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Abstract

The criteria for acceptance of different section types based on their section and overall slenderness have not been clearly
defined by the standards. Hence, the current study delves into the elastoplastic behavior exhibited by bracing constructed
from steel tubular sections. The key considerations in the practical design and ductility assessment of steel brace sections
involve slenderness and the width-to-thickness ratio. Various circular and square hollow sections' braces, characterized by
different slenderness and width-to-thickness ratios, are simulated using ABAQUS finite element software. Initially, the
models' accuracy is confirmed through a comparison of analytical results with available experimental data. Subsequently,
the investigation focuses on the impact of specific structural and material properties on the residual strength ratio of brace
members. Ultimately, a set of logical relationships is proposed for predicting the residual strength ratio and target displace-
ment of these hollow sections. Observations indicate that, in the case of stocky members, the presence of local buckling exerts
a notable impact on both ductility and ultimate collapse. Conversely, in the case of slender members, the influence of local
buckling on the post-buckling strength is minimal. A decrease in the slenderness parameter results in a heightened residual
strength ratio. As the slenderness parameter increases, the residual strength ratio diminishes; subsequently, an elevation in
member slenderness leads to an augmentation in the residual strength ratio.
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Introduction

The brace members of a Concentrically Braced Frame (CBF)
system are exposed to axial compression and tension forces.
The bracing components must be developed appropriately
for the earthquake-resistant building system to perform well.
When a brace element attains its critical load in compres-
sion loads, the structural member effectively fails and cannot
withstand the load [1, 2]. Nonetheless, if there is adequate
residual strength, the member can stand the load after buck-
ling [3-5]. The stability of local or global buckling often
determines the strength of steel compressive brace members
or pipelines [6, 7]. Local buckling is one sort of failure in a
member [8]. It depends on factors like the section's width-
to-thickness ratio, Poisson's ratio (v), and Young's modulus
(E). Local buckling refers to a phenomenon of plate fail-
ure. Many characteristics determine a steel brace's buck-
ling behavior, including yield strength, slenderness ratio,
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residual stress, and initial out-of-straightness [9, 10]. It has
been demonstrated that the width-to-thickness ratio is a criti-
cal factor in fracture caused by local instability, including
low cycle fatigue and local buckling [11, 12].

Despite this development, it is still unclear whether and
how the slenderness ratio influences braces' ability to with-
stand fatigue over time, which is directly tied to local instabil-
ity [13]. Tang and Goel [11] noted that fewer multiple local
buckling occurred with a higher slenderness ratio and hypoth-
esized that overall buckling had an impact on the brace mem-
bers' capacity to withstand fracture. They also suggested that
whenever the slenderness ratio is less than 60, its impact on
the fatigue life should not be taken into account. Several brace
experiments employing relatively small-scale cold-formed sec-
tions that spanned a wide range of effective slenderness ratios
were examined by Jain and Goel [14]. A more accurate fatigue
life capacity calculation was put out by Lee and Goel [15], who
claimed that compactness is the only factor affecting ductility.
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For braces with different slenderness and compactness ratios,
Tremblay [16] investigated experimental data. The greatest
range in a cyclic deformation history is a function of the with-
thickness ratio, according to Fell's [17] assessment of a nearly
identical collection of experimental data for braces. His sta-
tistical data comparison shows that samples with less ductility
had lower slenderness ratios and higher width-thickness ratios.
When examining the distribution of these two factors, it is
challenging to tell whether the ductility comes from higher
width-thickness ratios or slenderness ratios. The dispersion
of ductility could also be ascribed to the possibility of steel
fabrication, variation of ductility measure, and variability in
deformation histories. Chen and Mahin [18] look at how fac-
tors employed in designing and analyzing CBFs affect local
and global engineering needs. Larger-sectioned brace elements
are often stockier and utilized with a lower slenderness ratio.
The ductility capacity of braces with a smaller slenderness
ratio is often lower, despite offering greater initial compres-
sion strength [19-21]. Song et al. [22] worked on the influ-
ence of crucial parameters of width-to-thickness ratio (D/f) of
steel plates in column limb and concrete's prism compressive
strength (f,) on bearing capacity, ductility, and failure mode
of the columns in another experimental and numerical study
on integrated multi-cell concrete-filled steel tubular (CFST)
stub columns under concentric compression. They confirmed
the relevance of concrete's constraint impact on CFST mem-
bers. They also claimed that the rising of the D/f of plates
can result in a drop in the ductility of CFSTs. Increasing f,,
also decreased the ductility and increased the bearing capac-
ity of CFSTs. Members' test results were also validated by FE
analysis. Susanti evaluated the ultimate stress and strain of
in-plane compression elements concerning slenderness and
width-to-thickness ratio as well as effective failure length in
relation to local buckling effect in a related study [23]. Using
ABAQUS software, initial displacement, and residual stress
as initial imperfection variables in FE models of beam and
shell were examined. The findings showed that local buckling
took place in compression members with width-to-thickness
ratios greater than 0.7 and that slenderness typically has a
greater impact on reducing ultimate stress and strain than
does the width-to-thickness ratio. A useful failure length for-
mula was presented to evaluate some of the hugely important
regions on the steel compression members. She asserted that
the study's findings could be employed to design welded steel
compression members for bridges or other structures. Sun
et al. [24] reported a numerical and experimental analysis of
the local and post-local buckling behavior of welded square
high-strength steel tubes with concrete-filled limitations. The
experiments indicated that, regardless of the type of steel, the
post-buckling reserve strength of tubes employing slender sec-
tions rises with the increase of plate slenderness. Based on
the results of the finite element (FE) analysis, the slenderness
limitations and functional width equations for normal-strength

and high-strength steel tubes with concrete-infilled limitations
were reported. The comparison found that Song et al. [25] con-
siderably underestimated the slenderness requirement, whereas
GB 50936, AS/NZS 2327, and AISC 360-16 overestimated
the limitations. The test results were more in line with the
specified slenderness limit (0.5), which was rather conserva-
tive. The performance of composite tubular steel members
has also been extensively studied. Because of the well-known
confined and constrained interaction between steel tube and
concrete, which results in excellent deformability, these mem-
bers have been used primarily as bridge piers or columns in
high-rise buildings, increasing strength and reducing column
size [26, 27].

The criteria for acceptance of different section types
based on their section and overall slenderness have not been
clearly defined by the standards. The present study involved
a sequence of nonlinear finite element analyses aimed at
assessing the performance of inelastic tubular column mem-
bers. This was achieved through the consideration of diverse
slenderness and radius-to-thickness ratios, serving as indica-
tors for section slenderness and member slenderness. Then,
an attempt to evaluate the acceptance criteria of tubular steel
brace in compression of the concentrically braced frame fol-
lowing the general standard provision ASCE41-17 [28] was
tried to develop the presented formulations in this stand-
ard. Finally, new formulae were suggested to estimate these
acceptance criteria and show their accuracy.

Compressive member actions

Buckling is the most common mode of failure when steel
members are subjected to compressive loads [29]. The typi-
cal inelastic buckling curve of a compressive brace is pre-
sented in Fig. S1 of the supplementary file, which illustrates
that the load that induces buckling in inelastic columns is
less than the elastic buckling load.

Primary component actions displaying a specific behavior
must be categorized as deformation regulated, per ASCE41-
17 standard. The generalized force versus deformation
curves utilized in this guideline to provide component mod-
eling and approval standards for deformation-controlled
actions can be found in Fig. S2 in the supplementary file. In
a relative seismic standard like ASCE41-17, the parameters
a, b, and c are referred to as variables of acceptance criteria
for nonlinear methods.

Brace parameters and review current codes

Mainly tubular sections, while applying as compressive
members, are affected by two parameters member slender-
ness ratio and section slenderness ratio. These parameters
influence the buckling and post-buckling behavior of the
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column members and, consequently, the ductility evalua-
tion of steel braces. The member's slenderness ratio (4 ) is
provided by:

O KL 1 o,
do=q|—==-1\/% (1)
Ocr, rz\V E
where o, is flexural buckling stress and can be determined
by:
o = n’E
cry (& >2 (2)

Furthermore, the normalized section slenderness ratio
(4.) could be defined for square and circular hollow sec-
tions, respectively, as follows:

‘/ % \/3(1 - 2)— 3)

A = 61:% 3(1—1/2)% %)
where
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where v is the Poisson ratio, £ is the Young modulus, o, is
the yield stress of steel, ,,; global buckling stress, o,.,, and
0.2, are the local buckling stress of circular and square sec-
tions, respectively, 7 is the thickness of cross-section, D is
the diameter of circular section, b is the width of the square
section, L is member length, and r is gyration radius of the
member cross-section.

When the component in compression becomes unsta-
ble due to its slenderness and the applied load, the column
buckles. According to ASCE41-17, performance may be
predicted by an inelastic buckling when 4, is less than 1.5,
while behavior above this can be predicted using the Euler
formula.

Following FEMA [30], the post-buckling strength and
acceptance criteria have been defined based on section
slenderness. However, it could not be an authentic expres-
sion because the post-buckling behavior is an interaction
of both section and member slenderness. Then a series of
research was carried out [6, 16], and ASCE41-17
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recommended even exact criteria to define the parameters
of modeling, brace sections' acceptance criteria, and resid-
ual strength ratio. According to ASCE41-17, when a mem-
ber is chubby and section slenderness is less than specific

values, for slender member (KL/r > 4.2 E/O'y or

A, > 4.2/ =1.33), the plastic deformation parameters a
and b (Fig. 2) are defined as 0.5A, and 94, respectively.
The residual strength ratio (C) of these members is 0.3.
(where A, is the axial deformation at the expected buckling
load).

For stocky members KL/r<2.14/E/o,

< 2.1/ 7 = 0.67 the modeling parameters are defined as
a=1A,, b=7A_ and the residual strength ratio is c=0.5.
Moreover, for intermediate slenderness values the accept-
ance criteria shall be determined by linear interpolation.
According to AISC 341-10 (2010), for members with high
ductility, the limiting diameter-to-thickness ratio of circular
sections shall not exceed 0.038E/s,. Also, the limiting
width-to-thickness ratio of rectangular sections shall not

exceed 0.554/F / o,; by substituting these values in Egs. (3)
and (4), respectively, and considering v = 0.3 for steel mate-
rials A, is limited as follows for seismically compact
sections:

Ay < w\/?)(l —12) = 0.031(Forcircular Section) (7)

Ay < @\/3(1 —12) = 0.29(For circular sections) 6]
T

Following AISC 360-10 [31], for non-compact members,
the limiting diameter-to-thickness ratio of circular sections
shall not exceed 0.11F / o, Also, the limiting width-to-thick-
ness ratio of rectangular sections shall not exceed

1.44 /E/ oy due to similar calculations, 4, for non-compact

sections is:

Ay < % 1/ 3(1 — v2) = 0.09 (For circular sections) 9)

A, < —\/3(1 — v2) = 0.74 (For rectangular sections) (10)

According to ASCE41-17, the acceptance criterion must
be multiplied by 0.5 for non-compact sections.

The acceptance criterion must be multiplied by a number
derived from linear interpolation between the seismically
compact and non-compact examples for intermediate com-
pactness levels. Consequently, two linear interpolations are
required to calculate the acceptance requirements, which is
both time-consuming and challenging. This work attempts to
suggest new empirical relations to address this flaw.
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Cyclic damage and plasticity model

In general, failure in a plastic material is typically outlined in
three distinct stages: Accumulation Damage, Damage initia-
tion and Damage Evolution. Following the onset of failure,
as evident from area c in Fig. 1, the failure initiates at this
point and progresses smoothly towards point d, signifying
rupture caused by the expansion of damaged microscopic
particles.

Abaqus employs various criteria and techniques to antici-
pate and enhance failure. These include Ductile Damage,
Jonson-cook Damage, Shear Damage, FLSD Damage,
FLD Damage, M-K Damage, and MSFLD Damage. The
choice of method depends on the specific behavior under
consideration.

To explore the behavior under cyclic loading and the
impact of fatigue resulting from accumulated strain, the
most effective approach is MSFLD, also referred to as the
Miischenborn-Sonne forming limit diagram method. This
method involves defining the ratio of minimum strain to
maximum strain, as well as the equivalent strain of a certain
path, to identify various types of failure and illustrate them
for a specific steel variant. Failure can be predicted by com-
paring the equivalent strain to the diagram: failure will not
occur if the equivalent strain is below the threshold, but if
the failure path intersects this region, rupture is anticipated
in the specimen (Fig. 2).

According to the ductile damage criterion of the
Muschenborn- Sonne Forming Limit Diagram (MSFLD),
a cyclic damage plasticity model is developed in this sec-
tion [32]. Necking, void growth, coalescence, shear frac-
ture owing to shear band localization, and void growth and
coalescence are the main processes that can produce ductile

v

Fig. 1 Soft failure process
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v
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Fig.2 MSLFD failure criteria curve

metal fracture. The most critical factor in metal forming
operations is necking. With the assumption that the forming
limit curve reflects the total of the greatest possible equiv-
alent plastic strains, Muschenborn and Sonne provided a
technique for forecasting the impact of the deformation path
on the forming limits of sheet metals. These presumptions
were the foundation for the necking instability of sheet metal
criteria utilized in the ABAQUS program [32] for every
deformation path. As a result, the Muschenborn-Sonne cri-
teria shifted the original forming limit curve from the space
of main against minor strains to the space of comparable
plastic strain versus the primary strain ratio (without pre-
deformation influences).

Numerical study

Throughout a significant seismic event, steel braces are
prone to be damaged through local and global interaction
buckling. In order to create a logical seismic design tech-
nique and evaluate the ductility of steel braced frames, it is
crucial to have a strong knowledge of the inelastic behavior
of steel braces. Reliable techniques to forecast the braces'
cyclic inelastic large-deflection response are necessary for
an accurate cyclic analysis of braced frames [33]. An in-
depth study has been done on this, and over the past several
decades, several analytical techniques have been created to
imitate the hysteretic behavior of braces. The three primary
research methods for the cyclic analysis of braces are (1)
elastoplastic FE models, (2) plastic-hinge models, and (3)
empirical models. FE models that considered geometric and
material nonlinearities were used to create more realistic
models. The member material and geometry characteristics
(constitutive law) are the sole requirements for this pro-
cedure, which typically works for many different sorts of
issues.

@ Springer
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Finite element analysis

A 3D FE model, depicted in Fig. 3, was built using the com-
mercial program ABAQUS to assess the inelastic buckling
behavior of steel column members with tubular sections. The
models have been developed with reduced integration using
four-node shell elements (S4R), with five integration points
per element thickness [27]. The S4R mesh type can dimin-
ish integration, preventing membrane locking and shearing
evenly. The value of maximum imperfection is considered
with a factor of 1/1500 of the member length [34—37]. The
nonlinear static analysis is performed in ABAQUS as the
General Static. The study considers both geometrical and
material nonlinearities. As the deformation grows, elements
change from their initial forms. The variational concept of
virtual work is used to determine the element's stiffness
matrix. The study makes use of the displacement control
approach in conjunction with the modified Newton—Raph-
son iteration methodology [38—40]. The formulation and
solution technique for large elastoplastic displacements are
described in depth in the Reference [41].

Model verification
The numerical FE approach mentioned in the preceding sec-
tion is used to conduct several numerical studies on steel

braces' behavior. The outcomes are contrasted with those
of the three standard experiments, A, B [41], and C [42].

o
~

(@)

Table 1 provides the specimens' dimensions and shapes. As
seen in the table, the characteristics of A and B specimens
are the same, but the load history of all members is differ-
ent. In order to model boundary conditions and constraints,
a reference point is defined at the middle of the end section.

Specimens A, B, and C were loaded using three differ-
ent methods. The initial loading history (tests of series A)
consisted of a significant compression-tension monocy-
cle with a maximum normalized displacement amplitude
(m=34,,,/6,), where 6,,, is the maximum displacement in
the compression-half cycle at load reversal and 6, is the
yield displacement corresponding to the squash load of cross
section (6y = e),L = PyL/EA, Py =Aay, A =cross-section area;
o,=yield stress; L=the length of the brace). Details of the
history of applied monocycle loading is presented in Fig. S3
of the supplementary file [43, 44].

The second loading history, which is applied to specimen
B, is often employed by Japanese academics [45—-47] where
there is a uniform rise of displacement amplitude (5y, 25),,

36, etc.) up to failure (5, stands for the yield displacement

Table 1 Characteristics of the studied samples

Specimen  Profile A Ag L (mm)
A CHS 139.7 x3.5(mm) 0.06 0.400 2820
B CHS 139.7 x3.5(mm) 0.06 0.400 2820
HSS 6x6x0.375(in) 0.30 0.647 2954
(b)

Fig.3 FE models in ABAQUS, a Hollow Circular Steel (HCS) section; b Hollow square steel (HSS) section

@ Springer



Innovative Infrastructure Solutions (2024) 9:355

Page70of 14 355

corresponding to the cross-sectional squash load.). Each
amplitude is only repeated once in this scenario (Fig. S4).
Elchalakani et al. have prepared the test details [48].

The second loading history was suggested by Huang and
Mahin [49]. More information on this loading history is
shown in Fig. S5 of the supplementary file. This loading
history is applied to specimen C.

Cold-formed circular hollow sections made of structural
steel with a yield stress of 6,=379 MPa and ultimate ten-
sile strength of 6, =451 MPa are AS 1163 grade C350L0
(equal to ASTM A500 tubes). Steel's material nonlinearity is
taken into account during material modeling by providing an
accurate stress—strain curve with the correct input format for
ABAQUS in terms of real stress and plastic strain. The mate-
rial's strain-hardening behavior in the plastic range is the
critical behavior of structural steel to be considered [50]. As
a result, a model that coupled kinematic and isotropic strain
hardening was adopted. The material has Young's modulus
and Poisson's ratio of 200,000 MPa and 0.3, respectively.
The investigation used a tri-linear stress—strain material

P/Py
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==
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Fig.4 Comparison between experiment and FE simulation for speci-
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(a) Normalized deformation (4/Ay)

model. The strain hardening modulus is considered 2% of
the initial Young modulus and with a maximum elongation
of 2% (more details in Fig. S6 in the supplementary file).
The typical material property ASTM A500 Grade B steel is
utilized for the specimen C. The detail of the material prop-
erty is described by Yang and Mahin [42].

In order to validate the results, specimen A is modeled
by the ABAQUS software, and the results are compared
with those in tests [41]; Fig. 4 shows a slight discrepancy
between experimental and analytical strength degradation
under tension load. The brace behaves as expected up until
a substantial decline in estimated tensile strength occurs
beyond this displacement. This sharp drop in predicted ten-
sile strength may be caused by creating a plastic hinge at
the member's mid-span under combined biaxial hoop stress
and axial stress.

Numerical analyses have been done for typical B series,
and the result is verified for the test (Fig. 3). The experi-
mental data is extracted from the test by Elchlakani [48].
Furthermore, numerical analyses have been done for the C
series test, and the result compares with the test Yang and
Mahin reported [42] (see Fig. 5).

Specimens have been analyzed, such data is obtained, and
target displacement and referred strength ratio are derived.
Then, the relationship between the buckling strength of the
brace member and the slenderness parameter. The resid-
ual strength ratio and target displacement relationship are
calculated from the load-deformation curve and slender-
ness parameters. These findings suggest that the numeri-
cal analysis's FE modeling may reasonably anticipate the
cyclic behavior of axially loaded fixed-end steel braces with
circular hollow sections that have been seen experimentally.
The stresses and deformed arrangement of the HSS and
HCS sections in ABAQUS are shown in Figs. 6 and 7. As
can be observed, under compression force, local buckling
at the center is followed by global buckling. At the brace's

15

—————— Experimental
1 Numerical

0.5

-0.5

Normalized load (p/Py)
o

-1.5

-15 -10 -5 0 5 10 15
(b) Normalized deformation (4/Ay)

Fig.5 Comparison between FE simulation and experiment for specimen (a) B and b C
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midspan, a tear-through failure mode occurs during com-
pression force.

Proposed relations for seismic behavior
of braces

As stated in previous sections, the inelastic performance of
a brace member (target displacements (a, b) and residual
strength ratio (c)) depends on two parameters: section slen-
derness and member slenderness. In order to obtain empiri-
cal relations, it is necessary to have the results of bracing
members’ behavior in a wide range of thicknesses and
dimensions. To do this, ABAQUS software has carried out
a series of numerical simulations of members with a range
of 18 < KL/r <180 (0.25 < A, < 2.5) and different section
slenderness (2013). The total number of specimens is 594,
as follows (Table 2);
For HCS:7 diameters (d) X 6 thicknesses (t)
X 9 slenderness ratios (Kl/r) = 378;

Fig.6 Deformed configuration
in ABAQUS: a HSS section,
and b HCS section

Fig.7 Experimental deformed
configuration: a HSS section,
and b HCS section

@ Springer

For HSS:4 depths (b) X 6 thicknesses (t)
X 9 slenderness ratios (Kl/r) = 216.

Figure 8 shows the normalized axial strength of circu-
lar specimens against the normalized target displacement
for various slenderness ratios with seismically compact
sections.

As seen in the figure, when the member slenderness var-
ies from 38.5 to 98.5, the post-buckling strength is lower
than in other specimens. In this range, first, the global buck-
ling accrues, and then local buckling and yielding occur
and cause a sharp reduction and sudden drop in strength.
For slenderness less than 38.5, the member does not have
a global buckling. In this case, yielding accrues first, and
then local buckling happens. When local buckling starts,
the section acts like a plate due to being short and can toler-
ate more load after buckling. The post-buckling behavior of
such members with low slenderness is outstanding so that
they buckle softly; moreover, the sharp drop in post-buckling
strength of those is lower. For slendernesses more than 98.5,
the members have little bearing capacity. Even though the
compressive stresses of those are low, they have geometric
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Table 2 Specifications and details of specimens

Specimen D or b (mm) t (mm) kl/r Total analyses
HCS dxt 18.50 Tx6%x9=378
60.30 3.50 38.50
101.60 4.00 58.50
139.70 4.50 78.50
219.10 6.04 98.50
273.10 7.52 118.50
323.90 12.00 138.50
406.40 158.50
178.50
HSS bxt 18.50 4x6Xx9=216
100.00 3.50 38.50
150.00 4.00 58.50
200.00 4.50 78.50
250.00 6.04 98.50
7.52 118.50
12.00 138.50
158.50
178.50

nonlinear behavior. The local buckling of such members
occurs late; besides, they have good post-bulking behavior.

For slendernesses, less than 38.5, which have inconsist-
ent behavior in post-buckling, as shown in Fig. 8, a sepa-
rate Figure (Fig. 9) depicts various slenderness in order to
illustrate their response meticulously. As shown in the fig-
ure, post-buckling strength increases when member slen-
derness decreases; due to reducing the buckling length, the

Fig. 8 Post-buckling response
of circular sections in different
slenderness ratios with seismi-

behavior of these members is similar to cylindrical shells.
Figure 10 shows the normalized axial strength of the box
specimen against the normalized target displacement. As
shown in the figure, with increasing slenderness from 18
to 88, the post-buckling strength is reduced, whereas the
post-buckling strength increases for slenderness more than
88.

Furthermore, in Fig. 11, the values of parameter a are
shown for circular sections in different slenderness.

In an attempt detailed herein, logical equations have been
sought through the assessment of bracing elements' post-
buckling behavior and residual strength ratio. The graphical
representation in Fig. 12 illustrates the relationship between
the residual strength ratio (c¢) and the slenderness of the ele-
ments. It is evident that, in general, lower values of 4, cor-
respond to higher values of the residual strength ratio (c). As
the parameter A, increases, the residual strength ratio dimin-
ishes until A, reaches 1.33; subsequently, the ratio begins to
rise with the escalation of member slenderness. It is impor-
tant to highlight that the AB and EF lines delineate sections
categorized as seismically compact and non-compact for
robust members, respectively, whereas the CD line pertains
to slender elements. Moreover, the FC and BC lines serve to
distinguish seismically compact and non-compact sections,
bridging the slender segment to the robust members.

However, it is not a fact that when 4, is less than 1.33,
inelastic behavior is affected by section slenderness. The
target displacement could be varied due to any changes in
A,. Therefore, residual strength ratio (c¢) shall be defined
in terms of target displacement employing 3-D coordi-
nates. In Fig. 13, the b-axis indicates normalized target
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Fig. 9 Post-buckling response
of circular sections in different
slenderness ratios with seismi-
cally compact section
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displacement (A / A.,), where A, is the axial deformation
at the expected buckling load.

The AB and EF lines refer to seismically compact and
non-compact sections, which for stocky members could be
defined by Eqgs. (11) and (12), respectively.
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Fig. 11 The values of parameter a for circular sections in different
slenderness ratios

The CD line in Fig. 13 refers to slender members. It
could be comprehensive that the section slenderness ratio
has no impact on the residual strength ratio, so the follow-
ing Equation derives it.

¢ =2.8147 = 591071, + 5.640364> — 9.0052.1

For members that are seismically compact and non-com-
pact 0.67 < 4. < 1.33, the residual strength ratio could be
estimated by 3D line equations that connect the slender part
to stocky members. Equations (14) and (15) refer to FC and
BC lines utilized for seismically compact and non-compact
sections, respectively.

¢=-0234,+0.57

b=9.14.—21 (14)

¢=-0.0154,+0.31

b=3.031,+597 (15

Between seismically compact and non-compact sections,
a surface could be estimated. For more understanding of this,
a 3D surface is plotted in Fig. 14.

Based on Figs. 12, 13 and 14 it can inferred that there
exists an intricate correlation between the cross-sectional
slenderness and the post-buckling resistance of member
slenderness, as well as the target displacement. This issue
is not explicitly addressed in standards such as ASCE and
FEMA, which only recommend the use of linear interpola-
tion for determination purposes. In cases where the member
exhibits slenderness (i.e., when kl / r is high), the compres-
sion of the cross-section does not impact the post-buckling
resistance. The applied deformation (b) in such scenarios
closely resembles that of a slender member, whether the

(13) cross-section is compacted or not, resulting in equal post-
h=8 buckling strength. Conversely, for a stocky member (where
Ac <£0.67), the influence of cross-sectional slenderness is
substantial. The alteration of a compact cross-section sig-
nificantly affects the target displacement. The impact is more
Eig. 12. Tow—dimeqsional rela- 1 AB Line: Seismically Compact Section
tionship post-buckling accept- A D ] )
ance criteria and slenderness EF Line: Non-compact Section
0.8 CD Line: Slender Member
_ E
2
2
= 06
g
2 B
<
g 04
&
F C
0.2
0
0 067 1 1.33 2 3

Member Slenderness (4,)
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Fig. 13 Three-dimensional rela-
tionship post-buckling accept-
ance criteria and slenderness -

Residual Strength Ratio (c)

Fig. 14 The 3D surface between
seismically compact and non-
compact sections

Residual Strength Ratio (c)

pronounced in comparison to a non-compacted member
when aiming to attain the target post-buckling resistance (as
shown on the axis of the three-dimensional figure). A non-
compacted section, due to local buckling, swiftly transitions
from a stable state to achieving post-buckling strength. In the
transitional region between stocky and slender members, the
effects of cross-sectional compression gradually diminish,
eventually reaching a point where cross-sectional compres-
sion is negligible. At this stage, the applied deformation has
no effect, and the post-buckling strength remains constant.
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Summary, conclusion, and limitations

In order to evaluate the inelastic behavior of hollow steel
brace sections, a sequence of FE calculations was conducted
using the member and section slenderness as factors. The
findings of the cyclic loading test were used to verify the
analysis model. According to the comparison outcome, the
load-deformation relationship and the inelastic buckling
mode were in strong agreement. Additionally, the impact
of the slenderness ratio on inelastic buckling behavior was
examined. Observations show that, for members with slen-
derness, 4. < 0.67, local buckling has a significant effect on
ductility and final collapse. For slender members 4, > 1.33,
local buckling almost does not affect post-buckling strength.
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When the value A is low, the residual strength ratio (c) is
high. With increasing 4 ., the residual strength ratio reduces
until 4. = 1.33, and then with the rise of member slender-
ness, the residual strength ratio increases.

For stocky members (4, < 0.67) with sections seismically
compact and non-compact and slender members (1, > 1.33),
some rational relations are proposed to simulate the residual
strength ratio and target displacement. For seismically com-
pact and non-compact members with 0.67 < 4, < 1.33, the
residual strength ratio could be estimated by 3D line equa-
tions connecting the slender part to the stocky part. Separate
equations, which are utilized for seismically compact and
non-compact sections, are provided.

It has been inferred that the finite element modeling and
numerical approach employed in numerical analysis are
capable of estimating with a similar level of accuracy as
experimental measurements. In subsequent investigations,
the given equations should be verified or confirmed using
experimental or numerical data. For the purpose of future
research endeavors, it is advised to utilize experimental
examinations in order to enhance and validate the numeri-
cal findings pertaining to the impact of section slenderness
and member slenderness on the inelastic response of tabular
sections in bracing elements.

It is crucial to recognize that due to its emphasis on a
simplified issue, the study is fundamentally oriented, with
its primary significance lying in illustrating the influence of
section slenderness and member slenderness on the inelas-
tic behavior of tabular sections within bracing components.
Consequently, the formulation per se is not readily exten-
sible to structural issues except for those bearing a close
resemblance to the cases analyzed here in relation to their
geometric or material characteristics.
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