enhancement with
high ductility. Within the modeling assumptions of the present study,
these findings suggest that BRB cross-sectional shape can be used as an
effective design parameter for tuning ductility, initial lateral stiffness, and
peak lateral load capacity of BRB-equipped frames.

It should be noted, however, that the present conclusions are based on
finite element simulations of a single inverted-V braced frame
configuration subjected to a specific cyclic loading protocol. Moreover, the

numerical results have not yet been validated against experimental data.
Although S4R shell elements provide an efficient modeling strategy for
thin-walled sections, they may not fully capture localized through-
thickness stress and shear effects in critical regions. Therefore, future
work should include experimental validation, investigation of additional
frame configurations, and higher-fidelity numerical models to further
verify the generality of the reported trends.
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