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Master Thesis

SUMMARY

EFFECT OF ACCIDENTAL JOINT ECCENTRICITY ON THE BEHAVIOR OF
CONCENTRIC BRACES

Necip SANNAH

Karadeniz Technical University
The Graduate School of Natural and Applied Sciences
Civil Engineering Graduate Program
Supervisor: Assoc. Prof. Serhat DEMIR
2024, 76 Pages

Concentric braces are designed based on the assumption that they have concentrically
loaded joints. To avoid eccentricity at a joint, the line of action of the load from each member
framing into a joint should intersect at the joint centroid. However, compression members
in real structures are not perfectly straight, aligned, or concentrically loaded as is assumed
in design calculations. In AISC 360-22 and EC 1993, certain safety factors applied to
consider uncertainties related to initial imperfections of concentric braces. However, these
safety factors are the same for each slenderness ratio, and it is not known up to which
eccentricity level they provide a safe result. Based on these shortcomings, an experimental
and numerical program was carried out to examine the effect of various accidental joint
eccentricity conditions on the behavior of concentric braces. Results showed that the effect
of joint eccentricity on the buckling strength of concentric braces varies according to the
slenderness ratio. According to experimental and numerical studies, the influence of joint
eccentricity begins to be insignificant when the normalized slenderness ratio is greater than
1.5. However, when the normalized slenderness ratio is lower than 1.5, the effect of joint
eccentricity begins to be significant, and as the slenderness ratio decreases, it becomes even

more important.

Key Words: Buckling, Brace, Initial imperfection, Cyclic loading, Finite elements
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Yiksek Lisans Tezi

OZET

UYGULAMA KAYNAKLI BAGLANTI NOKTASI DISMERKEZLIGININ MERKEZI
CAPRAZLARIN DAVRANISINA ETKiSi

Necip SANNAH

Karadeniz Teknik Universitesi
Fen Bilimleri Enstitiisti
Insaat Miihendisligi Anabilim Dali
Danisman: Dog. Dr. Serhat DEMIR
2024, 76 Sayfa

Merkezi ¢aprazlar birlesim bolgelerinden merkezi yiike maruz kalacagi kabul edilerek
tasarlanir. Birlesim bolgelerindeki dismerkezligi onlemek icin, her bir yapisal elemandan
aktarillacak i¢ kuvvetin diiglim noktasindan geg¢mesi gerekmektedir. Ancak, gergek
yapilardaki basing elemanlar1 tasarim hesaplamalarinda varsayildigi gibi tam olarak diiz
veya merkezi olarak yiliklenmis degillerdir. Aksine her zaman bir ilkel kusur mevcuttur.
AISC 360-22 ve EC 1993'te, merkezi gaprazlardaki ilkel kusurlar1 dikkate almak i¢in belirli
giivenlik katsayilar1 kullanilmaktadir. Ancak, bu giivenlik katsayilar1 her narinlik orani igin
aynidir ve hangi dismerkezlik degerine kadar glivenli sonug verdigi bilinmemektedir. Bu tez
kapsaminda yukarida bahsedilen eksikliklere dayanarak, cesitli uygulama kaynakl
dismerkezlik durumlarinin merkezi c¢aprazlarin davranisi iizerindeki etkisini incelemek
amaciyla deneysel ve sayisal caligmalar yiiriitiilmiistiir. Capraz deney elemanlar1 olarak,
farkli narinlik oranlarini temsil etmek {lizere, ayn1 kalinlikta ancak farkl ¢aplara sahip dort
farkli dairesel bos kesit kullanilmistir. Sonuglar, uygulama kaynakli birlesim
digmerkezliginin merkezi c¢aprazlarin burkulma dayanimi tizerindeki etkisinin narinlik
oranina bagli olarak degistigini gostermistir. Deneysel ve sayisal caligmalara gore,
normallestirilmis narinlik orani 1.5'ten biiylik oldugunda birlesim digmerkezliginin etkisi
Oonemsiz hale gelmeye baslamaktadir. Ancak, normallestirilmis narinlik orani 1.5'ten
diisiikse, birlesim dismerkezliginin etkisi dnemli olmaya baslamakta ve narinlik orani

azaldik¢a daha da 6nemli hale gelmektedir. Ote yandan birlesim digmerkezligi, narinlik
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oranindan bagimsiz olarak, burkulma sonrasi basing dayaniminin artmasini saglamaktadir.
Bu durum, birlesim dismerkezligine sahip c¢aprazlarin ¢ekme etkisinde iken diizleserek

digmerkezlik etkisinin azalmasindan kaynaklanmaktadir.

Anahtar Kelimeler: Burkulma, Capraz, Baslangi¢ kusuru, Cevrimsel yiikleme, Sonlu
elemanlar
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1. INTRODUCTION

1.1. Introductory Remarks

Concentrically braced frames (CBFs) are the most widely used lateral load resisting
systems in steel structures and offer several advantages over other systems. One of the key
advantages of CBFs is their ease of design, detailing, and construction. These braces are
efficient in providing lateral stiffness, which helps to restrict inter-story drifts and overall
lateral deformations during seismic events. The system is relatively straightforward to
implement, allowing for efficient and cost-effective construction.

Practical seismic design requirements necessitate allowing buckling and yielding in
the diagonal members while preventing inelastic response in other components of the
structure (EN 1998-1, 2004). As a result, the cyclic axial response of the diagonal members
becomes a critical aspect of the seismic response of a braced frame system. These diagonal
members are expected to undergo tension deformations beyond yield and compression
deformations into the post-buckling range. Understanding and predicting the behavior of
these members under cyclic loading is essential for ensuring the overall performance and
safety of the braced frame system during earthquakes.

In practical seismic design, it is crucial to ensure that the diagonal members have
sufficient strength and ductility to absorb and dissipate seismic energy while maintaining the
overall stability of the structure. Various design approaches, such as capacity design and
performance-based design, are employed to achieve this balance between strength and
ductility. Overall, the cyclic axial response of diagonal members in concentric braced frames
is a critical consideration in seismic design. By understanding and properly accounting for
the behavior of these members, engineers can design braced frame structures that effectively
resist seismic forces and ensure the safety of occupants and the integrity of the building
during earthquakes.

Global slenderness, local slenderness, and initial imperfections are crucial parameters
that significantly influence the cyclic behavior of braces in steel structures (Bruneau, 1998;
Tremblay, 2002; Elghazouli, 2003; Han et al., 2007). Consequently, modern seismic design
provisions have incorporated limits for these parameters to ensure a ductile response under

severe earthquake events. While seismic design provisions, such as Eurocode 8 (2004) and



AISC 341-22 (2022), both address the key behavioral aspects of bracing members, they may
differ in the specific quantification of important design parameters and the corresponding

limiting criteria.

1.1.1. Global Stability

The global slenderness of braces is the most important parameter that significantly
influences the overall stability. Braces with lower slenderness ratios generally exhibit higher
compressive load-carrying capacities and greater potential for energy dissipation during
cyclic loading. On the other hand, as the slenderness ratio decreases, larger deformations
occur in the plastic hinge region associated with buckling, resulting in a decrease in ductility.
For these reasons, limit values are defined in design codes to ensure the appropriate behavior
of the braces.

According to AISC 341-22 (2022), the slenderness ratio A is defined as:

KL E
A—7S4\% (1)

where K is the effective length factor, L is the unbraced length of the member, E is the
modulus of elasticity (200000 MPa), and r is the radius of gyration (AISC 360-22, 2022).
The upper limit for the dimensionless slenderness ratio is stated as 200. This limit is imposed
to mitigate the dynamic effects that may occur in very slender braces, as outlined in AISC
341-22.

In European regulations, the dimensionless slenderness ratio for bracing members

having Class-1, Class-2 and Class-3 cross-sections is calculated using the formula:

1= [
NCT

where A is the cross-sectional area, fy is the characteristic yield strength of the material, and

(2)

Ncr is the critical buckling load. For bracing members with a Class-4 cross-section, the same
formula is used, but the effective cross-sectional area, Aer, is used instead of A (Eurocode 3,

2005). The upper limit for the dimensionless slenderness ratio depends on the type of bracing



system. For X-braced systems, the upper limit is defined as 1.3 < A1 < 2.0. For single braced
systems, the upper limit is specified as 2 < 2.0. The lower limit of 1.3 for X-braced systems
is intended to limit additional loads that may occur in columns before the braces buckle. It's
important to note that for structures with up to two stories, there are no slenderness ratio
limitations specified (Eurocode 8, 2004).

1.1.2. Local Stability

Global buckling considers the overall stability and strength of compression members
as a whole, while local buckling is related to the local stability of individual components that
make up the cross-section of the compression member (Aghayere & Vigil, 2020).

After global buckling, a plastic hinge typically forms in the middle region of the brace.
This region is highly susceptible to local buckling, where increased compressive forces and
longitudinal shortening result in local buckling of the cross-sectional components under
compression (Figure 1). With the occurrence of local buckling, deformations concentrate in
this region, and the brace fails to reach its full compressive capacity (Aghayere & Vigil,
2020). Additionally, local buckling can lead to premature brace instability and low-cycle
fatigue under cyclic loading beyond the elastic range (Goggins et al., 2006). Due to these
factors, design codes impose certain limitations on the width-to-thickness ratios of the cross-

sectional components that form the compression members.

Figure 1. Local buckling (Demir et al., 2024)

In AISC 360-22, compression members are classified as slender or non-slender based
on local buckling. Equation 3 gives the limits for the cross-sectional components of



compression members of round hollow structural sections. Braces that meet these limit
conditions are classified as non-slender elements.
D < 0.115 (3)
t fy
where, D represents the diameter, t represents the thickness, and E represents the modulus
of elasticity. Brace members with round hollow structural sections that do not meet these
limit conditions are classified as slender elements. Slender elements should be designed
according to the conditions specified in AISC 360-22 Section E7, which account for the
effects of strength reduction due to local buckling caused by local instability.

In Eurocode 3, compression members are classified into four different classes based
on local buckling. The cross-section classification assesses the likelihood of encountering
local instability, with a higher class indicating an increased level of risk. The classification
is determined based on the strength and ductility capacity of the cross-section. Table 1
provides the necessary conditions for the classification of the cross-sectional components of
compression members with round hollow structural sections. Braces that do not meet these

limit conditions are considered as Class-4 elements.

Table 1. Maximum width-to-thickness ratios for compression parts (Eurocode 3, 2005)

Class-1 D/t<50¢?
Round HSS Class-2 D/t<70¢?
Class-3 D/t<90¢?

e= [235/f,

1.1.3. Initial Imperfections

Initial imperfections in steel structures refer to the deviations or irregularities from the

ideal geometric and material properties that are assumed during the design process. These



imperfections can occur during the fabrication, erection, or service life of the structure.
While imperfections are considered undesirable, they are inevitable to some degree and must
be accounted for in the design and analysis of steel structures.

When comparing a buckling curve to the theoretical Euler buckling curve, as shown
in Figure 2, it becomes apparent that the load-carrying capacity varies depending on the
relative slenderness of the brace. The largest difference is observed for braces with
intermediate slenderness, where the relative slenderness is approximately 1. This behavior
can be attributed to the initial imperfections present in the brace. Members with low relative
slenderness are less affected by these imperfections since their load-carrying capacity is
primarily governed by yielding rather than buckling. On the other hand, members with very
high slenderness experience load-carrying capacity determined by elastic buckling, where
the stresses are significantly lower than the yield stress (Yoo et al., 2001; Choi & Y00, 2005).
Consequently, the effect of initial imperfections is not as influential in these cases. The initial

imperfections can be categorized as geometrical and material imperfections.

Euler Curve

Design Curve

Figure 2. Relationship between design curve and Euler buckling theory

Geometrical Imperfections: These imperfections arise from variations in the
dimensions, shape, and alignment of structural members. Examples include variations in
member lengths, out-of-plane deformations, variations in member cross-sections, and

crookedness of members. Geometric imperfections can affect the overall stability, load



distribution, and structural behavior of the steel structure. Steel members inherently possess
certain levels of initial crookedness or geometric imperfections, which can result in the
generation of second-order moments when subjected to axial compression. These second-
order moments have a significant influence on the load-carrying capacity of the member.
Furthermore, the magnitude of the second-order moment increases with the degree of initial
imperfections. The impact of geometric imperfections can be better understood by
examining a pinned-pinned, axially loaded member with an initial bow imperfection, e,
represented as a half-sine wave, as illustrated in Figure 3. This visual representation helps to
illustrate how initial imperfections induce additional moments and subsequently affect the

overall response and behavior of the member.

Figure 3. Axially loaded member with an initial bow imperfection, shaped as a half-sine
wave, and resultant second order moments

Material Imperfections: During the final stages of the manufacturing process, a
structural steel member experiences different rates of cooling, leading to the presence of
initial stresses before any loads are applied. These preexisting stresses, known as residual
stresses, are caused by the varying cooling rates of different fibers within the steel section.
The fibers that cool first are subjected to compressive stresses, while the fibers that cool last
experience tension stresses. Residual stresses can also result from processes such as cold
bending or straightening, flame cutting, and welding of structural members. Residual
stresses in a structural steel section are typically in internal equilibrium and do not affect the
plastic moment or tension capacity of the member. However, they do influence the load
deformation relationship of the structural element. The impact of residual stresses is
particularly significant for axially loaded members like columns and braces, as it causes a
reduction in the modulus of elasticity. The modulus of elasticity decreases from the initial

elasticity modulus, E, to the tangent modulus, Er, resulting in a decrease in the Euler



buckling load (Aghayere & Vigil, 2020). Parabolic shape stress pattern for an I-cross-section

IS given in Figure 4.
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Figure 4. Distribution of residual stresses in a doubly symmetrical cross-section with
outstanding flanges (Jonsson & Stan, 2017)

1.2. Buckling Resistance of Braces

Design codes and standards provide guidance on the acceptable levels of imperfections
to consider, and appropriate safety factors are applied to account for uncertainties associated
with initial imperfections.

To account for initial crookedness, residual stresses, and end restraints in the
compression member, the AISC 360-22 (LRFD) specification defines the design

compressive strength of an axially loaded member as follows:

OP, = ¢cfcrAg (4)

where ¢.=0.90 safety factor, P, is the nominal compressive strength, fer is the flexural
buckling stress and Ag is the gross cross-sectional area of the axially loaded member. The

flexural buckling stress, fer, is determined as follows:

KL E
when - < 4.71\[}; (or when f, > 0.44fy)
y



fy
for = lo.essfel £ )

KL E
when — > 4.71 7 (or when f, < 0.44f,)
%

for = 0.877f, (6)

Equation 5 accounts for the case where inelastic buckling dominates the column
behavior because of the presence of residual stresses in the member, while Equation 6
accounts for elastic buckling in long or slender columns.

In EN 1993-1-1 (2005), the determination of the buckling resistance of an axially
loaded member is facilitated through a design method that incorporates five buckling curves,
as depicted in Figure 5.
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Figure 5. Buckling curves (EN 1993-1-1, 2005)

To ensure the stability of a compressed member, it is necessary to assess the risk of
buckling failure by comparing the design compression force, Neq, with the design buckling

resistance, Nprqd as follows:



N,
Nj:d < 1.0 @)
The calculation of the buckling resistance for a cross-section with Class 1-3 is
determined according to Equation 8. The reduction factor y can be calculated either
analytically using Equation 9 or directly from the buckling curves. The appropriate buckling
curve is selected by referring to Table 3. Additionally, the non-dimensional slenderness, 4,
can be determined by employing Equation 11 for Class 1, 2 and 3 cross-sections and
Equtaion 12 for Class 4 cross-sections.

XAf,

Npra = (8)
M1
1
i~ = (9)
D+ P2 - 22
where the factor @ is determined by:
®=05[1+a(1-02)+ 2?] (10)
1= |2 (11)
NCT

7 Aefff
1= /Try (12)

The imperfection factor, «, is determined based on the following table extracted from
EN 1993-1-1 (2005).

Table 2. Imperfection factors for bucking curves

Buckling Curve ao a b c d

Imperfection factor, a 0.13 0.21 0.34 0.49 0.76
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Table 3. Selection of buckling curve for a cross-section (EN 1993-1-1, 2005)
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1.3. Research Significance and Scope

CBFs is typically formed by a system of structural members joined together at their
ends to form a stable framework. Concentric braces are designed based on the assumption
that they have concentrically loaded joints. To avoid eccentricity at a joint, the line of action
of the load from each member framing into a joint should intersect at the joint centroid
(Figure 6-a). However, compression members in real structures are not perfectly straight
(sweep, camber), perfectly aligned, or concentrically loaded as is assumed in design
calculations; there is always an initial imperfection (Yoo & Lee, 2011; Klasson et al., 2016;
Madah & Amir, 2018). One particular effect is the introduction of load eccentricity, which
can cause a fundamental change in the distribution of stresses and strains compared to a
structure subjected to uniform compression. This altered state of loading can lead to a
significant decrease in the buckling resistance and result in the structure operating in a post-
buckling regime. When a braced structure prematurely enters a buckling state, it can
experience a significant reduction in its strength properties and lead to the accelerated failure
of load-carrying members (Debski & Teter, 2019). Therefore, many design situations require
the evaluation of joint eccentricity.

Some examples of these accidental joint eccentricities are illustrated in Figure 6. The
application that the brace centerline intersect the beam-column joint just like the analysis
model is represented in Figure 6-a. Figure 6-b illustrates that the centerline of the brace do
not intersect the beam-column joint. As a result, unintentional load eccentricity is introduced
due to factors such as fabrication tolerances, member straightness, or the connection method.
On the other hand, in some practical connections, eccentricities are intentionally introduced
to reduce the amount of gusset plates and improve workability (Kim, 2001), even if the

connection is concentric in the analysis model. (Figure 6-c).
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Figure 6. Accidental joint eccentricity examples

In order to restrict geometrical imperfections, certain tolerances have been defined in
ANSI/AISC 303-22 (2022) and EN 1090-2 (2018). Structural steel frame tolerances given
in these standards refer to the acceptable deviations or variations in dimensions, alignments,
and other parameters of steel structural members within a steel frame construction. These
tolerances are specified to ensure that the overall structure meets the required design criteria
and functional requirements. ANSI/AISC 303-22 (2022) and EN 1090-2 (2018) define
specific tolerances like members’ length, verticality of columns, level of slabs, diameter of
holes etc. However, these standards do not offer any guidance to the engineer and fabricator
in the establishment of reasonable alignment tolerances for brace members.

In AISC 360-22 and EC 1993, certain safety factors applied to consider uncertainties
related to initial imperfections of concentric braces. However, these safety factors are the
same for each slenderness ratio, and it is not known up to which eccentricity level they
provide a safe result. Based on these shortcomings, an experimental program was carried out

at the Structural and Material Laboratory of Karadeniz Technical University. Four sets of
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specimens, totaling twelve steel brace specimens, were designed to examine the effect of
various accidental joint eccentricity conditions on the behavior of concentric braces. For the
brace specimens, four different circular hollow sections with the same thickness but different

diameters were used to represent a range of global slenderness.

1.4. Objectives

In summary the objectives of this study are to:

I.  Investigate the cyclic behavior of steel braces under low eccentric loading, for better
understanding and representation of their buckling strength, failure modes and post
buckling behavior, for design and evaluation purposes.

ii.  Compare the buckling strength of the tested brace specimens with existing design
codes.

iii. Determine the allowable tolerances for load eccentricities in concentric braces.

1.5. Literature Review

Debski and Teter (2019) conducted a study on short thin-walled Z-columns made of
carbon-epoxy laminate under eccentric compressive load. Both experimental tests and
numerical simulations were conducted to analyze buckling and post-buckling behavior.
Experimental results were utilized to confirm the accuracy of the numerical models in the
study. The study examined the influence of load eccentricity on buckling load and rigidity
in the post-buckling state. Results indicated strong agreement between experimental and
numerical findings, providing valuable insights into the quantitative impact of load
eccentricity on the structure. The vertical tangent and P-em intersection methods provided
similar, but significantly overestimated, bifurcation load values. Although there was no
quantitative agreement, the study demonstrated a qualitative agreement: an increase in load
eccentricity consistently led to a decrease in the buckling load determined by all methods.

A study conducted by Zhao et al. (2014) focused on investigating the mid-height
horizontal bracing forces of column-bracing systems with pin-ended and fixed-ended
column bases, by implementing random geometric imperfections combinations on a large
number of finite element models. It was found by the study that column-bracing systems
with pin-ended column bases have higher ultimate load-carrying capacity and mid-height

horizontal bracing forces compared to those with fixed-ended column bases. Random
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geometric imperfections led to the variability of bracing forces in compression or tension,
allowing for reasonable reductions in design bracing forces. The paper proposes practical
design formulas for mid-height horizontal bracing forces.

Urena et al. (2021) carried out a study on Frames with Intentionally Eccentric Braces
(FIEBS) as an alternative to conventional Concentrically Braced Frames (CBFs) in seismic
design. The objective was to assess the seismic performance and cost-effectiveness of FIEBs
using a Direct Displacement-Based Design (DDBD) method. Buildings with 4, 8, and 12
stories were designed with HSS brace members, targeting drift ratios of 1.5% and 2.5%.
Non-Linear Response-History Analysis was performed to evaluate the buildings'
performance. The results indicated that the design procedure was suitable for FIEBS,
demonstrating satisfactory seismic performance and compliance with performance
objectives. FIEBs were found to be economically advantageous compared to conventional
CBFs.

Eccentering

Tea Bracing member \ assembly

Bracing member— ————— — P B E]
axis

Working points— — e — GELLLL oo
(Bay diagonal) Axial force

Eccentering
Assembly

Knife Plate—]

|
|
|
|
|
o _\;|.__<> Section a-a
|

Figure 7. The eccentricity assembly considered in Urefa et al.’s (2021) study

Urena et al. (2022) also conducted a study with the objective of investigating the
performance of Braces with Intentional Eccentricity (BIES) as an alternative to
Concentrically Loaded Braces (CLBs). Four full-scale square ASTM A1085 HSS BIE
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specimens were tested under reversed cyclic loading. The specimens were designed to
comply with or exceed slenderness limits. Experimental and numerical results exhibit the
benefits of introducing eccentricity in BIEs. However, it was observed that the failure mode
in BIEs, which are more resistant to mid-length local buckling, can be governed by fracture
at the bracing member's ends due to rotational demand. The implications of these findings

on the design of Frames with Intentionally Eccentric Braces (FIEBs) are discussed.

A
— Plastic hinge Plastic hinge —,

Plastic hinge
/_ g

Figure 8. Deformed shape of BIE under tension and compression (Urefia et al., 2022)

Wang et al. (2019) conducted a study on the degradation of buckling stability in
circular steel tubes with bolt-ball joints under installation eccentricity. Eccentric
compression tests were performed on various joint specifications and installation
eccentricities, obtaining the degradation characteristics of buckling stability. Detailed finite
element models with bolt threads were established using Ansys (2016), and good agreement
between simulation and test results was confirmed, validating the numerical simulation
method. Subsequently, eighteen simulation schemes were carried out to analyze tube
buckling behavior under different eccentricities. The results indicated an approximately
linear decrease in stability capacity with installation eccentricity consistently with the

experimental findings and a slight drop in the decrease speed as the eccentricity increases.
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A reduction factor was proposed for considering stability capacity reduction in engineering

design when dealing with different eccentricities in circular steel tubes with bolt-ball joints.

NP
\

N\
N\

\
SNy
\\\\
RS
WO

NN
\

Figure 9. Installation eccentricity (Wang et al., 2019)

Wang et al. (2021) conducted a study on low-ductility concentrically braced frames
(CBFs) in low to moderate seismic regions that are referred to as Conventional CBFs. Their
objective was to analyze the inelastic behavior of brace connections in CCBFs. A high-
fidelity finite element simulation method was developed and validated. The study revealed
nonuniform shear distribution within the bolt group and quantified the impact of loading
eccentricity on the weld group. Recommendations were provided to prevent bolt shear
rupture and premature weld fracture.

In another study, Hernandez-Figueirido et al. (2012) investigated the behavior of
rectangular and square tubular columns filled with normal and high strength concrete. The
columns were subjected to non-constant bending moment distributions by altering the top
and bottom eccentricities. The results showed that high strength concrete was advantageous
for non-constant bending moments, while normal strength concrete provided improved
ductility. However, the comparison of the ultimate load for each test with the design loads

from Eurocode 4 (2004) unsafe results falling within a 10% safety margin.
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Figure 10. Non-constant bending moment from Eurocode 4 (Hernandez-Figueirido et al.,
2012)

Harvey Jr. and Cain (2020) investigate the imperfections in buckling analyses,
considering initial member imperfections and load eccentricity together rather than
separately. The focus was on the scenario where these two effects cancel each other out. A
linear analysis was conducted to determine the critical ratio of load eccentricity to member
imperfection amplitude, which leads to a change in the column's buckling direction.
Experimental tests were carried out to validate the findings, utilizing 3D-printing to

incorporate predefined geometric imperfections.
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Figure 11. Debski and Teter’s (2019) test specimens
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Albero et al. (2022) conducted experimental tests on circular concrete-filled steel
tubular (CFST) beam-columns loaded under unequal eccentricities at both ends. The
behavior of CFST columns under this loading scheme, which is common in multi-story
frames, was assessed. It was revealed by the test results that the ultimate resisting load is
increased when the column is loaded under unequal eccentricities compared to what is
loaded under equal eccentricities. The equivalent moment factors provided by Eurocode 4
and AISC 360-22 were evaluated in the study, and it was found that both codes offer safe
predictions for higher slenderness beam-columns but provide unsafe predictions for double
curvature members with low slenderness. It has been observed that there is a requirement

for further research in order to enhance the moment factor proposals.
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Figure 12. Load eccentricity at ends (Albero et al., 2022)

Saidani (1998) conducted a study on the impact of joint eccentricity on the local and
overall behavior of the of truss girders made from rectangular hollow section members,
which involved analyzing three truss girders with varying joint eccentricities using
numerical models The author investigates the influence of eccentricity on the elastic
distribution of axial forces and moments. To ensure an accurate representation of the tested
girder, evaluations are conducted by comparing it to a prototype lattice girder and a finite
element simulation of the joints and members. The results showed that connection
eccentricity significantly affects the axial force distribution in bracings, leading to significant

changes in bending moments, while truss deflection remains minimally affected.
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Figure 13. Type of joints with eccentricities (Saidani, 1998)

A study performed by Cayir et al. (2022) aimed to investigate the behavior of steel
elements with different geometric properties under axial compressive forces and determine
the effects of initial imperfections and residual stresses. Finite element models were used to
perform the analyses. The results showed that in some cases, the critical buckling stresses
were lower than the values recommended in the regulations. The authors indicated that the
values of initial imperfections need to be further examined and supported by experiments.
The obtained results demonstrated that both the initial imperfections and residual stresses
influenced the behavior of steel elements. Consequently, further research in this area was

recommended.



2. EXPERIMENTAL PROGRAM

This chapter presents the design and specifications of brace specimens, as well as test

setup and instrumentation used in the experimental program.

2.1. Design and Specifications of Brace Specimens

Four sets of specimens, with a total of twelve steel brace specimens were designed to
investigate the effect of different accidental eccentricity conditions on the behavior of the
concentric braces. As brace specimens, four different circular hollow sections (CHS) having
same thickness but different diameters (76.1x2, 60.3x2, 48.3x2 and 42.4x2 mm) were
employed to represent a range of global slenderness. Normalized global slenderness ratios
of the specimens varied from 0.92 to 1.68 and conform to the requirements of EC3 and
AISC 360-22. All cross sections are deemed as Class-1 or non-slender sections according to
EC3 and AISC 360-22, respectively, and comply with the requirements of Ductile Braced
Frames. Complete information on the specimen configuration and details of specimens are
given in Figure 14 and Table 4.

For all specimens the clear length of brace (between base plates), Lg, and the full length
between hinge points (pin to pin), L, are 1570 and 2260 mm, respectively. Brace specimens
were welded to base plates with E42 type electrode from both ends. Stiffeners were used to
provide an adequate length of weld for the transfer of force between the brace and the base

plates. Brace specimens produced for the cyclic loading test are given in Figure 15.

1570 mm
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Figure 14. Configuration of the test specimens
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Table 4. Details of the test specimens

Local Global

Clear | _. . Slenderness | Slenderness

Te_st Diameter | Thickness | Length il(ann';c;hPll_n ecce-lr;(tjficity ec?e?wt;[?irgty EC3 | AISC | EC3 | AISC

Specimen | d, (mm) | t, (mm) Ls, ’ _

(mm) (mm) | ew, (Mm) | evx, (MM) | 44 dit 1 1

(50.0)2 | (93.6)° | (2.0)° | (200)°
42A 0 0

42B 42.4 2 1570 2260 +9.65 +9.65 21.2 1.68 | 158.39
42C +9.65 -9.65
48A 0 0

48B 48.3 2 1570 2260 +11.1 +11.1 24.15 1.47 |138.10
48C +11.1 -11.1
60A 0 0

60B 60.3 2 1570 2260 +14.1 +14.1 30.15 1.17 | 109.95
60C +14.1 -14.1
76A 0 0

76B 76.1 2 1570 2260 +18.1 +18.1 38.05 0.92 | 86.45
76C +18.1 -18.1

a: Upper limit for Class-1, °: Upper limit in related code
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Figure 15. Produced test specimen

As it’s seen in Table 4, each set of specimens included three braces having same cross
section but different eccentricity conditions. Condition A represents centric loading (no
eccentricity), condition B represents positive eccentricity at both ends (equal eccentricity) of
the brace specimen, and condition C represents positive eccentricity on the top while
negative on the bottom ends (unequal eccentricity) of the brace specimens (Figure 16). The
specimens are identified according to section diameter (42, 48, 60, 76) and eccentricity
condition (A, B, C), e.g., 48A represents the specimen having 48.3x2 mm CHS and

eccentricity condition A.
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Figure 16. Eccentricity conditions A- no ecc. B- one-side offset C- opposite offset

2.1.1. Determination of Accidental Eccentricities

To simulate accidental joint eccentricity that could occur due to fabrication and
construction inaccuracies, specific eccentricities were applied in the laboratory tests on brace
specimens. Eccentricities which could be accidentally introduced were assumed to be very
low, thus, the whole cross section remains under compression forces. To do this, the
magnitudes of the accidental eccentricities were determined with the sectional core area
theory, also known as the cross-section kern. This theory states that there exists a limited
area within a cross section where no fiber is in tension when a compression force is applied
inside this area (Guardiola Villora, 2019). Figure 17 demonstrates the sectional core area for
CHS, and magnitude of eccentricities for different diameters to be used in the experimental
studies. Eccentric loadings are applied at the edge of sectional core area at positive or
negative sides (depending on the top or bottom of the brace) of x axis (marked as red or
green). Determined values of e did not exceed 0.25d. If e is greater than 0.25d, it is necessary
to take the effect of bending moment of the brace on the load-bearing capacities of joints
into account (EC3).
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Sectional core area Circular Hollow Section

Eccentric loading point
for negative edge

Eccentric loading point for
positive edge

>

Diameter Thickness Eccentricity

d (mm) t (mm) +/- e (mm)
76.1 2 18.1
60.3 2 14.1
48.3 2 11.1
42.1 2 9.65

Figure 17. Sectional core area of CHS and determined eccentricities

2.2. Material Properties

The CHS used in the study were manufactured by the producer through cold forming
of carbon steel sheets. The actual mechanical properties of the brace specimens were
determined via uniaxial tensile test. For ease of fabrication, short CHS specimens were used
instead of tensile coupons. Three short tensile test specimens for each CHS cut from the
same lengths of steel used to fabricate brace specimens were prepared in accordance with
TS EN ISO 377 (2017) and uniaxial tensile tests were conducted in accordance with EN ISO
6892-1 (2016). The overall length of the short tensile test specimen is 280 mm (Figure 18).
Stiffeners are placed to provide an adequate length of weld for the transfer of force between
specimen and base plates.

General view of fabricated short tensile test specimens before, during and after
uniaxial test are given in Figure 19. Figure 20 illustrates the step by step tensile test, which
involves gross section necking, followed by fracture. Mean mechanical properties of short

tensile test specimens are summarized in Table 5.
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Figure 19. Uniaxial tensile test on short specimens
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Figure 20. Gross section necking and fracture of a short tensile test specimen

Table 5. Mean mechanical properties of short tensile test specimens

. . Yield Tensile Rupture
SD?Z%EE? Th(lﬁ}l:rr:)ess L(i?r?]t)h Strength Strength | Elongation

(MPa) (MPa) (%)
76.1 291.9 386.5 18.3
60.3 340.6 406.4 18.2

2 280

48.3 274.9 363.7 21.2
42.4 380.0 440.8 14.7

2.3. Test Setup and Instrumentation

The experimental studies on the brace specimens were conducted at the Structural and
Materials Laboratory of the Department of Civil Engineering at Karadeniz Technical
University. The test setup was designed to simulate the end connections, deformations, and
loadings expected in a concentrically braced frame, as shown in Figure 21.

The HEB200 columns in the test setup have been connected at the top to a stiff beam,
while the bottoms of the columns are securely anchored to the stiff floor. This configuration
forms a closed-loop system. A 280 kN Dartec servo-hydraulic actuator, vertically fixed to a
stiff beam, was used to apply the load. The load was resisted in the test frame by the stiff
beam at the back of the actuator and the stiff floor at the opposite end of the specimen. Brace
specimens were placed in the test setup, and pinned end connections were provided, as
depicted in Figure 22. This rotation-free boundary condition corresponds to a theoretical

effective length factor of K=1.0.
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Stiff beam

Stiff frame

280 kN actuator

LPDT

Top swivel

Load cell

Specimen

Bottom swivel

Figure 21. Test setup

Throughout the experiments, measurements of axial load and axial displacements were
taken. Axial load was measured using a 500 kN capacity load cell positioned between the
brace specimen and the actuator, while axial displacement was measured with a £100 mm
capacity displacement transducer (LPDT). All measurements were recorded using a TDG
Coda Al8b data logger.
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Figure 22. Specimen 76A ready for test

2.4. Loading Protocol

All brace specimens were tested under displacement controlled quasi-static cyclic
loading. The loading history has been found to be a critical factor affecting the performance
of members under cyclic axial loading (Elchalakani et.al. 2003). The cyclic axial
displacement history was applied according to the recommendations of ECCS (1986), i.e.,
one cycle at each level of 0.25, 0.5, 0.75 and 1.0y followed by three repeated cycles at each
level 0f 2.0, 4.0, 6.0, 8.0, 10.0, 12.0 and 14.04y, where Ay is the yield displacement estimated
depending on the clear length, Lg, and the yield strain at the 0.2% proof stress. A typical
loading history is given in Figure 23. All specimens were subjected to compressive loads
first and followed by tensile loading. The displacement was applied with a strain rate of
3x10* s to exclude the dynamic effects BS 7270 (2006) and continuously increased until

the failure.
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3. NUMERICAL PROGRAM

This chapter presents the nonlinear finite element analyses performed using the Ansys
(2016) software to explain the buckling strength, post-buckling strength, and behavior of
damage accumulation in steel brace specimens under cyclic loading. The analyses utilized
three-dimensional modelling techniques that consider the interaction between components

and account for geometric and material nonlinearity criteria.

3.1. Element Type

The brace specimens were modelled using four-nodal structural shell finite elements
(Shell181) (Figure 24). These elements have six degrees of freedom per node, including
three translational and three rotational. The modelling approach includes a reduced
integration formulation, with one integration point in the planar view and three integration
points through the element thickness. The hourglass control feature is also incorporated. The
stiffness of these finite elements is composed of both membrane and bending components,
following the Mindlin-Reissner theory, which accounts for linear transverse shear
deformation effects. Shell181 is used for analyzing thin to moderately thick shell structures.
It supports linear, large rotation, and large strain nonlinear applications, accounting for

changes in shell thickness (Ansys, 2016).

Triangular Option

not recommended
KEYOPT(11) =0 ( ) KEYOPT(11} =1

Figure 24. Shell181 element (Ansys, 2016)
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3.2. Material Model

The material model used in the finite element analysis considered the strain hardening
characteristic of steel by employing the multilinear kinematic hardening plasticity model
which is recommended for steel and similar materials. The mean mechanical properties of
the steel used in the production of the brace specimens were determined through tensile tests
as explained in Chapter 2. In order to use the mean stress-strain curve obtained from short
tensile test specimens in finite element analyses, it is necessary to convert these curves into
true stress-true strain curves. The experimental (nominal) stress-strain curve is converted
into the logarithmic (true) stress-true strain curve (Figure 25) using Equations 13 and 14, as
these are required for geometrically nonlinear analysis purposes. The Poisson's ratio for the

steel material is assumed to be 0.3.
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Figure 25. True stress-strain graphs of tensile test specimens

Otrue = Onom- (1 + gnom) (13)
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gtrue = ln(l + enom) (14)

During the process of sectioning, the material strips that are released may display
curvature and axial deformation, indicating the presence of bending (through-thickness) and
membrane residual stresses, respectively. Typically, cold-formed sections are characterized
by dominant bending residual stresses (Cruise & Gardner, 2008). In this study bending
residual stresses were inherently incorporated into the material properties to a significant
extent by utilizing short tensile test specimens extracted from the CHS (Section 2.2).

3.3. Mesh Sensitivity Analysis

To ensure the accurate convergence of solutions, a study on mesh convergence was
carried out due to the sensitivity of strain outputs to the mesh size. In order to achieve this,
displacement-controlled monotonic compression analyses were performed on three different
finite element models. These models were created with mesh sizes of 5 mm, 10 mm, and 15
mm, as illustrated in Figure 26. The obtained results of reaction forces are compared in
Figure 27, while the principal strain outputs of a selected node from the buckling region of
the models are compared in Figure 28.

While the reaction forces in Figure 27 demonstrate quite similar results, Figure 28
reveals that noteworthy variations in principal strains emerge as displacements increase. It
is observed that mesh sizes 5 and 10 mm exhibit less variation compared to 15 mm, and as
the element size decreases, the significance of the variation diminishes. Based on these
findings, it has been decided that meshing all the models using quadrilateral elements with
a size of 10 mm would be sufficient. The aspect ratios of the finite elements are 1 in both the
longitudinal and transverse directions. The mesh configuration for all sections of the models
was kept identical, with special attention given to maintaining the orthogonality of the
arrangement. Additionally, 5 integration points have been used along the thickness of the
Shell181 element.
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Figure 26. Mesh sizes of the sensitivity study
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3.4. Boundary Conditions and Loading

An idealized fixed boundary condition was employed to enhance computational
efficiency and numerical convergence (Figure 29). This was achieved by incorporating
multi-point constraint elements (MPC184). The procedure involved identifying master
nodes at the center of each pinned end and connecting them to nodes at the edges of the brace
model using MPC184. The displacement of the first master node was restricted in the x and
z directions, while translation in the y direction and rotation around the z-axis were
unrestricted. Similarly, the displacement of the second master node was constrained in all
directions except for rotation around the z-axis. Eccentric loads have been applied by moving
master nodes in the x direction.

Finally, displacement controlled cyclic loading was applied, and the nonlinear analysis
utilized the full Newton-Raphson method. Each load step was divided into multiple sub-

steps to incrementally reach the desired displacement level.
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4. RESULTS AND DISCUSSION

4.1. Experimental Results

In this section, the results obtained from the experimental study carried out to
determine the behavior of the specimens under quasi-static cyclic loading are presented.
Within the scope of the experimental program, a total of 12 specimens of approximately 1/3
scale were tested. In graphs and tables, "+" indicates compression loading and "-" indicates
tensile loading.

4.1.1. 42 Series Specimens

Load-Displacement curves of 42A, 42B, and 42C specimens tested under cyclic
loading are presented in Figure 31. The global buckling load (Ps) and the first two post-
buckling loads (Ppb1 and Ppn2) are given in Table 6. Specimen 42A exhibited elastic behavior
for three cycles and then global buckling occurred at 23.674 kN load level at the 4™ cycle.
After global buckling, there was a sudden decrease in compressive load. As displacement
amplitudes increased, compressive strength gradually decreased relative to the global
buckling load. Specimen 42B behaved elastically until the 6™ cycle. Subsequently, due to
the equal eccentricity condition (Condition-B), 42B exhibited flexural-dominated behavior
and reached compressive resistance at the 17.107 kN load level. Even though global buckling
did not occur, the straightening effect in tension cycles led to post-buckling in the subsequent
cycles, as shown in Figure 33. Referring to Figure 31, the straightening effect has resulted
in a significant increase in post-buckling strength. Specimen 42C underwent global buckling
at the 4" cycle, which occurred at 23.005 kN load level. As displacement amplitudes
increased in the following cycles, post-buckling strength significantly increased compared
to the initial buckling load. This phenomenon can also be attributed to the straightening
process occurring during tension phases. On the other hand, as seen in Figure 31, while the
straightening effect increased the post-buckling load in only 2 cycles for 42B, in the case of
42C, the post-buckling load increased in each cycle.

The yield strength (Py) for this set of specimens was determined to be 96.52 kN using

the equation:
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P,=A"f,

where A is the cross-sectional area and fy is the yield strength. The yield strength values used
in this equation were sourced from the tensile test results presented in Table 5.

In the testing process, all 42 specimens reached the yield point in tension by the 8"
cycle, while no such occurrence was observed in compression. Additionally, 42 series
specimens successfully completed the applied loading protocol without any instances of

rupture or local buckling being observed. Figure 34 shows the final phase of the test of series

42 specimens.

Table 6. Experimental results

Specimen Po (KN)  Ppo (KN)  Ppnz (KN)
A 23.674 21500  19.600
42 B 17.107 23813  26.128
C 23.005  27.973  29.992
A 34.605 16572  15.353
48 B 18.747  21.636  16.537
C 24909  17.320  15.666
A 54.362  42.247  39.061
60 B 34240  33.300  32.029
C 43.809 34215  32.976
A 98.768  54.867  48.479
76 B 47695 46181  43.396
C 66.425  69.611  64.389
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Figure 31. Load-displacement responses of 42 series specimens
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42A @4 42B @6 42C @4

Figure 32. Global buckling of 42 series specimens

42B Compression phase @11 42B tension phase @11

Figure 33. Straightening process
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42A @25 42B @25 42C @25

Figure 34. Final phase of 42 series specimens’ test

4.1.2. 48 Series Specimens

Load - Displacement curves of 48A, 48B and 48C specimens tested under cyclic
loading are given in Figure 35 and the global (Py) and first two post-buckling loads (Ppb1 and
Ppo2) are given in Table 6. 48A experienced global buckling at 34.605 kN during the 3'
cycle. Following this, the buckling strength suddenly decreased to half of its initial value
and continued to gradually decrease at the following cycles. Specimen 48B reached its
compressive resistance at an applied load of 18.747 kN during the 3™ cycle, primarily due
to bending rather than buckling. Subsequent to the cycle a significant increase in load was
observed, reaching twice the initial compressive resistance. During this cycle, post-buckling
became evident, and this can be attributed to the straightening process that occurred during
the tension phase. Following this post-buckling event, the load capacity decreased in
comparison to the initial compressive load. 48C experienced global buckling at 24.909 kN
load at the 3™ cycle. As displacement amplitudes increased, buckling strength gradually
decreased relative to the initial buckling load. Surprisingly, the straightening effect during

tensile loading did not lead to an increased post-buckling load as observed in 42C.
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The yield strength (Py) for this set of specimens was determined to be 80.00 kN using
Equation 15. 48 series specimens reached the yield point in tension by the 8" cycle, whereas
this did not occur in compression. Although local buckling became evident at the 23" cycle
for specimens 48A and 48B, and at the 24™ cycle for specimen 48C (Figure 37), the testing
process completed without any instances of visible crack around the local buckling zone or

rupture. Figure 38 shows the final phase of the test of series 48 specimens.



43

60
40
20
g -40 /'///’///é i
o I
-80
-100

-60 -50 -40 -30 -20 -10 O 10 20 30 40 50 60
Displacement (mm)

Axial Load (kN)
iy

-60 -50 -40 -30 -20 -10 O 10 20 30 40 50 60
Displacement (mm)

Axial Load (kN)

-60

-80

-100
-60 -50 -40 -30 -20 -10 O 10 20 30 40 50 60
Displacement (mm)

Figure 35. Load-displacement responses of 48 series specimens
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48A @3 48B @3 48C @3

Figure 36. Global buckling of 48 series specimens

48A @23 48B @23 48C @24

Figure 37. Local buckling of 48 series specimens
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48A @25 48B @25 48C @25

Figure 38. Final phase of 48 series specimens’ test

4.1.3. 60 Series Specimens

Load - Displacement curves of 60A, 60B and 60C specimens tested under cyclic
loading are given in Figure 39. The global (Py) and first two post-buckling loads (Pp»: and
Ppo2) are given in Table 6. 60A experienced global buckling at the 5" cycle, reaching a global
buckling load of 54.362 kN. As displacement amplitudes increased, buckling strength
gradually decreased relative to the global buckling load, and local buckling was observed at
midspan at the 14" cycle. 60B reached a compressive resistance at 34.240 kN load level due
to bending rather than buckling, a consequence of employing eccentricity condition B. Post
buckling failure occurred in subsequent compression cycles, mainly due to the straightening
effect during tension phases. All recorded buckling strengths at the following cycles
remained almost the same with the global buckling load. Local buckling became apparent at
midspan during the 15" cycle, and visible cracks were observed around this region. At the
5% cycle, 60C experienced global buckling at a load level of 43.809 kN, resulting in a sudden
decrease in load. In the subsequent cycles, the post-buckling load remained relatively
constant, primarily due to the straightening effect during tension phases, as the displacement

amplitudes increased. Local buckling was recorded at midspan at the 12% cycle.
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The yield strength (Py) for this set of specimens was determined to be 124.66 kN using
Equation 15. All the 60 series specimens reached the yield load in tension by the 8" cycle,
whereas this did not occur in compression. Additionally, the tests were completed when
rupture occurred during the tension phase, specifically in the 17", 18", and 16" cycles for
specimens 60A, 60B, and 60C, respectively. Figure 42 shows the final phase of the test of

series 60 specimens.
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Figure 39. Load-displacement responses of 60 series specimens
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60A @5 60B @5 60C @5

Figure 40. Global buckling of 60 series specimens

60A @14 60B @15 60C @12

Figure 41. Local buckling of 60 series specimens
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60A @17 60B @18 60C @16

Figure 42. Final phase of 60 series specimens’ test

4.1.4. 76 Series Specimens

Load - Displacement curves of 76A, 76B and 76C specimens tested under cyclic
loading are given in Figure 43 and the global (Py) and the first two post-buckling loads are
given in Table 6. 76A exhibited elastic behavior for the first 4 cycles and global buckling
occurred at the 5" cycle at 98.768 kN load level. Following a significant decrease in buckling
strength in the subsequent cycle, post-buckling remained relatively constant as the
displacement amplitudes increased. Local buckling was observed at midspan at the 11%"
cycle. Specimen 76B remained within the elastic region until the 4™ cycle, but, unlike 76A,
it failed due to bending at 47.695 kN load level at the 5™ cycle, a consequence of employing
eccentricity condition B. Post-buckling loads remained almost the same with the initial
compressive strength as displacement amplitudes increased. Local buckling became evident
at midspan at the 11" cycle. Specimen 76C experienced global buckling at load 66.425 kN
at the 5™ cycle. Subsequent to global buckling, the post-buckling loads remained consistently
close to the initial buckling strength. This phenomenon can be attributed to the straightening
process occurring during the tension phases. Furthermore, local buckling was observed

slightly above the midspan at the 11" cycle.
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The yield strength (Py) for this set of specimens was determined to be 136.03 kN using
Equation 15. All the 76 specimens reached the yield load in tension by the 8" cycle, whereas
this did not occur in compression. Additionally, the tests concluded when rupture occurred
during the tension phase, specifically in the 14", 15" and 14™ cycles for specimens 76A,
76B, and 76C, respectively. Figure 46 shows the final phase of the test of series 76

specimens.
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Figure 43. Load-displacement responses of 76 series specimens
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76A @5 76B @4 76C @5

Figure 44. Global buckling of 76 series specimens

76A @11 76B @11 76C @11

Figure 45. Local buckling of 76 series specimens
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76A @14 76B @15 76C @14

Figure 46. Final phase of 76 series specimens’ test

4.2. Evaluation of Experimental Results

4.2.1. Buckling Load

The variation in buckling strengths due to eccentricity conditions is presented in Figure
47. It is observed that in all the tested specimens, the highest buckling strength was recorded
in condition A (concentric load), as expected. Conversely, the lowest buckling strength was
observed in eccentricity condition B, while a relatively higher buckling strength was
recorded in condition C. This matches the findings of Albero et al. (2022)’s findings
regarding unequal eccentricity. Figure 47 shows that the declining trend in buckling strength
caused by eccentricity is consistent across all specimens. Furthermore, it is evident that the

impact of eccentricity on buckling strength diminishes as the slenderness ratio increases.
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Figure 47. Buckling load (P») variation of test specimens

To facilitate comparisons of buckling loads with design codes on a single chart, the
values of buckling loads and slenderness ratios were normalized. The comparison of
buckling loads with the unfactored design loads provided by AISC 360-22 (2022) and EN
1993-1-1 (2005) is presented in Figure 48. It is important to highlight that B specimens with
a normalized slenderness ratio of up to 1.5 do not meet the requirements specified by both
codes. Meanwhile, for the specimen series with a slenderness of 1.68 (denoted as series 42),
it falls between the AISC and EC3 curves, satisfying only the EC3. Moving on to condition
C, sets 48, 60, and 76 of specimens comply with the EC3 but are deemed unsafe according
to the AISC code. Only the 42 series of specimens meet the criteria outlined by both codes
under condition C.

Notably, the influence of eccentricity undergoes a shift at normalized slenderness
levels of 1.5. Beyond this threshold, the impact on buckling strength concerning design
codes decreases.

In general, Figure 48 indicates that significant reductions in buckling strength occur
even at low eccentricity values, highlighting the need for more conservative codes in

addressing these scenarios.
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Figure 48. Normalized buckling loads vs. design codes

4.2.2. Post-buckling Strength

The investigation of the post-buckling strength of CHS members is crucial for various

reasons, including evaluating the forces developed in other frame members such as beams
and columns (Zhou et al., 2018). The inelastic stage of a structure, characterized by nonlinear
behavior, becomes especially relevant during seismic events or dynamic loads, emphasizing
the importance of understanding how these members behave. Knowledge of post-buckling
behavior is instrumental in predicting how bracing elements deform, dissipate energy and
transfer loads, ultimately influencing the overall lateral stability of the building.
The first two post-buckling strengths were extracted from the load-displacement graphs for
all specimens, normalized, and subsequently compared to AISC 360-22. In accordance with
AISC 360-22, approximately 30% of the initial buckling strength signifies the average
nominal post-buckling resistance in axially loaded members subjected to cyclic loading,
regardless of brace geometric configuration and ductility level.

Figure 49 illustrates the variation in first post-buckling resistances (Ppb1) under
different eccentricity conditions. It is evident that eccentricity predominantly influences non-
slender specimens, with the impact diminishing until 1.5 slenderness levels. Conversely,
eccentricity has a positive effect on slender members with a normalized slenderness ratio

greater than 1.5.
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Figure 49. First post-buckling (Ppb1) vs. AISC 360-22

In Figure 50, the second post-buckling strengths (Pyb2) are compared with AISC 360-
22, considering the three eccentricity conditions. Similar to the first post-buckling strengths,
the impact is negative when the normalized slenderness ratio is less than 1.5 and positive

when it exceeds 1.5.
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Figure 50. Second post-buckling (Pps2) vs. AISC 360-22
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4.2.3. Energy Dissipation Capacity

Energy dissipation, especially in dynamic situations like earthquakes, is a vital
indicator for evaluating specimen performance. The energy dissipation capacity of CHS
specimens was measured by calculating the area under the hysteresis loops for each cycle
and then summing these values to find the total energy dissipation ( £). To compare the effect
of different eccentricity conditions on the energy dissipation capacity of the braces, the total
energy was normalized by dividing it by the elastic energy (£, = 0.5P,4,), where 4,
represents the yield displacement obtained by multiplying the yield strain, &, by the clear
length of the specimen, L.

Figure 51 presents the comparison of the normalized energy for each specimen. It's
worth noting that there is no significant variation observed among specimens of the same

diameter. Therefore, it can be concluded that low eccentricity had no impact on energy

dissipation.
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Figure 51. Normalized energy dissipation capacities of test specimens

4.2.4. Initial Stiffness

The consideration of stiffness in structural members is considered important during

the design phase as it plays a critical role in ensuring the stability, durability, and safety of
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structures. In this study, the initial stiffness of test specimens was determined by calculating
the slope of their elastic cycles. A significant reduction in stiffness was observed in the
specimens when subjected to load eccentricity, as depicted in Figure 52. Across all
diameters, a consistent pattern of stiffness variation was evident, with stiffness peaking in
condition A, undergoing a considerable reduction in condition C, and reaching its minimum
in condition B. These findings offer crucial insights for design, emphasizing the importance
of considering these accidental eccentricity scenarios during the design phase to ensure
structural stability.
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Figure 52. Initial stiffness of test specimens

4.3. Validation of Numerical Results

In this section, the validation procedure for the finite element models outlined in
Chapter 3 is conducted to assess their capability in predicting the behavior of CHS
specimens. A comprehensive analysis of 12 finite element models corresponding to
experimental specimens was conducted. Load-displacement curves were obtained and
subsequently compared with the experimental results by placing both the experimental and
numerical curves on a unified graph. Comparative evaluations are presented for specimen
sets 42, 48, 60, and 76 in Figures 53 through 56. Corresponding error values of global

buckling (Pb) are provided in Table 7. The error values, calculated with respect to the
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experimental results, demonstrate that the developed FE models provide a satisfactory level
of accuracy in predicting buckling load, with an error margin consistently around 5%. An
exception to this trend is observed in specimen 76B, which exhibits a slightly larger
percentage of error. Furthermore, Figures 57 to 60 compare the buckling behaviors and
corresponding deformed configurations resulting from the experiments and analyses. These
figures also present the first principal total mechanical strain results for the buckling region
of the models.

In summary the comparison of experimental and numerical curves indicates that the
finite element simulations show adequate agreement with laboratory tests in terms of overall

cyclic behavior, buckling load and tensile strength.

Table 7. Error percentages

Numerical Experimental Error

Specimen Py (N) Py (kN) (%)
A 23.227 23.674 1.89

42 B 17.526 17.107 2.45
C 24.274 23.005 5.52

A 33.096 34.605 4.36

48 B 19.664 18.747 4.89
C 24.46 24.909 1.80

A 52.432 54.362 3.55

60 B 35.221 34.240 2.87
C 43.689 43.809 0.27

A 99.988 98.768 1.24

76 B 44.803 47.695 6.06
C 66.768 66.425 0.52
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Figure 53. Numerical vs. experimental curves: 42 series specimens
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Figure 54. Numerical vs. experimental curves: 48 series specimens
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Figure 55. Numerical vs. experimental curves: 60 series specimens
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Figure 56. Numerical vs. experimental curves: 76 series specimens
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65

.007183
.014497
.021811
.029125
.036439
48A .043753
.051067
.058381

.065695

.073009

.006514
.015147
.023779
.032412
.041044
48B .049676
.058309
.066941

.075574

.084206

.001419
.010964
.020509
.030054
i .039599
48C .049143
.058688
.068233

.077778

.087323

i principal total
mechanical strain

Figure 58. Numerical vs. experimental behavior: 48 series specimens
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T6A

76B

76C

67

.1

[S—

i principal

Figure 60. Numerical vs. experimental behavior: 76 series specimens

-598E-04
i
i
- ®

48E-04

012641

025267

037893

050519

063145

075772

088398

101024

-11365

.00991

019761

029611

039462

049312

059163

069013

078863

088714

.261E—

04
- .
i
H
H
—p
i L
H
i .056197
.067431
.078666
0898
-101134

.01126
022495
033729

044963

total

mechanical strain




68

4.4. Parametric Study

Following the validation study, a comprehensive parametric study was undertaken to
assess the influence of various eccentricity values across an expanded slenderness ratio on
the axial cyclic response of CHS models. The thickness and length of the members, along
with the modelling strategies, including considerations for boundary conditions and loading
protocol, are identical to those used in the numerical studies given in Chapter 3.

In the parameter matrix, two additional CHS diameters (88.9x2 and 33.7x2) were
introduced existing models, resulting in a global slenderness ratio ranging from 0.79 to 2.15.
For conditions B and C across all specimens, two additional eccentricities, namely 0.5e and
1.5e, were considered, as detailed in Table 8. This approach ensured a systematic exploration
of the effects of eccentricity values within the specified slenderness range on the behavior
of CHS members.

Table 8. Parameter matrix

Parameters Details

Length (mm) 1570

. 88.9x2, 76.1x2, 60.3x2, 48.3x2, 42.4x2,
Cross-section (mmxmm)

33.7x2
Eccentricity 0.5e, 1e, 1.5e
Total number of models 42

4.4.1. Results

In this section normalized buckling loads obtained from the parametric study were
assessed. The results of the 42 finite element models derived from the parametric study are

given in Table 9.
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Table 9. Results of the parametric study

Pb (KN)
Specimen
0.5e le 1.5e
A 11.997 11.997 11.997
33 B 10.515 9.463 8.321
C 13.201 12.113 10.710
A 23.227 23.227 23.227
42 B 19.562 17.526 14.997
C 24.849 24.274 23.226
A 33.096 33.096 33.096
48 B 26.206 19.664 16.131
C 32.274 24.460 23.740
A 52.432 52.432 52.432
60 B 40.645 35.221 27.633
C 49.430 43.689 38.393
A 99.988 99.988 99.988
76 B 56.358 44.803 37.416
C 75.041 66.768 61.850
A 131.518 131.518 131518
88 B 70.010 57.019 50.644
C 93.141 85.267 78.644

Firstly, an investigation was conducted to assess the variation in buckling strengths of
1le eccentricity conditions across the extended range of slenderness ratios, as illustrated in
Figure 61. The results reveal a consistent pattern in alignment with experimental findings.
Specifically, the buckling strengths of the newly introduced CHS models maintained a trend
wherein eccentricity exhibited the most notable influence on non-slender models, with this
impact diminishing as slenderness increased. According to these results, Condition B is
considered unsafe for both codes up to a slenderness ratio of 1.5, while Condition C is only
for AISC 360-22. On the other hand, when the slenderness ratio exceeds 1.5, buckling
strength positively influenced by eccentricity Condition C and, Condition C provide higher

buckling resistance than condition A for specimen sets 42 and 33, even.
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Figure 61. Comparison of normalized buckling load in FE analyses and design codes

To evaluate how different accidental eccentricity values (0.5e and 1.5e) influence each
series of models under equal (B) and unequal (C) eccentricity conditions a comparison was
carried out. Comparisons were made based on a reference of e for each eccentricity
condition. Separate comparisons were conducted for eccentricity conditions B and C in
Figures 62 and 63, respectively. The same conclusion can be drawn from both charts where
the application of a higher eccentric load leads to a reduction in the strength of the member
and lower eccentricity leads to higher resistance. Additionally, it is observed that the impact
of eccentricity value variation diminishes as the slenderness ratio increases. When evaluated
in terms of design codes, while EC3 provides safe results for three different eccentricity
ratios in Condition C, AISC does not provide such results. On the other hand, both design
codes do not provide safe results for non-slender members in Condition B, regardless of the

eccentricity ratio.
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5. CONCLUSION

In this study the effect of various accidental joint eccentricity conditions on the
behavior of concentric braces were investigated. Eccentricities which could be accidentally
introduced were assumed to be very low to keep the whole cross section remains under
compression forces. To do this, the magnitudes of the accidental eccentricities were
determined with the sectional core area theory, also known as the cross-section kern. Four
sets of brace specimens, each have different circular hollow sections with the same thickness
but different diameters, were used to represent a range of global slenderness. Each set of
specimens included three braces having the same cross section but different eccentricity
conditions. Condition A represents centric loading (no eccentricity), condition B represents
positive eccentricity at both ends (equal eccentricity) of the brace specimen, and condition
C represents positive eccentricity on the top while negative on the bottom ends (unequal
eccentricity) of the brace specimens. In the experimental studies, a total of 12 specimens
were tested under cyclic loading, while in numerical studies, a total of 42 models were
analyzed under cyclic loading. The results obtained from these studies, along with some
recommendations, are presented below.

e The global buckling strength of the concentric braces varies depending on the
eccentricity condition and the magnitude of joint eccentricity. As expected, as the
magnitude of joint eccentricity increases, the buckling resistance decreases.
However, in the case of equal joint eccentricity, the loss of global buckling strength
is greater.

¢ In the case of equal eccentricity, concentric braces lose their compressive strength
due to the bending effect, while in the case of unequal eccentricity, they lose
strength due to buckling. Therefore, regardless of the slenderness ratio, a higher
compressive strength can be achieved in the case of unequal eccentricity compared
to the case of equal eccentricity.

e The effect of joint eccentricity on the compressive strength of concentric braces
varies according to the slenderness ratio. According to experimental and numerical
studies, the influence of joint eccentricity begins to be insignificant for both
eccentricity conditions when the normalized slenderness ratio is greater than 1.5.

However, when the normalized slenderness ratio is lower than 1.5, the effect of
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joint eccentricity begins to be significant for both eccentricity conditions, and as the
slenderness ratio decreases, it becomes even more important.

Joint eccentricity, regardless of the slenderness ratio, leads to an increase in post-
buckling strength in both eccentricity conditions. This is due to the straightening
effect during tension cycles on the braces.

Both eccentricity conditions do not lead to a significant difference in the fracture
life and energy dissipation capacities of the concentric braces. However, it
significantly reduces the initial stiffness, especially in the case of equal eccentricity.
While AISC 360-22 (2022) does not yield sufficient results in either eccentricity
condition, EN 1993-1-1 (2005) provides safe results only in the case of unequal
eccentricity.

Determining construction tolerances is necessary to reduce the effects of
imperfections caused by accidental joint eccentricity. For this purpose, conducting
similar experiments on sections with different geometries and slenderness ratios is

recommended.
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