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Nomenclature

e: link length

E: young’s modulus

o, yield stress

o,: ultimate stress

: plastic end-moment

: nominal end moment
V,: plastic shear force
V,: nominal shear strength
V;: shear strength of link
V: shear strength of story
d: depth of link

t;: flange thickness

». web thickness

o> o+

. flange width

Z: plastic section modulus

Z": plastic section modulus at center of
the reduced link section

p: link length factor

7: link rotation

7,: plastic rotation

~,: elastic rotation

0,: overall frame drift

7. elastic rotation

R,: the ratio of mean to normal material
yield stress

05 rotation of link in beam end

. rotation of link in column end

Mp: end-moment in column face

M: end-moment in beam face

kg spring constant in beam end
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ko: spring constant in column end

«: relative stiffness of column

3: relative stiffness of beam

R: Radius of cutoff

c: depth of cut at center of the reduced
link section

o, radial stress

o, tangential stress

0,9: shear stress

r: the distance from the hole center

7: applied shear stress

¢: counter clockwise angle relative to a
horizontal datum

7, tension filed angle

A, cross-sectional area of web

A, : cross-sectional area of reduced web

D: Link Depth

d: effective link depth

V" plastic shear for reduced web

n: number of perforation in a vertical
alignment

¢: diameter of perforation

ppe: reduced web link length factor

e,,. reduced link length

p.: reduced web and flange link length
factor

e,;: reduced web and flange link length

Vi': plastic shear strength of reduced

web and flange link
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Nomenclature (continued...)

M;’: plastic end-moment of reduced web &.: compresive strain

and flange link e : critical plastic strain
K,: elastic stiffness A: positive material parameter
G: Shear modulus If* cyclic failure index
I: moment of inertia E;: cumulative energy dissipated
Q: overstrength factors edry: link end plastic shear deformation
Vinax: maximum shear recorded &.,: equivalent viscous damping
oy true stress &40 initial damping in the elastic range
o,: engineering stress or viscous damping
o, equivalent stress &gy inelastic hysteresis damping.
0,,. mean stress t,: thickness of end plate
&": critical plastic strain 7, stress triaxiality ratio
&,: engineering strain e,: yield strain

&1 equivalent plastic strain RI: Rupture Index

C, and : parameters of the model g yield strain

o, yield stress at zero equivalent plastic €;¢ plastic strain components
strain o,: normal stresses in x

Q.. maximum change in the size of the 0y: normal stresses in y
yield surface o, normal stresses in z

v: the rate at which the size of the yield V,: plastic shear considering the effect

surface changes of flange
ol: maximum tensile stress V;: shear carried by the flanges
0f: maximum compressive stress V. ultimate shear force

Ae,: plastic strain range

K, initial stiffness of experimental result
K ,: initial stiffness of analytical result
I;: failure index for monotonic loading

g, tensile strain
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ABSTRACT

Design of replaceable reduced link sections for eccentrically
braced frames

Daniel Y. Abebe
Advisor : Prof. Jachyouk Choi, Ph.D.
Department of Architectural Engineering

Graduate School of Chosun University

Eccentrically braced frames (EBFs) are lateral force resisting system developed to
resist earthquake loads in a predictable manner. They are designed and detailed to have
ductile behavior only in the link that yields either in shear or flexural or combined shear
and flexural depending on the link length. The link should have the capacity of resisting
load under repeated load so that the seismic energy will be absorbed.

The maintenance and repairing cost of the damaged members after earthquake is an
expensive operation if the damaged member is not isolated from the main structures. The
functionality of building may also be affected in the process of repairing the damaged
members which will in turn increases the overall economic loss. However, if the dissipative
members are isolated from the other structures, they can be maintained or replaced after an
earthquake. These decreases the repairing cost and the interruption of building use won’t
affected. Thus, in existing conventional eccentrically braced frames, the active links was not
isolated from other structural components. These can be taken as a main limitation of
conventional eccentrically braced frames.

In order to address the limitation of contentional eccentrically braced frames, researchers
came up with the concept of EBFs with removable links and a number of research work have
been done on this issue. Researches shows that, in order to control the plastic deformation at
the link, the link should be designed weaker in strength or less cross-sectional area than the
collector beam. However; links with less cross-section with collector beam, results in difficulties
during slab construction and may require deck support over replaceable links.

Link-to-column connection in eccentrically braced frames (EBFs), tend to fracture in the
link flange prior to large link rotations due to column connection attracts greater moment
because the axial stiffness of the column is stiffer than the flexural stiffness of the beam. AISC

provisions also warns designers of this problem which is an indication it is an ongoing research.
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Collection @ chosun



In this research, replaceable links with reduced web section and links with reduced
web and flange sections were proposed and investigated in order to address the limitations
of EBFs listed above. The merit of the aimed links are: First, since the proposed links are
isolated from the main structural components such as collector beam and columns, they are
easily replaced or maintained in post earthquake. Second, these links have weaker in
strength than the collector beam since the section is reduced but have equal cross-section
which makes easer for the slab construction. Finally, the reduced sections of web reduces
stress and strain values in the links flange at the connection. On the other hand, the
perforations (holes) in web increases the plastic strain and stress at the edge of perforations,
thus fracture is concentrated at the web so that the fracture at the link flange-to-column
welds will be avoided.

The effectiveness of the proposed links were evaluated using non-linear finite element
method and quasi-static loading test to evaluate the cyclic inelastic performance considering
different parameters. The parameters considered includes: section compactness, percent of
reduced web area, link length and effect of stiffeners. The effects of these parameters on
the plastic rotation, overstrength factor and the deformation mode were presented. The
results obtained from FE analysis and experiment shows that the replaceable links both with
reduced web sections and reduced web and flange sections satisfies the plastic rotation level
recommended by AISC—341-10 provision. Design equations were recommended for the
proposed links considering the geometry and engineering mechanics. The equation were
verified by the analysis and experimental results. In addition, the analysis model developed
by different researchers were applied for the proposed links and it is found that the

developed model can also applied for links with reduced sections.

- XXI -

Collection @ chosun



Daniel Y. Abebe

: Prof. Jachyouk Choi, Ph.D.
Department of Architectural Engineering
Graduate School of Chosun University

Advisor

Iotss 23 &I

ABSTRACT
X

15940l A2 Y (Eccentrically braced frames (EBFs))

A
(=]

H

ol

0

JJ
K

H

tLHOICH.

00

0
1Y
0
I
0

i

)

gt Al
=2

Ol SAIOl

=l
=

(Link beam) #2t2

hA BDEOZ MEXIDF &

0

Ol CH

=
S

h= 5

g
i}

oF

= o

oll

KJ

Ex
0

0l

K

EAWAN =4
==

EINES

HE Ol A

=)

Kl

o
Jo

—

Ct

Jdeftt 380l

JHAIZICY.

0l Jtsat

By

=

L

g

Rr

0
[0

o
o

)

3+

ioll

010

=<
KIr
0l
Ot

HI

JERID UL

=2

=

HA

[y

IS)

ANABECZN =220

A
=

to O 2xH

A 200l

e}

INE=D) NS

Ct.

o3
E
o)
o

Kl

o)
ol
il

i

fY
0
oF
ol
Klo

Jo

o3
E
RK
oI

=

off 2

te 2=

¢

A A

Ol

=
=

H 29

0

S0l Bl

=

gt

=
=

(EBF)Ol JISEMS HZE & W JIS9

o
o

dlofA =g

|

<0
2N

m._
ioJ

D] &0l &3

ol
1

O

T
X0
n0
100
3]

ol
T

X0

3

- XXII -

Collection @ chosun



(0]
iy

=EE= |

2|
S

MZ2 HEiS

AN X

F

AAI21 01 ofLfet

RS

=

(o]
T

2F
(=]

=012

213y

TH

.1

=

Uk

ok

KJ

F

I
=

PN

O oz B

e}

ioll

ok

r
iy
o

oll

K0

il section compactness , HE2 E&HX 2

s

o
F

ol

(¢]
il

b

k=l
=

o
Jo

o

n0
=]

K]
ok

Kl
o}
X0

CHoH A

S A0

Kir

oJ

o
ulo

ha

o}

S
[

HAM MSote &d

|.

S
S

Est 21, AISC—341-10 =

Hl

0

0
U
()

53
3l
Il
=)
A

J

e}

o

Rl
il
2
ok

x

==
1o

YIAUCRNO HE IsHE

- XXIII -

Collection @ chosun



1. Introduction

1.1 General

In eccentrically braced frames the axial forces in the braces are transmitted to the
columns through bending and shear in the beams, and, when designed and detailed
correctly, the system possesses more ductility than concentrically braced frames (CBRs)
while retaining the advantage of reduced horizontal deflections which braced systems have
over moment resisting frames (MRFs). These combine the strength and stiffness of a
concentric braced frame with the inelastic performance of a special moment-resisting frame.
Link beams in eccentrically braced frames develop good inelastic behavior because yielding
in the link beam occurs well before brace buckling or inelastic deformation of the columns,
and this yielding permits large inelastic deformations and great energy dissipation during
severe earthquakes.

Eccentrically braced frames (EBFs) have been used in building and other civil
engineering structures since first evaluated by Roeder & Popov in 1978. Examples of
buildings constructed using eccentrically braced frames are shown in Fig. 1.1. Eccentrically
braced frames (EBFs) evaluated ed by Popov which now called traditional or conventional
EBFs was where the link beam is either welded on the collector beams or link beam and
collector beams are monolithic elements. In order to prevention or to mitigate the disaster
caused by earthquakes, engineers recommend different design techniques and philosophy.
Structural damage in buildings designed according to the dissipative design philosophy can
be significant, even under moderate to severe earthquakes.

In this section of the dissertation, the limitations of both conventional eccentrically
braced frames and EBFs with replaceable links will be discussed. In addition, the limitation
of link-to-column connections in eccentrically braced frames (D-bracing EBFs) will be
reviewed. The objectives of this dissertation and its scope will be presented including the

organization of dissertation.
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Fig. 1.1 Istanbul Bilgi University, Prep School Building
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1.2 Statement of the problem

Repair of damaged members is an expensive operation and may affect the
functionality of the building in general, which in turn increases the overall economic loss.
Therefore a number of researchers are came up with the ideas about post-earthquake event
that if the damage is controlled to certain dissipative members realized to be removable
following an earthquake, the repair costs and time of interruption of building use can be
reduced significantly.

In post-earthquake it is difficult to repair the damaged part since decapitating element
wasn’t isolated from the main structures. This phenomenon has been seen in different
countries around the world where an earthquake occurred. For instance, Fig. 1.2 shows the
failure of conventional eccentrically braced frames (EBFs) seen during Christchurch New
Zealand earthquake series of 2010/2011.

S. Gardiner et al. and G.C. Clifton et al. reported an assessment following
Christchurch earthquake series of 2010/2011 [36]. The failure of conventional eccentrically
braced frames (EBFs) were seen during Christchurch New Zealand earthquake series of
2010/2011. As reported by G.C. Clifton et. al, (2012) Christchurch, New Zealand earthquake
was the first event worldwide to push modern EBFs into the inelastic range and impacted
on recently built EBFs from 3 to 22 storeys in height. For instance Fig. 1.2 (a) shows the
photo of fractured link beam in Pacific Tower and Fig. 1.2 (b-c) failure of EBF Parking
garage on St Asaph St and Antigua St, Christchurch New Zealand. As shown in Fig 1.2,
the structures were resisted the seismic load according to the design.

From the assessments all EBFs failed during Christchurch earthquake series only the
link beam damaged through repeated inelastic deformation and local buckling prior to the
rest of structural elements. However, because of the fact that the EBFs used were
conventional where the link and the collector beams are not isolated or the link elements
were welded to the collector beam or to the columns, it is difficult to maintain or repair
with out affecting the main structural components.

The maintenance of these frames is difficult. Courtesy of Sean Gardiner, CPG NZ
Ltd, proposed a replacement of the active links of Fig. 1.2 (a) as shown in Fig. 1.3. They
achieved by cutting out the active link and adjacent braces and collector beam and
replacing these with the shop fabricated detail shown in Fig. 1.3 which is site welded to

the existing stub collector beams and braces.
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(b) Evidence of EBF link yielding (c) Fractured link at lower level EBF

Fig. 1.2 Fractured link beams of conventional EBFs
[Photos by M. Bruneau and C Clifton]
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Fig. 1.3 The Proposed Replacement Detail.
(Courtesy of Sean Gardiner, CPG NZ Ltd)
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Eccentrically braced frames with replaceable links addresses the limitations of
traditional EBFs. Since the links are isolated from the main structural elements so that in
post earthquake the damaged part (the link beam) can be replaced or maintained without
affecting the functionality of the building. EBFs with replaceable links have been
implemented in New Zealand as shown in Fig 1.4. The photo sources presented in Fig. 1.4
is (a) 335 Lincoln Rd Christchurch 3 Storey office building image courtesy of Ruamoko (b)
6 storey office/ parking building Hamilton image courtesy of Steltech Design Management
Consultants and (c) 2 storey office building Christchurch Image courtesy of Spiire).

The concept and experimental investigation on bolted extended end-plate connections
for eccentrically braced frames with link-to-column connection configuration was started in
1994 Ghobarah and Ramadan. The inelastic performance they found was similar to fully
welded connections. Since then a number of research works have been done on EBFs with
replaceable links and design recommendations have also been made like conventional EBFs.

The design procedures or the performance requirements for removable link elements are:

- They must be designed and detailed to achieve > 0.08 radian plastic rotation (shear mode) and
> 0.02 radian plastic rotation (flexural mode) under the design level or greater earthquake.

- Inelastic demand must be limited to the link element so the link should have either
weaker in strength or less in cross-sectional area than the collector beam.

- Ease of removal and replacement post earthquake

In the second requirement, in order to control the plastic deformation in EBFs with
replaceable link beam, the link should be weaker in strength or less in cross-sectional area
than the collector beam. The later, the difference in cross-section leads to some
inconvenience during slab construction as shown in Fig. 1.5. As shown in the Fig. 1.5, the
slab around the active replaceable link should be supported which can be taken as a

limitation of EBFs with replaceable links.
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Fig 1.4 New Zealand Examples of EBFs with Removable Links [1]
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Fig. 1.5 Replaceable Link Configuration
(Kevin Cowie and Alistair Fussell, Steel Construction New Zealand Inc., 2013)
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Figure 1.6 Link-to-Column Moment Distribution

Failure of MWS specimen Failure of EPM-11A specimen
(Okazaki, 2010) (Nabil, 2010)

Fig. 1.7 Failure of link-to-column connections

The up to date limitation of EBF is in link-to-column connections as they un able to
achieve the plastic rotation level. Studies show that welded link-to-column connections tend
to fracture in the link flange prior to large link rotations. This is mainly because the fact
that link-to-column connections in eccentrically braced frames (EBFs) must transmit large
moments and shear forces to facilitate link rotation and the moment at the end of the
column is bigger than the moment at the end of beam-brace. This is because the column
connection attracts greater moment because the axial stiffness of the column is stiffer than

the flexural stiffness of the beam. The moment distribution of link-to-column connection in

_7_
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EBFs sis shown in Fig. 1.6. Fig. 1.7 shows the failure mode of welded flange of
link-to-column connected links. The American Institute of Steel Construction (AISC) seismic
provisions warn designers of the problems with link-to-column connections and indicate they

are the subject of ongoing research.

The statements of problems in eccentrically braced frames discussed above will be

summarized as follows:

1. there is a limitation to repair/replace/maintain the conventional eccentrically braced
frames with out affecting the remaining structural components and the functionality of
the building after earthquake

2. the design requirements of EBFs with replaceable links are either the links have to be
weaker in strength or less in cross-section in order to control the plastic deformation
at the link. this phenomenon leads to difficulties during slab construction.

3. link-to-column connections tend to fracture in the link flange prior to large link

rotations. This is still an unsolved problem in link-to-column connections of EBFs.

In this study, this limitation will be addressed by wusing links having equal
cross-section area with collector beam. In this study a new type of link is proposed which
addresses some of the limitations of the existing EBFs with replaceable link. The proposed
replaceable shear links are called replaceable shear links with perforated web shown in Fig.
1.3. The strength of proposed links have weaker than the collector beam because of the
perforations provided. Two types of section were used i) replaceable links with perforated
web fabricated from a W-section with end-plate connections and ii) replaceable links with
perforated web fabricated from a C-section with web-bolted connections. The proposed shear

links have been evaluated both analytically and experimentally.
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1.3 Research Motivations, Objectives and Scope

1.3.1 Motivations and Objectives

Eccentrically braced frames (EBFs) were proposed as basic elements of structural
typologies able to satisfy the objectives of the modern seismic design philosophy at a
moderate expense. In EBFs, link beams have a fundamental role as the seismic dissipation
depends on the link and the bracing guarantee high lateral stiffness and prevent severe
damage during low intensity earthquakes. Attention needs to be paid to detail the link
beams to ensure that there is a significant energy dissipation and a stable hysteretic
behavior on the occurrence of strong ground motions. Numerous researches have been done
to advance the performance as well as to make it ease during construction. As stated in
sub-chapter 1.1, in order to control the plastic rotation at the link beam of EBFs, the
replaceable link beam should have less cross-sectional area than collector beam which leads
to difficulties during slab construction. The active link developed in this research addresses
this limitations in a comprehensive manner.

Link-to-column connection in eccentrically braced frames (EBFs) transmit moment and
shear force so that the link will have sufficient rotation to dissipate seismic energy. In
conventional eccentrically braced frames, the welded link-to-column connections fractures at
the link flange prior to large link rotations. In EBFs with replaceable link also this
problem exists. As shown in Fig. 1.3, the link flange wended to the end plate connector
failed. The reduction in web section enables to reduce the forces that could transfer to the
flanges so that the connection will have enough strength to resist the rotation. Perforations
in the web increases the plastic strain at the perforation edge but the stress and strain in
the flange decreases. In this research these limitations are also tried to be addressed.

The main objective of this research formulates a general framework for the
replaceable reduced link section used in eccentrically braced frames. The research started
from the development of reduced link section followed by evaluation using analytical,
theoretical and experimental approaches finally from the evaluation results design methods

will be developed considering different parameters.
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1.3.2 Research Scope
In order to achieve the above objective the following steps are involved:

1) Develop a replaceable reduced link section to be used in eccentrically braced frames.

2) Perform a preliminary non-linear finite element analysis in order to identify the
general behavior of developed links and to identify the sensitive parameters. Validate
that the replaceable links can achieve the required rotation demands as specified in
the code and assess the overstrength factor. Some design equations are derived from
the preliminary finite element analysis.

3) Conduct quasi-static loading test to verify the non-linear finite element analysis
results.

4) Develop design methods and procedures for the replaceable reduced link section

developed.

_10_
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1.4 Organization of Dissertation

This dissertation includes eight different chapters.

Chapter 1 describes the limitations of the existing EBFs both traditional and EBFs
with replaceable links. The motivation, objectives and scope of the research work also
presented in this chapter.

Chapter 2 research background and literatures review on both conventional
eccentrically braced frame and EBFs with replaceable links are reviewed in this section and
other related literatures

Chapter 3 deals with the development and detail of proposed links. The design procedures
of proposed links both reduced web section and reduced web and flange sections are presented
in this section. The sensitive parameters have also been discussed in this chapter.

Chapter 4 presents the experimental investigation of proposed links to evaluate the
plastic deformation capacity and the failure mode of developed links. The hysteresis
response along with the failure mode and the summary of plastic rotation capacity of test
specimens are presented in this section.

Chapter 5 discusses the finite element simulation of reduced link section for the
preparation of further investigations. The conducted FE simulations results were compared
with the experimental results in order to verify the accuracy of finite element simulation.

Chapter 6 presents the parametrical studies in order to include parameters that were
not included in the experimental investigations including link-to-column connection. The
plastic rotation capacity considering different variables are presented in this section. The
required rotation demands as specified in the code and assess the over-strength factor of
each analysis specimens considered are calculated.

Chapter 7 presents the summaries of design equation proposed along with the
verifications with the experimental and analytical results. In addition, the analysis model for
reduced link was proposed and the proposed analysis model is also verified by the
experimental and analytical results.

Chapter 8 summarizes the findings of this research work and some recommendation

for future studies were made in this section.

_']1_
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2. Background and Literature Review on EBFs

This chapter provides an overview of history and recent developments in the design
of active links in steel eccentrically frames (EBFs) leading up to the reduced link concept.
The historical background is briefly described, followed by general characteristics of active
links up to date, the behavior of plate with holes under shear force and the concept of

reduced link section application for eccentrically braced frame will be discussed.

2.1 History and Background of Eccentrically Braced Frames

Eccentrically braced frames (EBFs) can be viewed as a hybrid system between
moment frames (high ductility and stable energy dissipation capacity) and concentrically
braced frames (high elastic stiffness). EBFs combine the advantages and minimize the
disadvantages of these two systems. This system was first developed in Japan in the early
1970s. In the United States, it was investigated at the system and component levels through
a series of analytical and experimental studies at the University of California, Berkeley
throughout the 1980s (Roeder and Popov 1977; Hjelnstad and Popov 1983; Malley and
Popov 1983; Kasai and Popov 1986, Ricles and Popov1987; Whittaker et al. 1987; Ricles
and Popov 1989; Engelhardt and Popov 1992).

The analytical and experimental studies at the University of California, Berkeley, and
other research works confirmed the reliability of EBFs to resist horizontal actions. The link
is designed to act as a fuse by yielding and dissipating energy while preventing buckling of
the brace members. The links used to dissipate seismic energy so it should be designed and
detailed to have stable hysteresis loops and predictable behavior. The commonly used
framing systems are moment resisting frames (MRFs) and concentrically braced frames
(CBFs).

MRFs have high ductility however they have low stiffness and CBFs have high
stiffness but low ductility. EBFs can be defined as the combination of MRFs and CBFs as
EBFs have high stiffness as CBFs and high ductility as in MRFs. The bracing members in
the EBFs provide the high elastic stiffness characteristic of the CBFs, permitting code drift

requirements to be met economically. Yet, under severe earthquake loading, properly
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designed and detailed EBFs provide the ductility and energy dissipating capacity
characteristic of MRFs. Fig. 2.1 shows the energy dissipation mechanism of moment
resisting frames (MRFs), concentrically braced frames (CBFs) and eccentrically braced
frames (EBFS). As shown in the figure, the EBFs has both ductile and stiffness.
Consequently the number of civil applications of EBF is increasing day by day.

Different brace patterns are used in eccentrically braced steel frames. The possible
patterns of EBFs are: V-bracing, K-bracing, X-bracing and Y-bracing as shown in Figure
2.2. The links in figure 2.2 is identified by the dimension e. EBFs have also advantages in

the architectural perspective as it provides gaps for openings, doorways and windows.

Eccentrically braced frames: Ductile and Stiff

Fig. 2.1 Energy dissipation mechanism of different framing systems.
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Fig. 2.2 Different Types of Eccentrically Braced Steel Frames: (a) D-Bracing; (b)
K-Bracing; (c) V-Bracing; (d) X-Bracing; (e) Y-Bracing
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2.2 General Behavior of EBFs

Eccentrically Braced Frames are associated with the desire of reaching to a bracing
system which has laterally enough stiffness with significant dissipation of energy and also
the ability of adjustment to huge seismic forces (Charles W. Roeder & P. Popov), (1978).
The braces in EBFs are capable of resisting axial loads and the link has a flexural and
shear forces. The qualitatively forces in EBFs under lateral loads are shown in Fig. 2.3 for

collector beam, brace and links for diagonal bracing.
2.2.1 Requirements of Links in EBFs

The links must satisfy compactness requirements to ensure stable inelasticity within
them. The flange width-to-thickness requirements are presented in Eqs. 2.1 for shear links

and 2.2 for intermediate and flexural links, and the web slenderness criteria for all links in

Eq. 2.3.
1.6M,
e < % :
p
b B 2.1)
Qtf Fy
1.6M,
e > v :
p
b B (2.2)
Qtf Fy
foralllinklength :
< B (2.3)
P < 3.760 7

w y

where e: link length, E: young’s modulus, F;/: the yield strength, %: plastic

moment, V : plastic shear force, d: depth of link, ty: flange thickness and 7,: web

p

w*

thickness. The plastic shear and flexure will be discussed in the next section.

The link length classification mentioned as a shear link (short link), intermediate link,
and flexural link (long link) depends on the link length factor. These non-dimensional link
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length called link length factor (p) given by the ratio of link length to the ratio of plastic

moment and plastic shear force as shown in Eq. 2.4.

p:M/V ...............................................

p p

The values of link length factor defined in Eq. (2.4) classifies the link in to three.

these values are with the corresponding classification in Eq. (2.5):

Shear link for p < 1.6:
Intermediate link for 1.6 <p < 2.6 | e (2.5)
Flexural link for p> 2.6

The plastic shear and plastic moment used in Eq. (2.4) are defined in Eq. (2.6) and
(2.7) respectively. The forces in the link, specifically is shown in Fig. 2.8. As shown in the
figure, the link is capable of resisting flexural and shear force. The bending moment at
equilibrium is calculated as e*V/2. Depending on the link length ‘e’ the plastic strength is
controlled either by shear or flexure. For short link, the plastic strength is controlled by
shear and for long links, the plastic strength is controlled by flexure. The corresponding

shear and flexural strengths are given in equation below.
Vn, = Vp = 0'6Fy (d_ Qtf)tu; ............................................... (2.6)
M,=M,=ZF, e @.7)

where Fu: the yield strength, d: depth of link, 7, flange thickness and t,: web

thickness, Z: is the plastic section modulus.
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2.2.2 Rotation Demand of Links

The rotation demand of link is one of the design determining factor in EBFs since
the energy dissipation is accommodated by the links. The rotation demand of link is
expressed in terms of energy dissipation mechanism of EBFs also known as the collapse
mechanism. The link rotation angle is inelastic angle between the link and the beam outside
of the link when the story drift is equal to the design story drift. For design purposes the
inelastic link member rotations of EBFs must be quantified. This is most easily established
through the use of an energy dissipation criterion, also commonly known as a collapse
mechanism. Collapse mechanisms may be derived by assuming rigid plastic behaviour of the
members. The link rotation angle along with energy dissipation mechanism of EBFs is
illustrated in Fig. 2.3. The links shown in Fig. 2.3 with hatched yielded in shear and

formed shear hinges.

The rotation demand of link in terms of the overall frame drift (91]) and bay length
is given in Fig. 2.3 for respective EBFs types. The relationship of link rotation demand and
the ratio of link length to bay length is given is shown in Fig. 2.4 for K-bracing frame.
As shown in the figure, the rotation capacity of short link is high and the rotation of long
link is less. The link rotation is increases rapidly as the link length decreases. However,
plastic rotation demand presented in Fig. 2.4 shows that the links should not be too short

to limit the plastic rotation demand.

Fig. 2.3 Link rotation angle and energy dissipation mechanism of EBFs
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Fig. 2.4 Variation of link rotation demand with e/L. (Popov and Engelhardt 1988)

The link rotation angle is the inelastic angle between the link and the beam outside
of the link which is dependent on the link length factor defined in Eq. (2.4). The plastic
link rotation capacity according to AISC for short link is 0.08rad, for long link 0.02rad and
for intermediate link, the plastic link rotation is interpolated between 0.02 and 0.08rad

which is summarized in Eq. (2.8).

v=0.08rad for p < 1.6:
interpolation 0.02 and
for 1.6 <p < 2.6 | e (2.8)
0.08 rad
v=0.02rad for p> 2.6
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2.2.3 Strength and forces in the link

The frame plastic capacity of eccentrically braced frames, for diagonal brace and
K-brace is presented in Fig. 2.5 by Popov and Engelhardt in 1988. As shown in the figure,
the strength of EBFs is affected by the link length (e) significantly. The relationship
between link length and the frame plastic capacity is similar to the relationship between the
plastic rotation and link length. As the link length decreases the frame plastic capacity
increases rapidly and the finally becomes constant. The frame plastic capacity of K-bracing
is more than twice than D-bracing for short links. As shown in the figure, the rate of
increase rapidly for K-bracing as the link length decreases compared to D-racing. The rate
becomes the same as the link length increases.

The shear strength of link (V) in terms of shear story is (V) is related as in Eq.
(2.9) by Horne et al, 2001)

h
— *
Vi=VEE e

where h and L are the story height and bay length respectively.

P, (x2Mp/h)

_']9_

Collection @ chosun



Fig. 2.5 Variation of frame plastic capacity with e/L

Equation (2.8) is derived from the force distribution in EBFs, bending moment (M),
shear force (V) and axial forces (N) shown in Fig. 2.6. As shown from the figure that the
link is subjected to high bending at its ends and high shear forces along the length.
Depending on the link length, the yielding and hinge type is different short links from shear
hinges with little yielding at its ends and if it is long, links from hinges at its ends. That is
why the name stated in Eq. (2.5) is shear link for short link, and flexural link for long link.

In order to clearly understand the forces in links, the free body diagram of link is
presented in Fig. 2.7 and based on static equilibrium, the relationship between shear force

and bending moment will be:

V¥e=M,+M, (2.10)

For EBFs such as K-bracing type, the link end moments are equal, thus the

relationship of shear and moment will be as shown in the last figure of Fig. 2.7.

VEe=2M e (2.11)
_— N
M
_- v
e
.h‘. N.
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Fig. 2.6 Force distributions in eccentrically braced frames
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Fig. 2.8 Variation of elastic lateral stiffness with e/L for two simple EBFs

(after Popov, Kasai and Engelhardt, 1987)

The behavior of eccentrically braced frames is determined or defined by the link
length ratio. In order to clarify and explain the lateral stiffness of the EBFs it has been
defined as a function of the ratio of link length to the beam length. When the link length

is smaller and smaller, the stiffness becomes close to the stiffness of concentrically braced
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frames. In reverse, as the link length increase, the stiffness becomes more ductile behavior

approaching to the stiffness of an ordinary moment resisting frames as shown in Fig. 2.8.

2.3 Design Requirements of EBFs

The design requirements of links in EBFs including the link rotation angle, plastic
shear strength and flexural strength have been discussed above. The lateral restraint against
out-of-plane displacement and twist is required at the ends of the link to ensure stable
inelastic behavior will be discussed in chapter 3. It is stated in standards that the ductility
demands in EBF are concentrated in the links. Braces, columns and beams outside the link
should have very little yielding in a properly designed EBF. According to AISC, the
required strength of the diagonal brace and the beam outside of the link is based on the
maximum forces that can be generated by the fully yielded and strain hardened link. The
maximum forces, computed as the product of nominal shear strength of link and the
overstrength factor and ratio of yields. The nominal shear strength of the link, V,, is the
lesser of that determined from the plastic shear strength of the link section or twice the
plastic moment divided by the link length, as dictated by statics assuming equalization of

end moments in the inelastic range of behavior is presented in Eq. (2.10).

2M,
V, fore<
V., = e (2.10)
n 2M 2M
P fore > d
€ P

The required strength of the diagonal brace and beam outside of link can be taken
as the forces developed by the following values of link shear and link end moment
according to AISC is expressed in Eq. (2.11-2.12). The free body The ultimate shear force
V., of link is given by Eq. (2.10) according to AISC.

u

for diagonal brace: V,, =1.25R,V, L (2.11)
for beam outside link: V,, =1.1R V,

where V :

n:*

is link nominal shear strength defined in Eq. (2.6), R, accounts for the

probable yield stress exceeding the minimum specified value, and the factor 1.3 applied to
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the link nominal resistance is used to estimate the strain-hardening of link force magnitudes.

Link Length=¢
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Fig. 2.9 Free body diagram of D-bracing 3 story EBF

Mg

Fig. 2.10 Isolated link models ().

The forces developed in EBFs are shown in Fig. 2.9. As shown in the figure, the
forces developed in links transferred to the other members. Thus, each member outside the
link is designed as elastic for the maximum forces of link. The column required strength is
forces generated in column when all links above level under consideration have developed

their ultimate shear resistance (V,;) and their ultimate flexural resistance (M,;). The

ultimate shear strength of can be taken 1.1R, V.

The other important portion of EBF is bracing connections, beam-to-column

connections and link-to-column connections. The required strength of brace connections, at
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both ends of the brace, shall be at least equal to the required strength of diagonal brace.
Thus the design of bracing connections for forces (N and M) generated in braces by V,;
and M,;, of link shown in Fig. 2.3 and 2.9. The connection should also needs to be
checked for axial compression forces of 1.1R N,, where N,: is the nominal axial

compression strengths of brace.

The link-to-column connections and beam-to-column connections construction of
before the Northridge earthquake was similar. Therefore, the pre-Northridge link-to-column
connections can have problems similar to those observed in beam-to-column connections in
MRFs during the Northridge earthquake. The Provisions after Northridge earthquake contain

specific requirements for link-to-column connections to ensure adequate ductility capacity.

The link-to-column connections should be designed for the maximum inelastic link

rotation angle +,. It is known that the moment at the column face is bigger than the

moment at collector beam face. This is because the column connection attracts greater
moment because the axial stiffness of the column is stiffer than the flexural stiffness of the
beam. For further understanding, the isolated link model is shown in Fig. 2.10. If the

spring constants at each end of the link are taken as k. and kj, where C and B in Fig.

2.10 refers to the column end and beam end respectively, will be given as:

Me==kcbc
where, M- and Mp column end moment and beam end moments as shown in Fig.

2.10 respectively, 6, and 60, are the rotation of link in column end and beam end

respectively. As discussed by Okazaki et al. A first order elastic analysis results in the
following expression for the link end moment ratio as in Eq. (2.13) neglecting the shear

deformation for simplicity.

Mo a(2+p)
ey S —————————
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In the above equation, a and P are measures of the relative stiffness of the link and the

rotational springs. These parameters are defined as follows:

4]
OFrams 3L

2 3 E < Frame 3T
= OAwvel 2.64 AFrame 10
E, ©
il . Avel 1.73
8 f 5 ’/ Ave:1.38
o = & E
2 o e fi ‘;@—/
.':—l 1 Ly o Fay

1]

0.6 1.6 26 3.6 46

Link Length Ratio: p=e/(Mp/Vg)

Fig. 2.11 End moment ratios estimated from elastic frame analyses

link
s (2.14)
- EIZink:

In the above equation, e is the link length and FE1I;,, is the elastic flexural stiffness of the
link section. Equations (2.13) and (2.14) show that the link end moment ratio, Mo/
Mp, is a function of the end restraints and the flexural stiffness of the link itself.

The relationship between the ratio of end moments and link length factor is
presented in Fig. 2.11 from the 2-D elastic frame analyses of EBFs for three different
frames 3L, 3T and 10 correspond to three frames, two three-story frames and one ten-story
frame, presented by Richards and Uang (2003). As shown in the Fig. 2.11, significant
variation in end moment ratio is observed for shear links and as the link length increases
the variation in end moment ratio decreases.

According to the provision, the cyclic tests for qualification of beam-to-column
connections and link-to-column connections is different. Loading sequence for

beam-to-column moment connections according to the provision is as specified below:
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(1) 6 cycles at 6 = 0.00375 rad
(2) 6 cycles at 6 = 0.005 rad
(3) 6 cycles at 8 = 0.0075 rad
(4) 4 cycles at 8 = 0.01 rad
(5) 2 cycles at 8 = 0.015 rad
(6) 2 cycles at 8 = 0.02 rad
(7) 2 cycles at 8 = 0.03 rad
(8) 2 cycles at 8 = 0.04 rad

Continue loading at increments of 6 = 0.01 rad, with two cycles of loading at each step.

Loading sequence for link-to-column connections according to the provision is as

specified below:

(1) 6 cycles at v,,,,; = 0.00375 rad
(2) 6 cycles at v,,,,;, = 0.005 rad
(3) 6 cycles at v,,,,;, = 0.0075 rad
(4) 6 cycles at v,,,,;, = 0.01 rad
(5) 4 cycles at v,,,,;, = 0.015 rad
(6) 4 cycles at v,,,,;, = 0.02 rad
(7) 2 cycles at 7,,,,;, = 0.03 rad
(8) 1 cycle at ~,,,,; = 0.04 rad
9) 1 cycle at ~,,,,; = 0.05 rad
(10) 1 cycle at ~,,,,, = 0.07 rad
(11) 1 cycle at v,,,,; = 0.09 rad

Continue loading at increments of ~, = 0.02 rad, with one cycle of loading at each step.
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2.4 Previous studies on EBFs

Numerous research works have been done on conventional EBF and EBF with
removable links in the past four decades. The development of eccentrically braced frames
(EBFs) and associated research was primarily conducted during the 1980s (Roeder & Popov
1978, Hjelmstad & Popov 1983, Popov & Malley 1983, Kasai & Popov 1986, Ricles &
Popov 1987, Englehardt & Popov 1989). Roder and Popov (1977) conducted 2-D nonlinear
dynamic analyses on a set of EBF CBF and MRF models to compare their performance
under severe ground motions. The analyses indicated that EBFs perform well compared to
the other framing system due to their combined high sti ness and stable hysteretic behavior.
Whittaker et al. (1987; 1989) examined the six story EBF-MRF dual structures by
earthquake simulator tests of a ).30-scale model. Although the structure exhibited excellent
cyclic behavior, it was observed that the energy dissipation and story drift was concentrated
in the lower stories. Ricles and Popov (1994) performed 2-D nonlinear dynamic analyses of
a six-story four-bay EBF. The analyses demonstrated the excellent performance of the
frame, where the links accounted for the majority of energy dissipation.

In 1970s a number building were designed as EBFs and MRFs as they were
believed to be the most dependable seismic resistant systems because of their ability to
ensure a stable ductile response during major earthquakes. However, during Northridge,
California earthquake of January 17, 1994, extensive premature brittle fractures at the
welded joints were found in more than 150 SMRF buildings. So many researchers raised
question on the design procedure, the weld quality, and the construction practice of these
moment resisting frames. Building owners and design engineers faced many unanswered
questions related to the effective repair and rehabilitation procedures. These failures observed
during Northridge, California earthquake first motivated researchers in the connections of
MRFs. Different design and details for the repair of damaged connections were developed
and its effectiveness of these connections was evaluated both experimentally and analytically
and the expected ductility capacity could now be achieved.

Eccentrically braced frames (EBFs) with replaceable link beam addresses the limitation of
conventional EBFs. In 1994 Ghobarah and Ramadan started the concept and experimental
investigation on bolted extended end-plate connections for eccentrically braced frames with
link-column connection configuration (Ghobarah & Ramadan 1994). The inelastic

performance they found was similar to fully welded connections. In 2003 Balut and Gioncu
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evaluated and identified for an improved dog-bone solution and they identified the
advantage and disadvantage of replaceable dog-bone. They suggested that in order to control
the formation of plastic mechanisms which provides a ductile behavior of steel frame, the
dog-bone should be weaker or less cross sectional area than the connected beams so that it
post-elastic deformation while the rest structural members remain in the elastic range.
However, the disadvantage of using replaceable dog-bone according to Balut and Gioncu is
the difference in section will make difference in yielding strength so that it needs
exhaustive control (Balut & Gioncu 2003). The concept of dog-bone can also apply for
removable active link.

Stratan and Dubina (2004) at the Politehnica University of Timisoara in Romania
further performed tests on I-section replaceable links with bolted endplate connections for
EBFs. However, the endplates were flush with the I-section top and bottom flanges, which
resulted in observed failure in the connections. This highlights the need for appropriate
design and detailing of the endplate connection to suppress ductile overload failure modes
and the need for robust and relatively simple load paths through the connections.

The research works on EBF is still an undergoing process. Specially to over come
the limitation of link-to-column connection, researches are undergoing since research has
shown that link-to-column connections are prone to failure at low drift levels, due to their
susceptibility to fracture at the link flange-to-column welds. The local stresses and strains at
link-to-column connection in EBFs are more severe than those in moment resisting
connections. Hence to enhance the ductility of link-to-column connections, researchers are

given much attentions in this regards.
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2.4.1 Okazaki et al. (2003, 2004, 2006a, 2006b, 2007 and 2009)

Extensive research and experimental testing on eccentrically braced frames (EBF)
with ink-to-column connections has been conducted in the university of Texas at Austin. As
it has been noted above, the design of link-to-column connections in seismic-resistant
eccentrically braced frames remains an unresolved problem. Okazaki et al. tested large scale
specimens under cyclic loading considering connection detail, link length, link section, and
cyclic loading protocol as a parameters.

Six different connections were used by Okazaki et al. which are shown in Fig. 2.12
were tested using the test setup shown in Fig. 13 considering four different loading
protocols. The protocols used were old AISC protocol, revised protocol, severe protocol and
random protocol. The cyclic response and the photo captured after test was shown as an
example in Fig. 14 for specimen of MWS. As shown in the figure, stable cyclic response
was obtained, until during the loading cycle of y = £0:07 rad (v,= +0:06 rad), both the
top and bottom flanges fractured near the CJP groove weld.

Among the 23 tests conducted, sixteen specimens failed due to fracture of the link
flange. Thus, the test results suggested that link-to-column connections are susceptible to
fracture at the link flange welds, regardless of the link length. The summary of link
rotation capacity of test specimens were presented ion Fig. 2.15. As shown in the figure,
only two specimens satisfy the link rotation requirements of the AISC provision. The link
rotation capacity plotted shows that the performance of the specimens depended on the
connection type as well as on the link length. With increase in link length, the link-column
specimens developed smaller inelastic link rotation. Whereas the PN- and MW specimens
performed poorly, developing only about half of the required inelastic link rotations, the FF-
and MW-specimens achieved greater rotations, although generally still falling short of the

required rotation levels.
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Fig. 2.12 Connection types used by Okazaki et al. (link stiffeners not shown): (a)
PN-connection; (b) MW-connection; (c¢) FF-connection; (d) NA-connection; (¢) AF-connection;

and (f) SW-connection. (Dimensions in mm).
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Fig. 2.13 Test setup (Okazaki et al.)
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Fig. 2.15 Link rotation capacity (Okazaki et al.)
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2.4.2 Nabil et al research

A series of experimental investigations on eccentrically braced frames (EBFs) with
replaceable shear links was conducted in Canada in 2010 (M. Nabil et al, 2010). This
research conducted by Nabil Mansour is presented in detail in his doctorate thesis. Generally

two replaceable link types with different bolted connections were evaluated. These are:

i) W-sections (I sections) end plate connections, and
ii) Back-to-back channels with eccentrically loaded web connections and also shown
in Fig. 2.16.

Nabil Mansour evaluated a shear link experimentally the local response of the
replaceable links and characterize the global frame behavior considering a total of 13
full-scale shear links were tested at the University of Toronto and Ecole Polytechnique de
Montreal using the etst set up shown in Fig. 2.17. The replaceable shear link specimens
qualify or meet the performance requirements of the steel structures standard if they achieve
0.08 rad plastic link rotation without fracture or severe strength degradation during a
standard cyclical load test of 2005 AISC seismic provisions.

All link specimens tested at the University of Toronto and Ecole Polytechnique de
Montreal exhibited stable hysteretic shear yielding. Replaceable links with web-bolted
connections exhibit a more pinched response, but because of the connection rotations, are
able to sustain larger inelastic link rotations, on average yp=0.119radians and a maximum of
vyp=0.166radians. These specimens met and exceeded the ductility acceptance criteria of
0.08radian inelastic link rotation prescribed by both the Canadian Standards and 2005 AISC

Seismic Provisions.
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Fig. 2.16 Specimen detail (N. Mansour et al. 2010)
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Fig. 2.17 Test setup (N. Mansour et al. 2010)

All link specimens (with exception to UT-2A, a bolted web connected link) tested at the
University of Toronto and Ecole Polytechnique de Montreal by Mansour, exhibited unstable
hysteretic shear yielding as shown in Fig. 2.19. These specimens met and exceeded the
ductility acceptance criteria of 0.08 radian inelastic link rotation prescribed by both the
Canadian Standards and 2005 AISC Seismic Provisions.

End-plate connected shear replaceable links displayed a consistent full hysteretic response
up to yp=0.104 radians, that is very similar to that in traditional EBF construction, where the
yielding link beam is an integral component of the floor beam as shown in Fig. 2.18.

Replaceable links with web-bolted connections exhibit a more pinched response, but
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because of the connection rotations, are able to sustain larger inelastic link rotations, on

average yp=0.119 radians and a maximum of y,=0.166 radians.
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Fig. 2.18. Response of Replaceable Links with End Plates (Mansour, 2010)
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Fig. 2.19. Response of Replaceable Links with Back-to-back channels (Mansour, 2010)
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2.4.3 Reduced Link Section

In order to address the limitation of link-to-column connections that do not develop
the necessary ductility and are prone to connection fracture at low drift levels, Hauksdottir
el al. 2008 come up with the application of the concept of reduced beam section as link to
enhance the ductility. RBS has been used for MRF beam-to-volumn connections. Among
RBS, the radius—cut is the only prequalified, field-welded connection in Prequalified
Connections for use in Special Moment Resisting Frames SMREFs, although it should be
noted that other connections may be qualified based on existing experimental data. Even
hough AISC suggested that, RBS is not suitable for link-to-column connections due to the
high moment gradient in links.

The prequalified radius-cut RBS connections are shown in Fig 2.20, prequalified
based largely on work by Engelhardt et al. 1998 and Jones et al. 2002. The porpose of
using the geometry shown in Fig. 2.20 is that the plastic hinge location in an SMRF beam
is moved from the column face to the center of the RBS. The prequalified connections
limits the dimensions a, b abd c in Fig. 2.21 as in Eq. (2.20) in terms of width beam
flange (b;) and beam depth (d):

0.5b; < a < 0.75b;
0.65d <b<0.85d e (2.13)
0.1b; < ¢ < 0.25b;

However, previous research has shown that link-to-column connections do not develop
the necessary ductility and are prone to connection fracture at low drift levels. Reduced
beam sections (RBSs) have been proven to reduce strain concentrations at the ends of
beams in MRFs and enhance ductility but have not been explored for use in EBF
link-to-column connections where large moment gradients are present. This thesis investigates
the application of RBSs in EBF links to enhance ductility.

The developed reduced link section is shown in Fig. 2.21. As stated above, in order to
improve the ductility of EBF link-to-column connections is to reduce the plastic strain and
localized deformation demands in the flanges at the end of the link by using a RLS. It is known
that the end moment at the face of column is bigger than the end moment at the face of
beam-brace. But for simplicity, Hauksdottir el al. 2008 neglects an unequality of these end moment

differences. Hauksdottir el al. derived moment at the end of the link A/;, shown in Fig. 2.21 and
the moment at the center of reduced link section as in Eq. (2.14) and (2.15 and 2.16) respectively.
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Fig. 2.21 Link moment distribution with reduced flange section

Mp=EM, s (2.14)

Mg < 6215 (2.14)

Mp s < ZCMP ............................................... (2.14)
where

& = ratio of the moment at the end of the link to the plastic moment strength of the section.
Z = plastic section modulus for full beam cross-section

Z, = plastic section modulus at center of the reduced link section
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The plastic section modulus at the center of the reduced link section can be

calculated according to Eq. 2.14.

Z,=Z=2ct;(d—1t;) s (2.14)

where
¢ = depth of cut at center of the reduced link section

t; = thickness of beam flange
d = depth of beam section

The ratio of moment at the end of link the plastic moment strength of the section
was used as a parameter for studies done by Hauksdottir. The plastic rotation capacity of
reduced link section evaluated by Hauksdottir analytically is summarized in Fig. 2.22. As
shown in the figure, the analysis specimens satisfies the plastic rotation limit suggested by
the AISC provision. Hauksdottir concluded from the FE analysis that the application of
RLSs in EBFs is effective in reducing flange strains at the ends of all link types, though

more effective for intermediate and flexural links than shear links.
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Fig 2.22 Plastic rotation versus link length factor (Hauksdottir, 2008)
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2.5 The behavior of plates with circular hole under shear loading

It is important to understand the behavior of plates with circular hole under shear
force to go through this dissertation. because in this research circular hole is included in
the web of the link. These holes included in the link webs not only used to decrease the
strength of links to use equal cross-section with the collector beam, they also control the
failure at the web. The elastic theory indicates that holes will cause stress concentrations in
the remaining material. The concept used in the in the reduced link section in this study is
similar to the case of a thin plate in pure shear with a circular hole shown in Fig. 5.23.

The stresses in the plate can be derived from the classical solution for a thin plate

with a circular hole in tension [Timoshenko]. The radial stress (o,), tangential stress (o)

and shear stress (o,,) in the plate due to shear loading are:

4 2
0, = 7(1 430y 4(;)c0529 ............................................... (2.15)
T T
4
oy =— 7(1 + ?)(z)cos% ............................................... (2.16)
T
4 2
e 7(1 - 3%+ 2C;)sin% ............................................... 2.17)
T T

where: 1, 7, a, and 0, are the distance from the hole center, applied shear stress, radius of
the hole, and counter clockwise angle relative to a horizontal datum (see Fig. 2.23),

respectively.

Fig. 2.24 shows the distribution of tangential stress (hoop stress) in the remaining
plate. From Fig. 2.24, a tangential stress concentration of four times the applied shear stress
can be seen at the edge of the hole. This is the concept how the fractures in links are
controlled only in the web rather than in the flange connections that happened in case of

link-to-column connection of EBFs.
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Fig. 2.23 Classical problem of infinite plate with circular hole subjected to shear
loading.

Tangential Stress

Fig. 2.24 Tangential stress distribution in a plate with a hole subjected to shear.
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3. Development and design of replaceable reduced

link sections

3.1 Development of replaceable reduced link section

The description along with a figure of the developed links are listed below. Generally
the developed links are categorized in to two:
i. Replaceable links with reduced section fabricated from a W-section with end-plate
connections and
ii. Replaceable links with reduced section fabricated from a C-section with web and
flange-bolted connections.

The detail of developed active links ‘links here after’ are presented below.

3.1.1 Replaceable links with perforated web fabricated from a W-section

with end-plate connections

The detail of the first link proposed is shown in Fig. 3.1. As shown in the figure, it
is fabricated from W-section and the link is welded to the end plates both side. The end
plates in which the links are welded to are connected to the beam section through bolted
end-plate connections. The connection behavior and stiffness, which depend on the bolt size,
end plate thickness and welding, are important to the design of EBF systems incorporating
replaceable links. The addition of the horizontal stiffeners in the floor-beam sections adds

stiffness to the floor-beam at the connections.

Section a-a

Fig. 3.1 Replaceable links with perforated web fabricated from a W-section with

end-plate connections
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3.1.2 Replaceable links with perforated web fabricated from a C-section with

web and flange-bolted connections

The detail of the second link proposed is shown in Fig. 3.2. As shown in the figure,
it is fabricated from C-sections are back-to-back connected to the web and flanges of the
beam bolted to the web and flanges of link. The moment is transferred through top and
bottom flange bolts, while the shear is transferred through concentric web-bolted
connections. The research conducted by Nabil Mansour is the first research performed on
the use of C-section beams as shear links, and the use of the web-bolted concept to
connect the link to the collector beam. He developed and designed two types of C-section
shear links, i) 2 channel-sections back-to-back eccentrically loaded web-bolted connections
and ii) Built-up-channels section back-to-back with variable depth Shear Replaceable Link
with web and flange connections. However in both cases of channel section link, he
detailed and design a significant section difference between the link and collector beam in
order to remove any interference with the floor deck. Both detailing option can be applied
for perforated web channel; however in this research we concentrate on second detailing
options with both web and flange are bolted to the floor beam. This detail involves two
options: either bolting only web to the floor beam or bolting both web and flanges to floor
beam. In the first option where only the web bolted with floor beam, the out of plane

instability and connection detail of flanges needs to be evaluated.

Section a-a

Fig. 3.2 replaceable shear links with perforated web fabricated from a C-section with

web and flange-bolted connections
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3.1.3 Replaceable links with perforated web and reduced flange section

fabricated from a W-section with end-plate connections

The other detail of the proposed link is shown in Fig. 3.3. As shown in the figure, it
is fabricated from C-section and the link is bolted to the web and flanges of the beams.
The concept of reduced beam section for links in eccentrically braced frames to enhance
the ductility of link-to-column connections is developed and evaluated by Jeffrey W.
Berman in 2010 P7 In this research, they suggested that links having various cross sections
and lengths suggests that the reduced link section reduce the plastic flange strains at the
link ends, which can improve the fracture life. Here, this concept is extended for
replaceable link with perforated web. The reduced beam section is suitable for a beam that
has flexural yielding occurring initially but can be less suitable for beams subject to shear
yielding. Reduced flange section involves a decrease in moment at the face of the columns
or in the moment transferred to the beam outside the link. By decreasing the moment in
the beam outside the link, the stability of the beam improved and damage is reduced.
Another advantage is that the RBS contains inelastic behavior within the link, which

enables strict capacity design.

Fig. 3.3 Replaceable links with perforated web and reduced flange section fabricated

from a W-section with end-plate connections
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3.1.4 Replaceable links with perforated web and reduced flange section

fabricated from a C-section with web and flange-bolted connections

The detail of the last link proposed is shown in Fig. 3.3. As shown in the
figure, it is fabricated from C-section and the link is bolted to the web and flanges of the
beams. Since the replaceable link section is a separate element from the rest of the beam,
the potential of using built-up sections with relatively thin webs and thick flanges, can
greatly optimize the design of the link and the entire EBF system. In all cases the link
section thickness is different from collector beam. The connections in all links must be
able to transfer and sustain the maximum forces that can be delivered by the fully yielded

and strain hardened link.

DD

Fig. 3.4 replaceable shear links with perforated web and reduced flange section

fabricated from a C-section with web and flange-bolted connections
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3.2 Applications of developed links

The developed links can be installed as shown in Fig. 3.5. However, some of the
links are not installed in all types of EBFs listed in Fig. 3.5. For instance, links fabricated
from channel-section connected back-to-bach can not used in D-bracing type V-bracing type

and vertical links. This is because channel section back-to-back connection details is with

web bolting. Thus type 3.1.2 and 3.1.4 can not be used in link-to-column connection.

{ ;

™
!
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(b) split-K braced frame



(c) V-braced frame (d) inverted Y-braced frame*

Fig. 3.5 Proposed Replaceable Shear links with perforated web fabricated from a

‘W-section.
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3.3 Design Procedure of reduced links section

The design and detailing of links needs a careful work as the over all building frame
depends on the behavior of links. All structural members of EBFs are designed for forces
developed in a fully yielded and strain hardened links i.e after the link beam goes through
plastic deformation. Since a link with ductile detailing is capable of developing forces
significantly greater than its nominal plastic strength, overstrength must be considered
carefully when evaluating the link forces for capacity design of adjoining members. The
inelastic action and damage is controlled primarily to the links in an appropriately designed
eccentrically braced frames (EBFs). The design procedure of reduced section links
categorized in to two: links with reduced web (perforated web) and involves two links with

reduced both web and flange at the same time.
3.3.1 Amrangement of perforations

The inclination angle of perforations follows the tension field actions occurred under
shear force. Different researchers recommended different equation to calculate the angle of
tension filed actions.

3.3.1.1 Basler’s Recommendation

Basler recommended the angle of tension filed action as in Equation (3.1) below.

1 1
"}/tf = —tan W ............................................... (3.1)

2

where y: is the tension filed angle, b: width of plate and d: depth of plate.

3.3.1.2 Thorbum’s Recommendation

Thorburn’s recommended the angle of tension filed action as in Equation (3.2 and 3.3)

below.
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f}/:

3.3.1.3 Timler’s Recommendation

Timler’s recommended the angle of tension filed action as in Equation (3.4 and

3.5) below.
bt
e 1+ —2Ac
¥ Etan N BN (3.4)
1+dt|—+
A, 360I0b)
1 a
e 1+bt(z+ 120]{3{))
y= Eta (3.5

—+

24, ' 360Lb

2
]

Using all these recommendations, the calculated inclination angle ranges between

36" —42°. We used inclination angle 39 and 40 for these preliminary analysis.
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3.3.2 Design Procedure of Reduced Web (perforated web) Links

Section

Links usually behave as short beams subjected to equal shear loads applied in
opposite directions at the link ends. With this type of loading, the moment at each end is
equal and in the same direction. The deformation of the link is an S shape with a point of
counter flexure at mid-span. The moment is equal to 1/2 the shear times the length of the
link at equilibrium for V-type braced EBFs. The shear and moment distribution of a link
with a reduced web section (perforated web) is shown in Fig. 3.6. The perforation effect on
shear force is significant where it decreases by the reduced web area. However, web section
reduction (web perforation) has a slight or no effect on bending moment. The assumptions

considered for this calculations are:

1. Equal end moment

2. The effect of web perforation on plastic moment was ignored for simplicity.

The plastic shear force of unreduced link is given by Eq. 3.6:

V,=0.60,4, for shear yielding
= 2Mp/ e for flexural yielding

where o,: is the yield strength, e: link length, A,: is the web cross-sectional area given

in terms of the depth and flange and web thicknesses as in Eq. (3.7) and M: is the

plastic end-moment expressed in Eq. (3.8)

A, =D=2t)t, e (3.7)

M, = Vpe/ 2 for shear yielding

=0,Z, for flexural yielding

where Z,: plastic section modulus. The plastic shear force of reduced link section is given by:

V" =0.6f,A, for shear yielding oo (3.9)

=2M"/e for flexural yielding

Tw
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where V*: is the plastic shear for perforated web, A, is the area of reduced web

section given as in Eq. (3.10) and M,": is the plastic end-moment of reduced web link

section expressed in Eq. (3.11)

Ay =(D=2t;=nd)t, (3.10)

where ¢: is the diameter of perforation, n: number of perforation in a vertical alignment.
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Fig. 3.6 Shear and moment distribution of reduced web link section
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M=V, "e,.,/2 for shear yielding

.............................................. (3.11)
=2Z,"0,  for flexural yielding
where Z;": is the plastic section modulus of reduced web section given by:
ZI"=Z,= Gty DT, e———— (3.12)

i=1

where t,: is the thickness of web, n: number of perforation in a vertical alignment and
x;: is the distance from the neutral axis to the centroid of the perforations.

The link length for reduced section is different from unreduced section as the plastic shear
is decreased. The behavior of link depends on the link length ratio (non dimensional factor)

p. which is given by Eq. (3.13) for reduced web section link:

rw
_ M,

Pruw = Cruw V,-w
p

where p,,: non dimensional link factor, V,*: plastic shear force, e,,: link length of

reduced web section, M;": plastic bending moment reduced web link defined in Eq. (3.11).
The effect of web reduction on plastic end moment is small so it is ignored for simplicity.
So that the plastic end moment for reduced web link and unreduced link is equal. From

moment equilibrium of a link, the plastic end moment is expressed as in:

Ao (3.14)
P T2

M= (3.15)
P

Equating Eq. (3.15) and (3.16):

Vv [: w
vV

p

s (3.17)
e

Tw
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Combining Eq. (3.17) and Eq. (3.6-3.9):

_de 1
Cru = 1—n¢_(1_n_¢]'e ............................................... (3.18)
d

where ¢: is the diameter of perforation, n: number of perforation in a vertical
alignment and d: is the depth of link, e: is the length of unreduced link. Eq. (3.18) defines
the relationship between the link length of reduced web section (e,,) and unreduced link
length (e).

It is known that the link type and behavior is depends on the link length factor. The
same is true for reduced link section as well. Thus, depending on the link length factor,

the type of links are:

Short link (Shear yielding link)

w = L6 (3.19)

Intermediate link (Combined shear and flexural yielding link)
1.6 < <26 e (3.20)
Long link (Flexural yielding link)

rw 2 2'6 ............................................... (3.21)

In order to illustrate the equations expressed in Eq (3.18) the relationship between link
length of reduced web and the diameter along with the number of openings in a vertical

alignment is plotted as an example. Taking section H200x150xt¢,x10 for instance, keeping

the flange compactness constant, (b,/t, =15< 0.76 =19, compact section) and web
fer F

y

compactness as a variable, d/t, =20, 30,40 < 2,454/ FEZGO, all compact section) the
Y

plastic shear will be 316kN, 211kN and 158kN respectively and 102.3kNm, 97.6kNm and
95.2kNm plastic bending respectively.
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Table 3.1 Link length design of H200x150x¢,x10

P
d |,z v, M M, - 10 [16 [20 [24 26 |3
ty | mm)| (210°) (kN) | (kNm)| 'V, e=p V” (mm)
p
20 |9 3.147 316 | 1023 | 032 324 | 518 [ 648 [ 777 | 842 [ 971
30 |6 3.002 211|976 | 046 463 | 741 | 926 | 1112 | 1204 | 1390
40 |45 2929 158 [952 | 0.60 603 | 964 | 1205 | 1446 | 1567 | 1808

The link length for unreduced section is summarized in Table 3.1 for different link
length factor. The link length of reduced web section now calculated using Eq. (3.13). The
calculated reduced link section length for d/t, =30 is summarized in Table 3.2 and 3.3
for number of openings n=1 and n=2 respectively. The corresponding plot of the reduced
link section length and the opening diameter is presented in Fig. 3.7 for d/t, = 20,30, 40
and for both n=1 and 2. As shown in the figure, for all link type, the length of reduced
link section increases with the diameter of opening. The number of opening has a
significant effect on the length of reduced link section. The rate at which the length of
reduced link section for n=2 is higher than n=I.

For each of the cross-sections expressed in Table 3.1, the reduced link length can be
calculated using Eq. (3.18) considering different link length factor, diameter of perforations
and number of perforations in a vertical alignment. For instance the reduced link length for
d/t, =30 and n=1 is shown in Table 3.2. Similarly, the reduced link length for
d/t, =30 and n=2 is presented in Table 3.3.

Reduced link length versus diameter of perforation for d/t,, =30 and link length factor of
1.2 was plotted in Fig. 3.7. As shown in the figure, generally as the diameter of perforation
increase the reduced link length also increases. And when the number of perforations in a
vertical direction increase from one to two the rate at which the reduced link length increases
with an increase of perforation diameter is high. Which indicates that the number of
perforations has a significant effect of the behavior of links along with the perforation diameter.
For links with cross-section of d/t, =20, d/t, =30 and d/t, =40 for different link length

factor and number perforations in a vertical direction is plotted in Fig. 3.8.
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Table 3.2 length of reduced web link section and diameter perforation relationship of
d/t,=30, for (n=1)

o(mm)
N (Hﬁn) RE 10 15 20 |25 |30 135 40 |45
€, (mm)
08371 [371 |381 [392 [404 [417 [430 | 445 460 | 476 | 494
1 | 463 | 463 |476 490 |s505 |s521 538 |56 575 | 596 | 618
12]556 | 556 |572 |58 |606 |625 |646 | 667 690 | 715 | 741
14] 648 | 648 | 667 687 [707 |730 [753 | 778 805 | 834 | 865
16] 741 | 741 | 762 | 785 [809 |83 |86l |889 920 | 953 | 988

1.8 ] 834 834 858 883 910 938 968 1001 1035 1072 | 1112
2 | 926 926 953 981 1011 1042 1076 | 1112 1150 1191 | 1235
22| 1019 | 1019 | 1048 1079 | 1112 | 1146 1183 | 1223 1265 1310 | 1359
24| 1112 | 1112 | 1143 1177 | 1213 | 1251 1291 | 1334 1380 1429 | 1482
2.6| 1204 | 1204 | 1239 1275 | 1314 | 1355 1399 | 1445 1495 1548 | 1606
2.8| 1297 | 1297 | 1334 1373 | 1415 | 1459 1506 | 1556 1610 1668 | 1729
3 1390 | 1390 | 1429 1471 | 1516 | 1563 1614 | 1668 1725 1787 | 1853

Table 3.3 length of reduced web link section and diameter perforation relationship of
d/t,=30, for (n=2)

¢(mm)
N (Hin) 0 \ 5 \ 10 \ 15 \ 20 \ 25 \ 30 \ 35 \ 40 \ 45
€ (mm)
08 | 371 |371 [392 [417 [445 [476 [513 [s56 606 |667 | 741
1 463 | 463 | 490 | 521 | 556 | 596 |64l | 695 | 758 | 834 | 926

1.2 556 556 589 625 667 715 770 834 910 1001 | 1112
1.4 648 648 687 730 778 834 898 973 1061 | 1167 | 1297
1.6 741 741 785 834 889 953 1026 | 1112 | 1213 | 1334 | 1482
1.8 834 834 883 938 1001 | 1072 | 1154 | 1251 | 1364 | 1501 | 1668
2 926 926 981 1042 | 1112 | 1191 | 1283 | 1390 | 1516 | 1668 | 1853
2.2 1019 | 1019 | 1079 | 1146 | 1223 | 1310 | 1411 | 1529 | 1668 | 1834 | 2038
24 1112 | 1112 | 1177 | 1251 | 1334 | 1429 | 1539 | 1668 | 1819 | 2001 | 2223
2.6 1204 | 1204 | 1275 | 1355 | 1445 | 1548 | 1668 | 1807 | 1971 | 2168 | 2409
2.8 1297 | 1297 | 1373 | 1459 | 1556 | 1668 | 1796 | 1945 | 2122 | 2335 | 2594
3 1390 | 1390 | 1471 | 1563 | 1668 | 1787 | 1924 | 2084 | 2274 | 2501 | 2779
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Fig. 3.7 Length of reduced web link section and diameter of perforation relationship
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3.3.2.1 Design Procedure of reduced web links

Taking the ratio of the plastic shear strength of unreduced and reduced links
expressed in Eq. (3.6) and Eq. (3.9) is given by the Eq. (3.22), where the variables used
are shown in Fig. 3.10. The plot of the relationship expressed in Equation 3.22 will be
shown in Fig. 3.10.

V" no

F=1-T0 e (3.22)

p

The general design procedure of reduced web link section is presented in a flow
chart presented in Fig. 3.11. The design procedure presented in the flow chart is a general

procedure for links with reduced web area.

L
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Fig. 3.9 Schematic detail of reduced web link

——=n=1

Fig. 3.10 plastic shear reduction vs diameter of perforation to depth ratio
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,
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End

Fig. 3.11 A flow chart of the general design procedure of reduced web link section

The ratio of plastic shear strength of reduced and unreduced links might not go less
than 0.5 in order to the link dissipates the seismic energy. Taking the lower limit of
strength ratio as 0.5, the ratio of perforation diameter and depth of link can be read from
the plot presented in Fig. 3.10. Looking at the design procedure presented in Fig. 3.11, if
the calculated reduced link length factor, doesn't meet the design recommendation of

standards, we can revise the strength ratio section.
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3.3.3 Design Procedure of Reduced Web and Flange Links Section

The design and detailing of links needs a careful work as the over all building frame
depends on the behavior of links. All structural members of EBFs are designed for forces
developed in a fully yielded and strain hardened links i.e after the link beam go through
plastic deformation. The shear and moment distribution of a link with a reduced web and
flange section is shown in Fig. 3.12. In this case both plastic shear strength and flexural
strength decreases. According to previous research on the behavior of RBS moment
connections, the most practical cutout is a radius cut as shown in Fig. 3.13. The cutout
radius is given:

4c” + v

= e, 3.23
R S (3.23)

where b, and c are the flange design requirements expressed as in the following

including ‘a’ the length from the end to the start of section reduction.

05b; < @< 0.750 e, (3.24)
0.65d <D< 0.85d e (3.25)
0~1bf <c< 025bf ............................................... (3.26)
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Fig. 3.13 Reduced beam section connection (Engelhardt et al. 1998)
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By reducing the section, yielding and plastic hinge formation is forced to occur at the
reduced beam section instead of at the end of the beam. Therefore, the highest stress and
strain in the beam occur at the reduced beam section.

The link length for reduced section is different from unreduced section as the plastic shear
is decreased. The behavior of link depends on the link length ratio (non dimensional factor) p.
this time Eq. (3.13) is changed to Eq. (3.26) for reduced web and flange link section:

rl
V) e
Pri = rl
MP
where p,;: non dimensional link factor, V['J"Z: plastic shear force, e,;: link length of

reduced web section, M['J"Z: plastic bending moment. The plastic shear force for reduced web

and flange link section is calculated in the same way used in reduced web link section Eq.
(3.9). Here it is possible to follow the same procedure to design a reduced web and flange
link section. In this case also the link type depends on the link length factor, ,,p < 1.6,
for short link, 1.6 <, ,p < 2.6, for intermediate link and ,,p > 2.6, for long link. The

plastic moment can be defined by:

rl
M= enVy for shear yielding
b 2 e (3.28)
=0, Z;Z for flexural yielding

where o, is the yield strength, and ZI'J"Z: is plastic section modulus at reduced section.

The relationship between the plastic section modulus of unreduced section and reduced
flange section is expressed in terms of ¢ which is expressed in Eq (3.26) is given in Eq.
3.29), flange thickness and link depth.

Zy'= 2, =2t (d—1t) = G, DIT;, s (3.29)

i=1

Ignoring the effect of web reduction for simplicity, the new plastic section modulus of
reduced link section is shown in Eq. (3.30) is derived by (Heidrun 2008):
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Z)'=Z,=2ct;(d—1t;) (3.30)
The plastic end moment at equilibrium of a link for reduced and unreduced link

section is given by Eq. (3.31) and (3.32) respectively.

rl
V) e

rl__
My'= 5
V .e

p

for reduced link ..o (3.31)

M:

p

for unreduced link ... (3.32)

Taking the ratio of Eq. (3.29) and (3.30):

AL
€= e s (3.33)
VP ZP

Substituting for plastic shear of links for unreduced and reduced link section in Eq. (3.31):

L (#
e = [Td)] 7 s (3.34)
e A

where n: is the number of opening in a vertical alignment, ¢: is the diameter of opening,
d: is depth of link. Substituting Eq. (3.33) in Eq. (3.34), the reduced link length will be:

1 2ct (d—t;)
e,-z—(ind, }(1—7fz : )'6 ............................................... (3.35)
== !

Equation 3.35 can be applied for reduced web and flange link length if and only if the

neutral axis of the cross-section is equal distance from the outer most fiber. The difference
between the link length of reduced web and reduced web and flange link section is the
ratio of plastic section modulus of reduced link to unreduced link as shown in Eq. (3.35).
In order to illustrate Eq. (3.35), the same specimen that is used to illustrate Eq. 3.18)
was used. The relationship of the length of reduced web and flange link section and the
diameter of open area for number of opening n=1 and 2 and flange section cutoff depth of
0.1br and 0.2br is presented in Table 3.4 - Table 3.7 for d/t, = 30. Fig. 3.14 shows the
relationship of reduced link length and diameter of perforations for d/t, =30 and link

length factor 1.2 considering different number of perforations and cutout depth (c). As
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shown in the figure, the effect of cutout depth (c) is on initial link length where the link
length shifts up as the cutout depth increases. Whereas, the number of perforations affects
the rate at which the link length increases with an increase of perforation diameter. The
plot of this relationship is also presented in Fig. 3.15 for d/t, =20,30 of number of
opening n=1 and 2 and flange section cutoff depth of 0.1br and 0.2br.

Table 3.4 length of reduced web link section and diameter perforation relationship of
d/t,=30, for (n=1, c=0.1br)

o(mm)
N (Hin) 0 \ 5 \ 10 \ 15 \ 20 \ 25 \ 30 \ 35 \ 40 \ 45
€,y (mm)
08 | 217 |217 |223 |230 |237 |244 252 |261 270 |279 | 289
1 271 | 271 | 279 | 287 | 296 305 |315 |326 |337 |349 | 362

1.2 326 326 335 345 355 366 378 391 404 419 434
1.4 380 380 391 402 414 427 441 456 472 489 507
1.6 434 434 447 460 474 489 504 521 539 558 579
1.8 489 489 502 517 533 550 567 586 606 628 651
2 543 543 558 575 592 611 630 651 674 698 724
22 597 597 614 632 651 672 693 716 741 768 796
2.4 651 651 670 690 711 733 756 782 809 837 868
2.6 706 706 726 747 770 794 819 847 876 907 941
2.8 760 760 782 805 829 855 882 912 943 977 1013
3 814 814 837 862 888 916 945 977 1011 | 1047 | 1086

_63_

Collection @ chosun



Table 3.5 length of reduced web link section and diameter perforation relationship of
d/t,=30, for (n=1, c=0.2br)

. omm)

p mm [0 |5 |10 [15 [20 |25 |30 |35 |40 |45
) €,;(mm)

08 | 175 | 175 [180 [185 [191 [197 [203 [210 [217 [225 |234

1 219 219 [225 |232 [239 [246 |254 [263 [272 |282 [292

1.2 263 | 263 | 270 | 278 | 287 |296 |305 |315 |326 |338 |350
1.4 307 | 307 | 315 | 325 |334 |345 |356 | 368 |38l 394 | 409
1.6 350 | 350 | 360 | 371 382 | 394 | 407 | 420 | 435 | 450 | 467
1.8 394 | 394 | 405 | 417 | 430 |443 | 458 | 473 | 489 | 507 | 526
2 438 | 438 | 450 | 464 | 478 | 493 | 509 | 526 |544 | 563 | 584
2.2 482 | 482 | 496 | 510 | 526 | 542 |559 |578 |598 | 619 | 642
2.4 526 | 526 | 541 556 | 573 | 591 610 | 631 652 | 676 | 701
2.6 569 | 569 | 586 | 603 | 621 641 661 683 | 707 | 732 | 759
2.8 613 | 613 | 631 649 | 669 | 690 | 712 | 736 | 761 788 | 818
3 657 | 657 | 676 |69 | 717 | 739 | 763 | 788 |815 |845 | 876

Table 3.6 length of reduced web link section and diameter perforation relationship of
d/t,=30, for (n=2, c¢=0.1br)

P(mm)
&
N () |0 s o 15 20 |25 |30 |35 40 |45
€,;(mm)
0.8 |217 |217 |230 |244 |261 |279 |301 |326 |270 |279 |289
1 271 | 271 | 287 |305 |326 |349 |376 |407 |337 | 349 |362

1.2 326 | 326 | 345 | 366 | 391 419 | 451 480 1404 | 419 | 434
1.4 380 | 380 | 402 | 427 |456 |489 |526 | 570 |472 |489 | 507
1.6 434 | 434 | 460 | 489 | 521 558 | 601 651 539 | 558 | 579
1.8 489 | 489 | 517 |550 | 586 | 628 | 676 | 733 |606 | 628 | 651
2 543 | 543 | 575 | 611 651 698 | 752 | 814 | 674 | 698 | 724
2.2 597 | 597 | 632 | 672 | 716 | 768 |827 | 896 | 741 768 | 796
2.4 651 651 690 | 733 | 782 | 837 902 |977 |809 |87 | 868
2.6 706 | 706 | 747 | 794 | 847 | 907 | 977 1058 | 876 | 907 | 941
2.8 760 | 760 | 805 | 855 | 912 | 977 1052 | 1140 | 943 | 977 1013
3 814 | 814 |862 |916 | 977 1047 | 1127 | 1221 | 1011 | 1047 | 1086
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Table 3.7 length of reduced web link section and diameter perforation relationship of
d/t,=30, for (n=2, c=0.2br)

pmm)
&
N () | \5 \10 \15 \20 \25 \30 \35 \40 \45
€,;(mm)
08 |175 | 175 | 185 | 197 |210 | 225 |243 |263 |287 |315 |350
1 219 | 219 232 |246 |263 | 282 |303 | 328 |358 |394 |438

1.2 263 | 263 | 278 |296 |315 |338 |364 |394 |430 |473 | 526
1.4 307 | 307 | 325 |345 | 368 |394 424 | 460 |502 | 552 | 613
1.6 350 | 350 |371 |394 |420 |450 | 485 | 526 |573 |631 | 701
1.8 394 394 | 417 | 443 | 473 | 507 | 546 | 591 645 | 709 | 788
2 438 | 438 | 464 | 493 | 526 |563 | 606 | 657 | 717 | 788 | 876
2.2 482 | 482 | 510 | 542 | 578 | 619 | 667 | 723 | 788 |867 | 963
2.4 526 | 526 | 556 | 591 631 676 | 728 | 788 | 860 | 946 | 1051
2.6 569 | 569 | 603 | 641 683 | 732 | 788 | 854 |932 | 1025 | 1139
2.8 613 | 613 | 649 | 690 | 736 | 788 |849 | 920 | 1003 | 1104 | 1226

3 657 657 696 739 788 845 910 985 1075 | 1182 | 1314
1,000
: n=1, ¢=0.1bf
200 n=1, ¢c=0.2bf
n=2, c¢=0.1bf
800 n=2, ¢c=0.2bf
700
600
—_
S 500
&
v 400
300

0 5 10 15 20 25 30 35 40 45 50
o (mm)

Fig. 3.14 Length of reduced web and flange link section and diameter perforation
relationship H200x150, p = 1.2
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Fig. 3.15 Length of reduced web and flange link section and diameter perforation
relationship H200x150 (continued...)

3.4 Summary

The equations derived in this chapters are very approximate since the assumptions
taken for simplicity are significantly affect the design and details of links. The following
summary was drawn from the derived equation.

For reduced web link section the sensitive parameter is the number of perforation in a
vertical direction and the diameter of perforations. in both cases as the diameter of
perforation increases the reduced link length also increases. However, the rate at which the
reduced link length increase is higher when the number of perforations increases. The ratio
of perforation diameter and link depth is requirements were set relative to the number of
perforations and the ratio of reduced shear plastic strength and unreduced link. The ratio of
plastic shear strength was assumed to be greater than 0.5, thus the corresponding the ¢/d
ratio can be set.

In the case of reduced flange and web section, the number of perforation in a vertical
direction, the diameter of perforations and the depth of cut off plays an important role in
the reduced link length. The change of reduced link length for the number of perforations 2
is very exponential compared to number of perforation 1. The effect of dimension c is seen
at the initial reduced link length. For both c=0.1br and c=0.2bf the rate of change of

reduced link length is the same for both cases (n=1 and n=2).
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4. Experimental Evaluation

4.1 Introduction

The specimens designed using the equations presented in Chapter 3 above have been
evaluated through quasi-static loading test. The loading test was conducted in Chosun
University, steel structure and earthquake engineering laboratory (SSEEL). A series of
quasi-static cyclic loading tests was conducted as one of the key features of this research
program. The main objective of these tests was to verify the proposed reduced link section
can reach the required plastic rotation without significant damage and without deterioration
of their load carrying capacity.

The tests were conducted only for W-sections with:

i) stiffened and unstiffened reduced web link section and

ii) stiffened and unstiffened reduced web and flange link sections. The specimens
were made from a common structural steel called SS400 steel. Two different link lengths
300mm and 500mm were considered for experimental investigations. The percent of reduced
web areas were also considered as a parameter for the experimental evaluation. The test
results were used not only to evaluate the plastic deformation capacity and failure mode of
reduced link but also used for calibrating nonlinear finite element analysis conducted for
paramedical evaluations.

The designed specimens were constructed at HONAM steel manufacturing company,
Gwangju, South Korea. The constraints in the test specimens design was the actuator
capacity of loading test, which is 500 kN and the actuator hydraulic deformation capacity
of +£100 mm and the developed test set-up system capacity in steel structure and earthquake
engineering laboratory at Chosun University. Appropriate safety factor was taken in to
account. For instance, the maximum shear force resistance capacity of test specimen should
be less than 400 kN. The specimen should also inter in to plastic deformation within the
deformation capacity of he actuator hydraulic deformation capacity.

The design of link and the connections are designed according to AISC-2010 seismic
provisions. The test loading was conducted controlling the displacement and displacement
protocol used was the revised protocol suggested in AISC Seismic Provisions for link beam
evaluation. This experimental program also aimed to provide a better understanding of their

behaviour.

_68_

Collection @ chosun



The test program and process along with the test results are discussed in this chapter.
The outlines of the test set-up, process and the detail of test specimens are discussed in
section 4.2 including the cyclic loading sequence and instrumentations of test set-up with
the design details and procedures of fabrications of all specimens. The hysteresis responses
of test specimens and the failure or the buckling mode of loading test results were
presented and discussed in section 4.3. The plastic rotation capacity, initial stiffness,

cumulative rotation and other related variables are also discussed in this section.
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4.2 Test plan and process

4.2.1 Detail of Test Specimens

A total of 9 test specimens was chosen for experiments considering different
parameters including the percent of open areas, effect of stiffeners and link lengths with two
cross-sections. Two of the cross-section geometries were selected from compact sections. The
detail dimension of the test specimen is shown in Fig. 4.1. The specimens was chosen as the
best compromise between specimen manufacturing ease and the developed test equipment
system. The test specimen was designed using SS400 steel plate material with nominal yield

stress f, = 310MPa was assumed for both flanges and webs. The test specimens consists of

four components built-up together. These are: a perforated web, flanges with different
compactness ratio and stiffeners and end plates all made of common mild steel SS400. The
detail of each of the test specimens were presented in Fig. 4.1.

The flanges, the end plates are welded on the perforated plate which is used as a
web. In addition the stiffeners for stiffened specimens are also welded on the perforated
web and flanges. The CJP groove welds between flanges and perforated web were placed
both side longitudinally. The groove welds between flanges and stiffeners and perforated
web and stiffeners is also the same. With out some minor error, the connection details are
made according to the design provided.

The selection criteria of test specimens were: first, the capacity of the actuator and
test setup had to be sufficient to test the specimens to failure. Second, to consider the same
link length with different geometries such as reduced web and reduced web and flange
sections with and without stiffeners.

The specimen code along with the cross-sectional properties and detail of test
specimen considered are summarized in Table 4.1. Sectional strength such as nominal plastic
shear strength and plastic moment of the specimens are calculated from the geometries and

equation presented in Section 3.3.2. The yield stress f, =310MPa was used to calculate

the cross-sectional strengths. The link length factor (p) for reduced section presented in the
Table 4.1 is also calculated using the developed equations in Section 3.3.2. The codes
illustrated in the Table, for instance RWS-S10S1 the first three letters stands for reduced
web section, the letter after the — Stiffened, the number is for percent of reduced web area

(10% reduced web area) and the last number is identifier.
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Table 4.1

Summary of test specimens

Specimen ID LA open | e link stiffener | V7| Mo

P t rp area(%) | length (kN) | (kNm) PP
RWS-S10S1 9 10| 8 10% 300mm | 3@100 | 193.4 | 55.2 1.0 | 1.1
RWS-UI10S1 9 10] 8 10% 300mm - 1934 | 55.2 1.0 | 1.1
RWS-UI15S1 9 10] 8 15% 300mm - 174.7 | 54.2 1.0 | 1.0
RLS-U5Sfl1 13 9| 8 5% 500mm - 2278 | 465 | 1.65| 2.4
RLS-U10Sfl | 13 9| 8 10% 500mm - 2059 | 44.8 | 1.65| 2.3
RLS-S5Sf1 13 9| 8 5% 500mm 4 2278 | 465 | 1.65| 2.4
RLS-S10Sf1 13 9| 8 10% 500mm 4 2059 | 44.8 | 1.65| 2.3
RWS-US5Sf1 13 9| 8 5% 500mm - 2278 | 70.8 | 1.65| 1.6
RWS-UI10Sf1 13 9| 8 10% 500mm - 2059 | 69.1 | 1.65| 1.5
RWS-S55f1 13 9| 8 5% 500mm 4 2278 | 70.8 | 1.65| 1.6
RWS-S10Sf1 | 13 9| 8 10% 500mm 4 2059 | 69.1 | 1.65| 1.5
RWS-S10Sf2 | 13 9| 7 10% 500mm 4 180.2 | 68.4 | 1.85| 1.3
RLS-S10Sf2 13 9| 7 10% 500mm 4 180.2 | 44.1 | 1.85] 2.0
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Fig. 4.1 Test specimen detail
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Fig. 4.1 Test specimen detail. Continued...
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Fig. 4.1 Test specimen detail. Continued...
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4.2.2 Material Property of test specimen

Coupon test under monotonic tension loading were performed on plates made from the
plate material used to fabricate the various link cross-sections. Four different thickness plates
where the test specimens were made was prepared for the tensile coupon test. The thicknesses
of plates are, 7mm, 8mm, 9mm and 10mm. Three specimens were tested for each thickness to
reduce the error arise during testing and average values were taken as a property. The coupon
test specimens were designed according to KSB 0801-2007 (Korea Standards Association). The
coupon test loading was conducted in DEA HO Machinery Co. LTD in Gwangju, South Korea
in accordance with KS B 0802 (Korea Standards Association 2008b).

The applied load was recorded by a load cell mounted to DEA HO steel material
testing machine and the strain was measured using strain gage mounted to the test
specimen. The recorded yield and ultimate stresses for each material along with the ultimate
strain are summarized in Table 4.1. In order to determine the yield stress the 0.2% offset
method was used.Since the thickness of flange is the same (t=10mm), only one loading test
was conducted for flange. For web, four different thicknesses have been considered for test
specimens. The final failed coupon test results under monotonic tensile loading are shown
in Fig. 4.2 for all thicknesses considered. The corresponding stress-strain relationship of the

coupon test results were presented in Fig. 4.3.

Table 4.2 Summaries of Coupon test results

Yield strength o, Ultimate strength Ultimate strain (¢,)

Flange @0.2%, (MPa) (0.) (%)
t; = 10mm 282.05 369.41 36
ty, = 10mm 281.16 368.45 36.1
t; = 10mm 27791 368.32 36.2
ty = 9mm 322.90 424.04 28.6
t, = 9mm 321.55 421.52 28.61
t; = 9mm 323.64 425.17 36.0
Web

t, = 8mm 293.18 448.83 27.2
t, = 8mm 303.99 449.37 25.26
t; = 8mm 301.98 449.92 29.31
t, = Tmm 309.53 370.48 34.12
ty, = Tmm 310.54 370.47 34.2
t; = Tmm 304.61 370.21 36.1
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4.2.3 Loading Test Equipment System

4.2.3.1 Test Subassemblage

Two loading system have been used. The loading test equipment system shown in
Fig. 4.5 was used to produce the cyclic force and inelastic deformation demand for shear
links having length of 300mm. The second option is for link length of 500mm. The base
of loading frame of the test set-up was strong floor. The test frame stiffened at along its
length by two H-section beams is strong enough to resist the applied load by the actuator.
The test specimens are installed between fixed horizontal plate and loading beam supported
by two pinned columns. The lower horizontal plate at which the test specimens bolted on
the fixed on two H-section beams. The specimens are fastened by bolts in each side, thus
the test specimen is fixed at lower end and free to translate along the longitudinal direction
of loading beam. The two pinned columns that support the loading beam is used to resist
axial loads supposed to be applied on the test specimens. In order to protect the rotation
angle at the top of specimen, a pantograph was installed as shown in the equipment
system. The axial force applied to test specimen is controlled by both end pined column
used as counter weight of the loading beam. Horizontal cyclic load was applied by the
actuator having a capacity of 500kN and displacement capacity of £200 is mounted on the
loading beam. Therefore, the test specimens are only exposed to shears.

The test setup system is shown in Fig. 4.4 - Fig. 4.6. Two test setup have been
utilized depending on the length of link. The first option shown in Fig. 4.4, is for test
specimen having clear length of 300mm. The 2 option shown in Fig. 4.5, for test

specimen having length of 500mm. Fig. 4.6 shows the top view of test set-up.
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4.2.3.2 Instrumentation of Experiments

Total of 6 displacement meters are installed to measure displacements at different
locations. The displacement meters, with an ID DT1 and DT3, was installed at the top end
plate of test specimen and loading beam respectively to measure the displacement of
maximum input amplitude. In order to measure any shakings at the fixed horizontal plate
and the lower end plates of test specimens displacement meters with an ID of DT2 and
DT4 was installed respectively on the lower end plate of test specimen and fixed horizontal
plate. To capture any compression and tensile forces applied to the two columns pinned at
both end and bolted at mid-height in sloted hole, displacement meters having an ID of DT6
and DT7 for the north column and south columns respectively were installed. Careful
analysis needed in each test in order to find the exact displacement of test specimens for
an input amplitude. Usually the difference between the displacements measured at upper and
lower end plates of test specimens (DT1 and DT2) is the pure shear displacement of the
test specimens. The detail of displacement installation location is shown in Fig. 4.7 on the
second the test set up option. The displacement meters used in the test are shown in Fig.
4.8. Two different types displacement meters are used, the first has a capacity of +50mm
and the second displacement meter has a capacity of measuring +100mm.

The loads applied on the test specimen and the deformations caused by the applied
load was measured carefully. The loads are measured directly from the loading cell mounted
in the actuator. This means, the force was measured through the actuator load cell directly and
displacement externally controled measurements through laser displacement meters (laser
displacement meter precision 0.05 mm). In order to eliminate errors the external displacement
meters are installed at different locations as stated above.

All loading tests were recorded to look at the test specimens behavior during loading
process. The digital camera having a resolution capacity of 4.3mega pixels were setup and recorded

from east. The videos were helped to see the details of specimens from the start to finish.

_84_

Collection @ chosun



Z

5200

== ==
Key:
DTI: Horizontal displacement of link at the top
DT2: Hotizontal displacement of link at the bottom
DT3: Horizontal displacement of loading beam
DT4: Horizontal displacement of fixed plate
DTé: Vertical displacement of north column
DT7: Vertical displacement of south column

pu: p

Fig. 4.7 Location of Displacement meters
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4.2.4 Loading Sequence

The loading sequence used to evaluate the test specimen is the revised protocol
recommended in AISC-2010. Where it requires more cycles at lower rotation levels and
fewer cycles at larger rotations compared to the protocol of the 2002 Seismic Provisions
and severe protocol. The first four rotations have 6 cycles at 0.00375 rads, 0.005 rads,
0.0075 rads, and 0.01 rads, 4 cycles at 0.015 rads, and 0.02 rads, 2 cycles at 0.03 rads,
one cycle at 0.04 rads and 0.05 rads, and then a single cycle at 0.02 rad increments from
there. Displacement of the actuator was used as the control parameter during testing, which
required that the specified rotation levels be converted into displacements using the link and

setup geometries. The protocol used is shown in Fig. 4.9.

Shear Rotation(rad)
L]

o5
_
e |

1
=
[ ]
—_

Cyvcle Number

Fig. 4.9 Loading protocol
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4.3 Test Results

The loading test results, the hysteresis response of each test specimens along with
the failure mode, were presented in this section. From the recorded video, the cycle at

which each test specimens stars to buckle and failed will be presented.

4.3.1 Observations on Each of Test Specimens

4.3.1.1 Links with reduced web section

As it has been stated in the considered specimens in this research work is categorized
in to two. These are: links with reduced web and links with reduced web and flange
section. The response of each specimens are presented here under. In this section links with

reduced web section is presented.

RWS-S10S1

The first test was conducted on stiffened shear link with reduced 10% of web section.
The hysteresis response, link shear versus shear rotation, is shown in Fig. 4.10 (a). In this test
the specimen is loaded only up to the start of cracks and slight crack propagations. As shown
in the Fig. 4.10 (a), the hysteresis curve is stable up to displacement of 45mm (0.15 rad)
although the specimen is start to crack at the edge of reduced web link. The plastic rotation
level of RWS-S10S1 is shown in the displacement protocol with a mark A at which the
crack and crack propagation starts as shown in Fig. 4.10 (b).

The displacement effect of the fixed plate measured by displacement meter of DT4 is
higher compared to the displacement of both columns (DT6 and DT7) and the lower end
plates of the test specimens (DT2) as shown in Fig. 4.11. The photos captured from the
recorded video at the start of cracks around the edge of circular perforations is shown in
Fig. 4.11. The crack is only seen at the edge of perforations all the welding and flanges

do not shown any cracks.
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RWS-U10S1

RWS-U10S1 is the equivalent specimen of RWS-S10S1 where the first is unstiffened
and 10% web area reduction whereas the later is stiffened. The hysteresis response, link
shear versus shear rotation, is shown in Fig. 4.12. The specimen are loaded up to final
failure. The start of buckling, crack and final failure is indicated both in the hysteresis
curve and in the loading history. As shown in the hysteresis curve, the test specimen shows
stable hysteresis loop before buckling and crack occurs after 0.11rad. One cycle after crack
the final failure occurred and the shear response decreases rapidly after failure.

The photos captured from the recorded video at the start of cracks around the edge
of circular perforations and the cracks propagates diagonally and finally fractured is shown
in Fig. 4.13. The specimen failed diagonally in the angle of perforations i.e the failure

follows the tension field action.
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Z E pooW o o
= 100 £ 007 |- M e
= | h h ] ' |
= L O OO S AT 111 1
= < L |
& -100 2007 ---- T e e --
2 5014 A . t”
w200 U e i startbuckling - A
e N i éndcréck\/i
300 4L el .
buckling and cracks 0 5 10 15 20 25 30 35 40 45
= Cycle Number
02 015 01 005 0 005 01 015 02
Shear Rotation(rad)
(a) Hysteresis curve of RWS-U10S1 (b) Loading history of RWS-U10S1

Fig. 4.12 Response of RWS-U10S1

(a) buckling and crack of RWS-U10S1 (b) failure of RWS-U10S1

Fig. 4.13 Deformed shape and cracks observed on RWS-U10S1
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RWS-U1551

Fig. 4.14 shows the link shear force versus rotation hysteresis curve and the loading
history for specimen RWS-U15S1. This specimen is unstiffened with 15% reduced web
area. The buckling, crack and failure of RWS-U15S1 is at the cycle with specimens
RWS-U10S1. Stable hysteresis response was observed up to buckling and cracks at the start
of 2™ phase of 0.l1lrad. Finally the specimen failed at the beginning of 0.15 rad and the
resisting capacity decreases rapidity. The photos captured from the recorded video at the
start of cracks around the edge of circular perforations and the cracks propagates diagonally
and finally fractured is shown in Fig. 4.15. Link specimen RWS-U10S1, this specimen also
failed diagonally along the tension field action since both specimens are shear link and

shear links are known by the yielding of the web prior to the flanges.
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Fig. 4.14 Response of RWS-U15S1

(a) buckling and crack of RWS-UI5S1 (b) failure of RWS-UI5S1

Fig. 4.15 Deformed shape and cracks observed on RWS-U15S1
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RWS-U10Sf1

The deformed shape of RWS-U10Sfl test specimen is shown in Fig. 2.16. As shown
in the deformed shape a small cracks at the edge of the perforations on the web was seen.
In addition, a buckling of end plates was also observed indicated locations with yellow
rectangle. This buckling of end plate affects the plastic rotation as the shear deformation
recorded some how enlarged. Therefore some adjustments was made. In order to produce
the adjustments, the deformation shape was modeled as shown in Fig. 2.17 (a). The

external moment (M, ,,) created by the applied load is given by:

M. _, = P*e

ext

where P is the applied load from the actuator and e: link length. The external
moment expressed in Eq. (4.1) decomposed to the compression (C) and tensile force (T)
generated at the flanges of the specimen, which is expressed as in Eq. 4.2. The tension and

compression forced are assumed equal so that

P*e:T*g—F C’*g: T d s 4.2)

where d: is the depth of link. The uplifting deformation generated at the tensile force

point load is given in terms of a, b, [ which the dimensions are given in the Fig. 4.17 (b).

_ Ta*b?
3EIP

In order to calculate the net shear deformation of link specimen, the calculated

deformation is deducted from the recorded displacements.

A=A 25 (4.4)
where A’ is the net shear displacement, A: is recorded shear displacement. Thus, the shear
rotation of link is then calculated by dividing the net shear displacement by the link length.

The hysteresis response of RWS-U10Sfl after adjustments were made is shown in Fig.
4.18 along with the loading history. As shown in the figure, the specimen shows stable
hysteresis response up to over the rotation limit then finally the actuator stoped accidentally.
The actuator stopped due to high temperature of pump beyond its limit which reached
80"C' before it stopped. The specimen attains the plastic rotation level suggested by the
AISC-10 provision. Even though the loading test was not completed according to the
imputed loading cycle on RWS-U10Sfl, the small cracks of specimen at the edge of

openings was seen as shown on the magnified photos presented in Fig 4.16.
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Fig. 4.17. Deformed shape model
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RWS-S108f1

The hysteresis response of stiffened links with 10% reduced web section, RWS-S10Sf1
is shown in Fig. 4.19 along with the loading history. As shown in the figure, the specimen
shows stable hysteresis response up to shear rotation of 0.15radian. During this test process
also the actuator stoped due to high temperature of pump beyond its limit which is 80°C.
Even though the loading test wasn’t completed according to the imputed loading cycle on
RWS-S10Sfl, the small cracks of specimen at the edge of openings was seen as shown in
Fig. 4.20. As shown in the figure, the end-plate buckling also observed therefore the shear
displacement was adjusted just like RWS-U10Sfl using the equations (4.1-4.4). The plastic

rotation level was satisfied although the loading test wasn’t completed.
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Fig. 4.19 Response of RWS-S10Sfl
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(a) buckling of RWS-S10Sfl1 (b) Crack detail of RWS-S10Sfl

Fig. 4.20 Deformed shape and cracks observed on RWS-S10Sfl

RWS-S108f2

Fig. 4.21(a) shows the link shear force versus the adjusted rotation using Egs.
(4.1-4.4) hysteresis curve for specimen RWS-S10Sf2. As shown in the figure, the hysteresis
response is stable. The corresponding loading history that shows the point at which the test
specimen started buckling also presented in Fig. 4.21(b). But the test wasn't loaded up to
the final failure as some inconvenience happened to the actuator motor and stopped before
reached at the second cycle of shear rotation of 0.13rad. The actuator’s motor was stopped
because of the temperature attains above its maximum capacity. The capacity of the motor
of actuator is 80°C. The deformed shape of RWS-S10Sf2 is shown in Fig. 4.22. As shown

in Fig. 4.22, buckling of end-plate is also observed for this specimen as well.
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Fig. 4.22 Deformed shape and cracks observed on RWS-S10Sf2
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4.3.1.2 Links with reduced web and flange section

The loading test response of test specimens of links with reduced web and flange

section is presented in this section for three specimens tested.

RLS-U10Sf1

The hysteresis response of unstiffened intermediate links with 10% reduced web and
flange section, RLS-U10Sfl is shown in Fig. 4.23. As shown in the Fig. 4.23, the
hysteresis response is stable up to shear rotation angle of O0.1lrad where strength
degradation due to buckling and cracks at the edge of holes. When the shear rotation

reaches at 0.15rad the started crack continuos and finally failed.

The first yielding and cracks were occurred on the edge of web panel opening at
which the flanges were reduced as it is shown in the Fig. 4.24. Compared to the equivalent
links with reduced web (RLS-U10Sfl) the yielding and the crack starting location is

different. This is the indication of the effect of flange reduction in links.
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(a) Hysteresis curve of RLS-U10Sfl (b) Loading history of RLS-U10Sfl

Fig. 4.23 Response of RLS-U10Sf1
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(a) buckling and crack of RLS-U10Sfl (b) failure of RLS-U10Sfl

Fig. 4.24 Deformed shape and cracks observed on RLS-U10Sfl

RLS-S108f1

The hysteresis response of stiffened intermediate links with 10% reduced web area and
reduced flange section, RLS-S10Sfl, is shown in Fig. 4.25 along with the loading history.
Stable hysteresis response was obtained as shown in the Fig. 4.25 up to shear link rotation
of 0.15radian. The hysteresis behavior is similar with specimen of only reduced web area,
RWS-S10Sfl. However, when we look at the deformed and the failed specimen, the
behavior is quit different. Here, the fracture is concentrated at the web where the flanges
are reduced. In addition a plastic hinge was formed at reduced flange which indicates that

stiffened reduced web and flange link section it is possible to control the location of plastic
hinge as shown in Fig. 4.26.
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Fig. 4.25 Response of RLS-S10Sfl
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(a) buckling and crack of RLS-S10Sfl (b) failure of RLS-S10Sfl

Fig. 4.26 Deformed shape and cracks observed on RLS-S10Sfl

RLS-S10S12

The hysteresis response of stiffened intermediate links with 10% reduced web and
flange section, RLS-S10Sf2 is shown in Fig. 4.27. As shown in the Fig. 4.27, the
hysteresis response is stable up to shear rotation angle of 0.15rad. Even though deformation
and cracks are observed on the test specimen as shown in Fig. 4.28, the hysteresis response
is quit stable. The first yielding and cracks were occurred on the edge of web panel
opening at which the flanges were reduced as it is shown in the Fig. 4.28. Compared to
the equivalent links with reduced web (RLS-S10Sf2) the yielding and the crack starting

location is different. This is the indication of the effect of flange reduction in links.

—RLS-S1082
300 Va 021

=11 ]

)

(]
b=
=

0.14 ¢
007 |----

'RWS-5108f2 |

—
=
=

hear Force(kN)
2

0.07 |
-0.14 |

| buckling and cracks!
w1200 1

Shear Rotation(rad)
o

atactuator stc:rpped;
300 . : 2021 S S
e gyt S e i 0 5 10 15 20 25 30 35 40 45
02 015 01 005 0 005 01 015 02 sl Hmbiey
Shear Rotation(rad)
(a) Hysteresis curve of RLS-S10Sf2 (b) Loading history of RLS-S10Sf2

_98_

Collection @ chosun



Fig. 4.27 Response of RLS-S10Sf2

Fig. 4.28 Deformed shape and cracks observed on RLS-S10Sf2
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4.3.2 Cumulative Inelastic Rotation

The cumulative inelastic rotation, Xv,, of each test specimens was calculated. The
cumulative plastic rotation is defined as the sum of the increments in inelastic link rotation
associated with each half loading cycle. The sum of plastic rotation can be expressed as in
Eq. (4.5) in a positive shear and negative shear of has a positive and negative as shown in
Fig. 4.29 which is taken from test specimen of RWS-UI5S]1.

nyp:/‘YPJ+’Yp72+---+7p7m71+7p7m ............................................... (45)

where X, is the cumulative plastic rotation, and v, 1, ¥,9, - Vp.m—1 and 7, ,, are

the plastic rotation of 1%, 2", (m—1)" and m'" respectively as shown in Fig. 4.29. The
computation of cumulative plastic rotation based on the hysteretic relation of all test
specimens are shown in Fig. 4.30. As shown in the Fig. 4.30, the cumulative plastic
rotation of RWS-UI0Sfl is smaller than all other test specimens this is due to the fact
during experiment test specimen RWS-U10Sfl is stopped un expectedly before the loading
test completed. For other test specimens, the cumulative plastic rotation is above unity and
stiffened specimens shows better cumulative plastic rotation compared to unstiffened links.
Comparing specimens with reduced web and reduced web and flange links, the cumulative
plastic rotation is reduced web and flange links has slightly bigger cumulative plastic
rotation. Cumulative plastic rotation is important parameter for seismic energy dissipating
members. The effect of each parameter considering for test specimens on the cumulative
plastic rotation is presented in under including the effect of stiffeners and percent of

reduced web area.
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Fig. 430 The cumulative plastic rotation of test specimens.
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4.3.3 Effect of Stiffeners

Looking at the loading test results of both the hysteresis response and the deformed
shape with cracks and the final failed specimen one can see the difference clearly the effect
of stiffeners on the links. In all unstiffened specimens shows relatively less plastic rotation
capacity. This is because during the loading process, the specimens buckle out-of-plane in
unstiffened specimens and stiffeners prevents the out-of-plane buckling and produce stable
and large deformation.

Fig. 4.31 (a) shows the comparison of hysteresis response and initial stiffness of
stiffened and untiffened reduced web shear links. As shown in the Fig. 4.31 (a), the
hysteresis response of stiffened reduced web shear link shows stable hysteresis characteristics
compared to untiffened reduced web shear link. The maximum shear force resisting capacity
is also slight difference. The initial stiffness has no apparent difference between stiffened
and unstiffened reduced web shear links.

The comparison of hysteresis response as well as initial stiffness of reduced web
intermediate link is presented in Fig. 4.31 (b). As shown in the figure, the hysteresis
response of stiffened intermediate reduced web link is higher shear link rotation capacity
than unstiffened intermediate reduced web link. The maximum shear resistance of stiffened
intermediate reduced web link is about 40kN higher than unstiffened intermediate reduced
web link. The initial stiffness has no apparent difference for stiffened and unstiffened
intermediate reduced web link. The same results were obtained for intermediate links with
reduced web and flange intermediate links with intermediate reduced web link as shown in
Fig. 431 (c). The cumulative plastic rotation comparison of stiffened and unstiffened is
shown in Fig. 4.32 (a-c). As shown in Fig. 4.32 the cumulative plastic rotation of stiffened
and unstiffened links shows that the cumulative plastic rotation of stiffened links is bigger

than unstiffened links.
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Fig. 4.31 Effect of stiffeners on hysteresis and initial stiffness
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Fig. 4.32 Effect of stiffeners of cumulative plastic rotation
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4.3.4 Effect of Percent Reduced Web Area

In order to see the effect of percent of reduced web area on the behavior of links,
the hysteresis response of 10% and 15% reduced web unstiffened shear links were
compared as shown in Fig. 4.33(a). Looking at the figure the comparison of hysteresis
responses, the link rotation of 10% reduced web area and 15% reduced web area is the
same including the rotation at which strength degradation occurred is also at the same
point. The maximum shear resisting capacity of 10% reduced web area is 34.86kN bigger
than the maximum shear resistance of 15% reduced web area.

The comparison of initial stiffness of 10% and 15% reduced web area is presented in Fig.
4.33(b). Looking at the comparison of initial stiffness of 10% and 15% reduced web area, initial
stiffness of 10% reduced web area is bigger than 15% reduced web area which expected.

The comparison of cumulative plastic rotation of percent of open area is presented in
Fig. 4.33 (c). As shown in the Fig. 4.33 (c), the cumulative plastic rotation of 10% and
15% reduced web links, is the equal. Thus, the percent of web reduction has no significant

effect on the cumulative plastic rotation as shown in the Fig. 4.33(c).
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4.4 Summary of Experimental Results

4.4.1 Plastic Rotation Capacity

The loading test results are summarized in Table 4.3 below. As shown in the table
the target plastic shear rotation calculated from the AISC-2010 provision and the measures
shear rotation from the experiment is presented. The plastic rotation which is calculated as
the difference of total shear rotation and elastic rotation. The AISC Seismic Provisions
evaluate the performance of the link in terms of the inelastic component of the link rotation

angle, 7,. In this research, 7, is evaluated as follows:

-
L e — (4.5)

€

where 7,: plastic rotation, : is the total shear rotation angle, V: is the link shear
force, e: link length, K_: elastic stiffness which is defined using Timoshenko beam theory
as presented in Eqgs. (4.6) and (4.7). [C. K. Gulec et al, 2011, Malley JO et al., 1983]:

_ 12EI »
T dras  eee—— (4.6)
_ 6EI
p= GAS (4.7)

where: F is the modulus of elasticity of steel, / is the moment of inertia of the
cross-section, G is the shear modulus for steel, and A, is the web area equal to the
product of the reduced link depth (d —n¢) and web thickness (%,).

The comparison of plastic rotation of test data collected from Hjelmstad and Popov
1983, Malley and Popov 1984, Kasai and Popov 1986, Ricles and Popov 1986, Engelhardt
and Popov 1989, Ramadan and Ghobarah 1995, McDaniel et al. 2003, Okazaki and
Engelhardt 2007, Okazaki et al. 2009, Dusicka et al. 2010 and Mansour et al. 2011 with
the current research is presented in Fig. 4.34. As shown in the figure, the reduced link
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section shows a plastic rotation much above the required limit. The observed buckling,
cracks and failure of the test specimens are also presented in the table. The cracks started
at the reduced web around the hole in all specimens considered. Which proves that the

proposed links acts according to the assumed behavior.

Table 4.3 Summary of test specimens

Target Measured
] plastic shear Vi ax ] ]

Specimen ID . 2= Observed buckling/cracks/failure

shear rotation V,}

vp (rad) (rad)
RWS-S10S1 0.080 0.1503 1.722 Cracks around web holes
RWS-U10S1 0.080 0.1296 1.643 Fracture of web
RWLS-U15S
| 0.080 0.1274 1.619 Fracture of web
RWS-U10Sf1 0.08 0.1102 1.46 Cracks around web holes
RWS-S10Sf1 0.08 0.150 1.665 Cracks around web holes
RWS-S10Sf2 0.08 0.126 1.532 Cracks around web holes
RLS-U10Sf1 0.038 0.1247 1.511 Fracture of web

Fracture of web and local-buckling
RLS-S10Sf1 0.038 0.1523 1.681 .
of flange at reduced section
Fracture of web and local-buckling
RLS-S10Sf2 0.056 0.1508 1.587 .
of flange at reduced section
0.2 =

ATSC Reguirement
Hijelmstzd znd Popow, 1583
Mzll=y =nd Bopow, 1984
Kazszi znd Popow, 1986
Ricles znd Popow, 1986
Engelhardt and Popov, 1980
McDanisl ot 2l 3003
Ot=zzld and znd Englherdt, 2007
Otzz=ld etal . 2009

Dousi 1. 2010
Menzour etzl, 2011

Fietal 2016

Thiz Study

00 ¢ = 4§ B & 0 0 &

Plastic Rotation Capacity fy, frad))

Link Length factor [p=eM, V)]

Fig. 4.34 Plastic rotation capacity versus the link length factor
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4.4.2 Overstrength Factor (€2)

Overstrength factors, OSF, are necessary to realize the capacity design approach in
which a strength hierarchy is established within a structure so that some ductile “primary”
“protected” elements are discouraged from yielding. These protected elements are generally
designed for the maximum (or overstrength) force capacity which can be generated by the
primary elements. Overstrength factors are multiplied by the specified or nominal primary
element strength as part of determining the required strength of the protected elements. If
the overstrength value is too high, uneconomic structures will result, if it too low, an
undesirable mechanism may result. The overstrength factor is the ratio of maximum

recorded shear forces to the plastic shear strength as expressed in Eq. (4.8).

where €: is the overstrength factor, V, ,.: is the maximum shear force, V: is the

i
plastic shear. The over-strength factors existing links given in the 2005 AISC Seismic
Provisions [19] are based on an assumed overstrength factor of 1.5 obtained in the previous
experiments. However, researchers recommend that the overstrength factor recommended in
AISC-05 is conservative for intermediate and long in accordance with European specification
of structural section links' design. Amin Mohebkhah and Behrouz Chegeni recommended the
strain hardening overstrength factor () calculated from finite element analyses is in a range
of about 1.53-1.77 (average 1.60) for short links, about 1.29-1.46 (average 1.37) for
intermediate and 1.39-1.41 (average 1.40)for long links. It can be seen that, the
overstrength factor decreases as the length ratio increases for short and intermediate links
and then increases a little for long links again. Richards and Uang then suggest that the

cyclic hardening parameter defined above should vary with link length factor as:

6 e (4.9)

Do

1.
<
2.

Vo IA

1.44 p
02{1.44—0.4(p—1.6) 1.6 <
2.7/p p
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The research works of Amin Mohebkhah and Behrouz Chegeni and Richards and Uang
and the recommendation of AISC is different. Fig. 5.35 summarizes data from link tests
Hjelmstad and Popov 1983, Malley and Popov 1984, Kasai and Popov 1986, Ricles and
Popov 1986, Engelhardt and Popov 1989, Ramadan and Ghobarah 1995, McDaniel et al.
2003, Okazaki and Engelhardt 2007, Okazaki et al. 2009, Dusicka et al. 2010, Mansour et
al. 2011 and the oversterngth factor calculated for test specimens in this study. The collected
data is plotted the ratio Vmax/Vn against the link length ratio in the range of 0.47-4.37. Vn
is the inelastic strength of the link, and was calculated as the smaller of Vp or 2Mp/e, where
Vp and Mp were computed using the actual measured dimensions and actual measured yield
strengths of steel. The overstrength factor of 1.5, suggested by Popov and Engelhardt (1988),
is somewhat conservative for shear links with a length ratio of over 1.0. It was suspected
that the substantially larger overstrength in very short shear links had two causes. The first
cause is the shear resistance of flanges (Itani 2002 Richards 2004). The second is the cyclic

hardening effect of web steel under large inelastic strains (Kasai et al. 2004).

25
i)
SRR
% C 3
< o - e
513 R iamm .
= EEI‘E‘E“M 4 & l:a- i
E\ 0. * dy £ £
W1 %
?_., + Hieimaad sd Popov, 1953 O Maley and Popay, 1954
= o Xass and Porov, 1984 ® Ricles and Popay, 1988
;_._C aErgeiira and Popou, 1059 w Remwadn cved Ghobarah, 1997
= 0.3 | wMecDonisl eral, 2003 & Oeazaki avd and Englhardt 2007
= +(azaki et al, 20090 ¥ Dusicka eral, 2000
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Link Lengthfactor [p=eMp/Ty)]

Fig. 4.35 Overstrength factor versus the link length factor
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4.4.3 Equivalent Viscous Damping

The concept of viscous damping is generally used to represent the energy dissipated
by the structure in the elastic range. An early proposal to model the inelastic behavior with
a parameter proportional to the velocity was made by Jacobsen [1930, 1960]. He
approximated the non-linear friction behavior to a power of velocity. This was initially used
to compute the response of single-degree-of-freedoms systems (SDOF) when subjected to
sinusoidal loads. Housner [1956] and Jennings [1964] carried out some investigation in
order to extent the concept to other hysteresis systems. The concept of equivalent viscous
damping is explained briefly emphasizing the main assumptions. The viscous damping

coefficient in two parts:

EvD T 8epo T eahyst s (4.10)

where &, , corresponds to the initial damping in the elastic range or also known as
energy dissipation resulting from viscous damping and &, corresponds to the equivalent

viscous damping ratio that represents the dissipation due to the inelastic hysteresis behavior.
The initial damping in the elastic range or energy dissipation resulting from viscous
damping is generally assumed to be 5% [M. J. N. Priestley & D. N. Grant]. Chopra, 1995
suggested that the viscous damping for elastic range is between 2% and 5%. Viscous

damping in elastic range or strain energy in a cycle is given by:

1
ESO :EV 5 ............................................... (4.11)

max-max

and 0, ,.: is the maximum

ax:

where &8: is the displacement (loading amplitude), V.

X
shear force and displacement respectively. The other important terminology in seismic

dissipating elements is effective stiffness. (keff)' The effective stiffness is defined as in Eq.

(4.12) in terms of V., V., and 6, .., 0., are the maximum and minimum shear

force and displacement respectively as shown in Fig. 4.36 (a).

k= L e L (4.12)
< |5max | - |5min |
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(a) Definition of effective stiffness
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(b) Definition of energy loss in a cycle (F,) and strain energy (Eg()

Fig. 4.36 Effective stiffness and energy dissipated in a cycle

The inelastic hysteresis behavior also called the damping ratio is to equate the energy
dissipation in a vibration cycle of the actual structure and an equivalent viscous damping.
For an actual structure the force-displacement relation obtained from an experiment under
cyclic loading with displacement amplitude 0, is determined such a relation is shown
schematically in Fig. 4.36 (b). The energy dissipated in the actual structure is given by the

area F, enclosed by the hysteresis loop. Equating this to the energy dissipated in viscous

damping given by Eq. (4.13).
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1 Ep
§eq = Ir By e (4.13)

where E, and Eg, are respectively the energy dissipated in a cycle and strain

energy given in Eq. (4.11).

The damping ration and effective stiffness for test specimens were calculated for each
specimens and a comparison have been made for the matching specimens. Fig. 4.37 shows
the comparison of damping ratios and effective stiffness of RWS-S10S1 and RWS-U10S1,
stiffened and unstiffened shear link. As shown in the figure, unstiffened shear link has
bigger damping capacity at large deformation. The situation is reversed i. e. stiffened link
has bigger damping capacity compared to unstiffned shear link at the elastic and low
deformation of specimen, as shown in Fig. 4.37 (a) and (c). The damping ratio of stiffened
and unstiffened shear link ranges from 10.7%-50.7% and 4.12%-52.67% respectively.

The effective stiffness of stiffened and unstiffened shear link decreases with equal rete
as the shear deformation (number of cycle0 increases. Stiffened shear link (RWS-S10S1)
shows slight bigger effective stiffness compared to unstiffened shear link (RWS-U10S1) Fig.
437 (a) and (b). The effective stiffness of both stiffened and unstiffened shear link ranges
from 7.33kN/mm-149.kN.mm and 7.4kN/mm-159.35kN/mm respectively.

60%

& RWS-51081
O RWS-UL0S1

0%

40%

o Avarage value for AWS-51051

Damping Rabo(%s)

Avarage value for RWS-U1051

0 25 30 73 100 125 130
Effective Stiffness(kN/mm)

(a) Comparison of damping ratio and effective stiffness of RWS-S10S1 and
RWS-U10S1

Fig. 4.37 Effect of stiffeners on effective stiffness and damping ratio of shear links
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(b) Comparison of effective stiffness versus number cycle of RWS-S10S1 and
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(c) Comparison of damping ratio versus number cycle of RWS-S10S1 and

RWS-U10S1
Fig. 4.37 Effect of stiffeners on effective stiffness and damping ratio of shear links

(continue...)

The effect of web reduced area on damping ratio and effective stiffness is presented
in Fig. 4.38. As presented in figure, the damping ratio of 10% reduced web area is bigger
compared to 15% reduced web area. As shown in the a linear decreement was observed in
the relationship between damping ratio and effective stiffness shown in Fig. 4.38(a). The
damping ratio of specimen having 15% reduced web area is high at large deformation (at
bigger cycle) compared to specimen having 10% reduced web area as shown in Fig. 4.38
(b). The damping ratio of specimen having 10% reduced web area and 15% reduced web
area shear link ranges from 4.12%-52.67% and 7.217%-50.92% respectively.

The effective stiffness of specimens with 10% reduced web area has generally shown
bigger compared to 15% reduced web area. However, at large displacement both specimen

have equal effective stiffness as shown in Fig. 4.38(c).
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Fig. 4.38 Effect of % reduced web area on effective stiffness and damping ratio of

shear links
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4.5 Summary

In order to evaluate the plastic deformation capacity as well as the failure mode of
reduced web link and reduced web and flange link section quasi static loading test was
carried out. The following summaries was drawn from the obtained results of experimental
investigations.

All link types, both shear and intermediate links, considered for experiments satisfied the
plastic rotation limit specified in AISC seismic provision (AISC-341-10). Even though both
stiffened and unstiffend links satisfied the plastic rotation limit, stiffened links shows higher
plastic deformation capacity compared to unstiffened links for both shear and intermediate
links. This is usually due to the fact that stiffeners provide stability to both web and flanges.
Because looking at the deformed and/or fractured test specimens, local buckling of flanges
was noticed in unstiffened links. In addition, in and out-of-plane buckling of web was also
observed in unstiffened links which finally leads to fracture of web.

The deformation shape and failure mode of test specimens during and after loading
test has been presented. Cracks and fractures was started at the edge of reduced web (at
the edge of holes in the web) for all test specimens considered. This actually proves that
the stress and plastic strains are concentrated at the edge of the holes when links are
loaded in shear. The cracks started at the edge of holes propagates and finally leads to
facture of web.

The percent of reduced web area has an effect on the maximum shear resisting
capacity and initial stiffness. The higher the percent of web reduction the lesser the
maximum shear resistance and initial stiffness. For the specimens considered 10% reduced
web area and 15% reduced web area of unstiffened shear link have the same plastic
rotation capacity. The same failure mode was also the noticed for 10% and 15% reduced
web area shear links.

The damping ratio of stiffened and unstiffened links is in the same range but at large
deformation, unstiffened links have high damping ratio compared to stiffened links and reverse
results were obtained for the deformation less that the rotation limit. However, effective
stiffness of unstiffened links are higher almost in all cycle compared to stiffened links. The
percent of reduced web area has also an effect on the damping ratio. Thus, 10% reduced
web area has higher damping ration at large deformation than 15% reduced web area. The

effective stiffness of 10% reduced web area is greater than 15% reduced web area.
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5. Non-linear FE Analysis

5.1 General

The behavior of developed reduced link section was studied by nonlinear finite
element simulation. The ABAQUS platform was used for all of the continuum modeling of
the proposed active links. The main objective of this analytical study were:

1. to extend the experimental investigations conducted to include the specimens type

not included in the experimental investigation.

2. to study the effectiveness of finite element simulation to evaluate the proposed

reduced link section

3. once the analytical investigations was calibrated and verified through experimental

results, different parameters was considered including link-to-column connections, in
the next Chapter 6 if non-linear finite element models of EBFs links demonstrates
nice predictions of active links behavior under cyclic loading.

In this chapter, the detail of FE analysis modelling procedures and calibration method
was presented including material modeling, meshing used, boundary and loading conditions.
The comparison of the failure and deformed shape of test and analysis model as well as
comparing the hysteresis response of analysis and test results were presented. In addition,
the plastic rotation and cumulative energy of both results were also included in this section.

Different calculation method of plastic rotation for analysis model was presented
because failure analysis was not include in the FE model so that the hysteresis response of
analysis model some times keep stable even under large deformation. Thus, different indexes

were considered in order to limit the total shear rotation.

5.2 Finite Element Analysis

5.2.1 Material Modeling

The structural steel components are modeled as an elastic—plastic material. With elastic
and plastic options, the yield and ultimate tensile strength obtained firstly from the results
of the coupon tests called engineering data should be converted into the true stress and
plastic strain with appropriate input format for ABAQUS. The engineering data can be
converted to true data using the following equations (Eq. (5.1) and Eq. (5.2) for stress and

strain respectively.
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(a) Average true stress versus plastic strain relationship for 7mm thick steel plate
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(b) Average true stress versus plastic strain relationship for 8mm thick steel plate

Fig. 5.1 Average true stress versus plastic strain relationship
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Fig. 5.1 Average true stress versus plastic strain relationship (continue...)
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O =0, (L e, s (5.1)

g, =In(l+e,)
where o,,: true stress, o,.: engineering stress, &,.: true strain, e,: engineering strain

The average true stress and plastic stain of converted engineering data or coupon test
results were plotted for all thicknesses are shown in Fig. 5.1. For finite element analysis
the material properties shown in Fig. 5.1 was used as an input.

The important parameter to be considered in the plastic range of steel material in the
large deformation modeling is the effect of strain hardening characteristics. Strain hardening
is a phenomenon which results in an increase in hardness and strength of a metal subject
to plastic deformation (cold working) at temperatures lower than the recrystallization range.
There are three different types of strain hardening models used commonly. These are:
isotropic, kinematic and combined isotropic and kinematic strain hardening.

Isotropic strain hardening: where the yield surface remains the same shape but
expands with increasing stress. Kinematic hardening yield surface remains the same shape
and size but merely translates in stress space. The isotropic model implies that, if the yield
strength in tension and compression are initially the same, i.e. the yield surface is
symmetric about the stress axes, they remain equal as the yield surface develops with
plastic strain. In order to model the Bauschinger effect, and similar responses, where a
hardening in tension will lead to a softening in a subsequent compression, one can use the
kinematic hardening rule. The third commonly used strain hardening model is combined
isotropic and kinematic model. Most of structural steel materials exhibit cyclic
softening/hardening behavior, which can be described by superposition of isotropic hardening
to a kinematic hardening rule which allows both movement and enlargement of initial yield
surface. All these three hardening models was tried in this research but kinematic and
combined hardening model were found better hardening model for link evaluation. However,
in some cases stress enlargement was observed so combined hardening model is used in
this research.

Looking at the analysis results comparing with experimental results, it is noted that
further calibration is needed. Thus, calibration of cyclic material hardening in ABAQUS was

considered using the coupon test results as an initial inputs for yielding and plastic strain.
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5.2.1.1 Calibration of a cyclic material hardening model

Looking at the test results, the hysteresis curve shows an expansion as the loading
amplitude increases. Thus, special parameters needs to be considered in the combined
hardening model. Some adjustments of material input variables was implemented to come up
with a calibrated analysis model for reduced link section. Hence in the elastic-plastic
analysis, ABAQUS provides a numerical material law to simulate the behavior of metallic
material under cyclic loading. The theory of cyclic plasticity provides a mathematical
description of stress and strain in plastically deformed solids under cyclic loading which is
based on the work by Lemaitre and Chaboche. In this model, the von Mises yield criterion
and an associative flow rule are assumed. The characteristics of a material are defined by a
combined isotropic/kinematic hardening model. The model consists of a nonlinear kinematic
hardening component and an isotropic hardening component. The kinematic component of
the model defines the change of backstress and isotropic hardening stress are shown in Egs.
(5.3) and (5.4), respectively. The back stress indicates the movement of the yield surface or
kinematic hardening stress and isotropic hardening stress indicates the increase of radius of

the yield surface.

a= %(1 —e Zfiygl,)—’— ale_ Ve s (53)

=00+ Qu(1=e ™) e (5.4)

where the above equations, ¢ is the equivalent plastic strain and Ck and y are the
parameters of the model. o, is the yield stress at zero equivalent plastic strain (defined in
this study as the 0.01% proof stress), Q. is the maximum change in the size of the yield
surface and v is the rate at which the size of the yield surface changes as plastic strain
increases.

For isotropic hardening the size of the yield surface in the i

cycle o, can be
obtained from Eq. (5.5) and the corresponding equivalent plastic strain is given by Eq. (5.6)

in the elastic rage shown in Fig. 5.2.
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Fig. 5.2 Calibration of isotropic hardening component (K.H. Nip et al. 2010)

Fig. 5.3 Calibration of kinematic hardening component (K.H. Nip et al. 2010)
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el = %(41'—3)&;
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where ¢! is the maximum tensile stress and of is the maximum compressive stress,
Ag, is the plastic strain range. In the same way, the equivalent plastic strain for kinematic

hardening is given by as shown in Fig. 5.3.

In the finite element analyses, the steel material used the model for metals subjected
to cyclic loading. This model adopts Von Mises yield criterion and considers both isotropic
and kinematical hardening. The back stress and isotropic hardening stress are shown in Egs.
(5.8) and (5.9) respectively (K. Deng et al. 2013, 2014, 2015). The back stress indicates
the movement of the yield surface, and isotropic hardening stress indicates the increase of

radius of the yield surface.

am G (5.7)
k=1 Vi
P =0+ Q1= ) e (5.7)

where ¢ 7' is the equivalent plastic strain and C, and 7, are the parameters of the
model. Qoo represents the limit of the isotropic hardening stress and v represents the speed of
steel hardening. o]0 represents the initial yield stress and is given in Fig. 5.1 which is
identical with the material for physical tests and converted to true value. The elastic module
is 205 GPa and the Poisson's ratio is 0.3, n is assumed to be 4, and the associated C) and
v, (k =1, 2, 3, 4) are determined based on the stress strain curve obtained from the coupon
test. The details about the parameters adopted for the material model are given in Table 5.1.
Coupon test results of the steel materials and the fitting of the numerical material law are

presented in Fig. 12. In coupon test the max plastic strain is limited at 0.02.

Table 5.1 Material parameters used for numerical model

G N G, Y2 G V3 C, V4 Q.
22000 500 1600 200 6000 250 600 30 1.72108
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5.2.1.2 Meshing Type and Size Used

Both solid and shell models have been tried for the proposed links using ABAQUS.
The comparison of results shows that there is no apparent difference in modeling but the
computational time for solid model is higher compared to shell model. The shell models
were meshed with shell elements are used to model the web and flanges with elements
called S4R. Many researchers have been wused shell model for shear link without
perforations. The S4R is a four-node doubly curved, reduced integration shell element with
hourglass control. It can accommodate finite strains and large rotations. S4R element has
several hourglass modes that may propagate over the mesh as shown in Fig. 5.4 (a). The
shell element type “S4R” has been used for the web, flange and stiffeners. It has four
nodes with six degrees of freedom per node, 3 translational and 3 rotational. The geometry
of each shell model corresponded to the centerline dimensions of a prototype link. Different
mesh densities have been tried to obtain reliable results, i.e., to not over-predict strength or
stiffness by more than approximately 5%. The effect of mesh size was also presented
before selecting the appropriate mesh size. The loading plates (end plates) are modeled
using solid elements using ABAQUS C3D8R elements shown in Fig. 5.4(b). The mesh size
of end plates has no effect on both globally (load displacement response) and locally
(demand on the boundary elements) since they are modeled as a rigid element.

The mesh size were selected by trial and error. Considering accuracy of results
comparing with the test results, computational time and the stress and strain distribution of

analysis specimen.

(a) S4R shell elements (b) C3D8R solid element

Fig. 5.4 Types of meshes
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5.2.2 Loading and Boundary Condition

The boundary condition has a significant effect on the behavior and type of evaluation
we intend to do. The boundary condition used follows the behavior of links in EBFs and
the boundary condition used in experimental investigations. Boundary conditions were
applied by constraining all degrees of freedom of the nodes at both ends of the link to
master nodes placed at the centroid of the cross-section at each link end. Two types of
boundary conditions were applied in the evaluation of links analytically. The first option,
which is shown in Fig. 5.5, is fixing both displacement and rotation in all direction and
allowing translation in the other end only in the loading direction as shown in Fig. 5.5 (a)
(M. Ohsaki et al. 2012). The deformed shape of the first option of boundary condition is
shown in Fig. 5.5 (b). The second option, which is shown in Fig. 5.6, is one end was
restrained both displacement and rotations except translation in the link’s axial direction and
the other end was restrained against all displacement and rotation except the wvertical
translation as shown in Fig. 5.6 (a) (Richard et al. 2006). The deformed shape of the
second option boundary condition is shown in Fig. 5.6 (b). Both boundary condition can
express the real behaviour of links in EBFs. However, the second option is used in this
study and it is the widely used boundry condition in many researchers as it shows the
more logical and best explains the deformed shape of links in EBFs under lateral loading.

Loading was applied in the vertical direction of the second option as shown in Fig.
5.6. There are two types of loading, the first loading type is conducted by controlling the
forces applied on the specimen. The second type of loading protocol is conducted by
controlling the displacement. In this study, the constant strain loading is implemented and
the revised AISC-2010 loading history shown in Fig. 5.7 is used.

The loading protocol in the finite element analysis includes 6 cycles of link rotation y
at an amplitude of 0.00375 radians, 6 cycles of link rotations y at an amplitude of 0.005
radians, 0.0075 radians and 0.01 radians, 4 cycles of link rotations y at an amplitude of
0.015 radians and 0.02 radians, 2 cycles of link rotation y at an amplitude of 0.03 radians,
1 cycle of link rotation y at an amplitude of 0.04 radians, 1 cycle of link rotation y at an
amplitude of 0.05 radians, and the following each cycle of link rotation y increased in the
amplitude by 0.02 radians up to the limit on the actuator or the specimen failure whichever
came first.

The 3D meshed analysis model for stiffened intermediate links of specimens with
reduced web and reduced web and flange section (RWS-S10Sfl and RLS-S10Sfl) is
presented in Fig. 5.8 (a) and (b) respectively.
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(a) Boundary Condition — Option 1 (b) Deformed shape of Option 1

Fig. 5.5. Finite-element model boundary conditions (Option 1)

| g

(a) Boundary Condition — Option 2 (b) Deformed shape of Option 2

Fig. 5.6 Finite-element model boundary conditions (Option 2)
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Fig. 5.7 Revised AISC-2010 loading protocol
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(a) Analysis model of RWS-S10Sfl1

(b) Analysis model of RLS-S10Sfl

Fig. 5.8 3D meshed analysis model
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5.3 Comparison of Analysis and Test results

The comparison of analysis and experimental results for considered specimens are
presented in this section. The hysteresis response, deformation and/or the failure mode,
plastic deformation capacity and the cumulative energy calculated from the hysteresis
responses are presented. In order to develop a material parameter it is important first to

compare the hysteresis curves of analysis and quasi-static loading results.

5.3.1 Hysteresis response and failure/deformation modes

The hysteresis response and the failure and/or deformation mode of link in EBFs is
important. The seismic energy dissipation of eccentrically braced frames depends on the
hysteresis performance and behavior of links. The stability of hysteresis response even in
large displacement or plastic deformation capacity of links are important to dissipate the
seismic energy. For some of the specimens considered in the test and analysis specimens

are presented in detail.

5.3.1.1 Reduced web link sections

RWS-S10S1, RWS-U10S1 and RWS-U15S1

The comparison of analysis and experimental results of hysteresis response of
RWS-S10S1 specimen is shown in Fig. 5.9(a) where the solid black line represent the test
result and the black broken line represents the FE analysis results. As shown in the figure,
the test result shown an expansion in the hysteresis loops as the loading amplitude increase
specially in elastic range. There is also some unfitness in the bouncing region of both
reloading in the positive and negative amplitude but with acceptable error. The maximum
shear load resisting capacity of the test and analysis results agreed well. Generally, the
plastic range of the hysteresis curve is in a good agrement. The main problem is in elastic
range. The hysteresis response is stable for both cases up to 0.15 rad which is greater than

the required shear rotation for shear links as the limit plastic rotation is 0.08 rad.
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For unstiffened 10% reduced web area link section, RWS-U10S1, the comparison of
analysis and experimental results of hysteresis response is shown in Fig. 5.9(b). The
hysteresis response of both results agrees well in elastic range however the bouncing effect
in both elastic and plastic zone has some differences. The maximum shear force is also
well agreed. The test specimen failed earlier or the strength degradation of test specimen
stated earlier compared to analysis model. The test specimen started buckled and strength
degradation started at 0.11 rad and on the next cycle 0.13 rad the specimen failed/fractured
at the link web. The resisting capacity of analysis specimen degrades at 0.13 rad which is
the failure point for test specimen.

The comparison of hysteresis response for specimen with 15% reduced web area,
RWS-UI15S1 is shown in Fig. 5.9(c). The same results with RWS-U10S1 were obtained for
RSW-U15S1 including the strength degradation point of analysis and test results. The
maximum shear resisting capacity decreases compared to RWS-U10S1.

The comparison of deformed shape of analysis specimen with final deformed shape
of test specimen is shown in Fig. 5.10 (a). In the test specimen some cracks at the edge
of holes was observed. The comparison of deformed shape of analysis model and test

specimen for RWS-U10S1 is presented in Fig. 5.10(b).

Force(kN)

1

sl

“ 200

400
02 015 01 005 0 005 01 013 02
Shear Rotation(rad)

(a) Comparison of test and analysis results of hysteresis response for specimen
RWS-S10S1

Fig. 5.9 Comparison of test and analysis results of hysteresis response for specimen
e=300mm
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(b) Comparison of test and analysis results of hysteresis response for specimen
RWS-U10S1
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(c) Comparison of test and analysis results of hysteresis response for specimen
RWS-U15S1

Fig. 5.9 Comparison of test and analysis results of hysteresis response for specimen

e=300mm (Continue...)
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(a) Comparison of deformed shape of RWS-S10S1 specimen

Fig. 5.10 Comparison of deformed shape of reduced web link-300mm
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(b) Comparison of deformed shape of RWS-U10S1 specimen

Fig. 5.10 Comparison of deformed shape of reduced web link-300mm. Continued...
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(c) Comparison of deformed shape of RWS-U15S1 specimen

Fig. 5.10 Comparison of deformed shape of reduced web link-300mm. Continued...
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RWS-S10Sf1, RWS-U10Sfl and RWS-S10Sf2

The comparison of analysis and experimental results of hysteresis response of
RWS-S10Sfl, RWS-U10Sfl and RWS-S10Sf2 specimens are presented in this section. The
comparison of hysteresis response is presented in Fig. 5.11. As shown in the figure, the
hysteresis response of analysis and test specimens almost equal maximum shear resistance
and the plastic deformation capacity also matches well. However, as shown in the plotted

curve, the bouncing effect don’t agree. The elastic range of test and analysis agrees well.

£02 015 01 005 0 9005 01 015 02
Shear Rotation(rad)

(a) Comparison of test and analysis results of hysteresis response for specimen
RWS-S10Sf1

Fig. 5.11 Comparison of test and analysis results of hysteresis response for specimen
reduced web link =500mm
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(c) Comparison of test and analysis results of hysteresis response for specimen
RWS-S10Sf2

Fig. 5.11 Comparison of test and analysis results of hysteresis response for specimen
reduced web link =500mm. Continued...
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(b) Comparison of deformed shape of RWS-S10Sfl specimen

Fig. 5.12 Comparison of deformed shape of reduced web link =500mm.
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(c) Comparison of deformed shape of RWS-S10Sf2 specimen

Fig. 5.12 Comparison of deformed shape of reduced web link =500mm. Continued...
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5.3.1.2 Reduced web and flange link sections

RLS-S10Sf1, RLS-U10Sf1 and RLS-S10Sf2

The comparison of analysis and experimental results of hysteresis response for
reduced web and flange link sections are presented in Fig. 5.13. As shown in the figures,
the maximum shear force resisting capacity of analysis and test results are in good
agreement. However, the bouncing effect in both unloading and reloading wasn’t agreed

much. In all cases, the elastic range as far as the stiffness concerned, the analysis and test

results agrees well.

Force(kN)

0
g-100
# 200
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-400
02 015 01 005 0 003 01 015 02
Shear Rotation(rad)
(a) Comparison of test and analysis results of hysteresis response for specimen
RLS-U10Sf1

Fig. 5.13 Comparison of test and analysis results of hysteresis response for specimen

reduced web and flange link section-500mm.
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(c) Comparison of test and analysis results of hysteresis response for specimen
RLS-S10Sf2

Fig. 5.13 Comparison of test and analysis results of hysteresis response for specimen

reduced web and flange link section-500mm. (Continued...)
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(b) Comparison of deformed shape of RLS-S10Sfl specimen

Fig. 5.14 Comparison of deformed shape of reduced web and flange link

section-500mm.
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(c) Comparison of deformed shape of RLS-S10Sf2 specimen

Fig. 5.14 Comparison of deformed shape of reduced web and flange link

section-500mm. (Continued...)
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5.3.2 Comparison of Initial Stiffness

The initial stiffness is an important variable in the design of links including for
calculating the plastic deformation capacity of links. In order to calculate the initial stiffness
from the experimental and analysis results, the skeleton curves at least for elastic ranges
should be drawn. The slope from the initial displacement (0,0) to the yield point in the
skeleton curve is the initial stiffness. For each specimens of test and analysis the initial
stiffness is calculated from the hysteresis reponses.

The initial stiffness (elastic stiffness) of the link might be analytically computed
using basic concepts of beam elastic mechanics. The second-order axial force developing as
a consequence of the shear deformation is considered negligible in the elastic range of
response. The elastic stiffness can be calculated using Eq. (4.2) - Eq. (4.3).

The initial stiffness calculated from the hysteresis response of test, analysis and using
Egs. (5.8-5.9) are summarized in Table 5.2. As shown in the Table, the calculated initial
stiffness is greater than the initial stiffness of test and analysis results. The comparison have
been made by normalizing the test and analysis initial stiffness by the calculated values and
the results are shown in the Table as well as in the Fig. 5.15(a) and Fig. 5.15(b). The
value ranges from 0.82-.089 and 0.85-0.99 for test and analysis respectively.

The ratio of test and analysis result initial stiffness is also computed and presented in
the Table 5.2 and Fig. 5.15 (c). As shown the plotted figure, the ratio is less than unity
which indicates that the initial stiffness of analysis result is some how greater than the

initial stiffness of test results. The value ranges from 0.88-0.99.
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Table 5.2 Summary of Initial Stiffness of Test, Analysis and Calculated

Yield Rotation

Spe. ID (TES Af(‘lagZ)SiS Cal&‘gted Ki/Ke | Ky/Ke | Ki/Ky Anéle

ek,

RWS-S10S1 | 197956.3 | 201625.4 | 223048.09 | 0.89 | 090 | 094 0.00284
RWS-UI0SI | 186404.2 | 189560.0 | 223048.09 | 0.84 | 085 | 0.99 0.00284
RWS-UI5S1 | 170059.7 | 1755412 | 203639.08 | 0.85 | 0.86 | 0.99 0.00281
RWS-UI0Sfl | 99073.00 | 109563.7 | 118549.14 | 0.84 | 092 | 090 0.00341
RWS-S10Sl | 90012.32 | 110001.0 | 118549.14 | 0.82 | 093 | 0.88 0.00341
RWS-S10Sf2 | 90125.41 | 100412.4 | 101753.92 | 0.84 | 089 | 0.90 0.00348
RLS-UI0Sfl | 98021.23 | 109577.2 | 11223592 | 087 | 098 | 098 0.00349
RLS-S10Sfl | 98259.71 | 103059.7 | 11223592 | 0.87 | 092 | 092 0.00349
RLS-S10Sf2 | 90525.01 | 100412.6 | 10713629 | 0.89 | 099 | 0.89 0.00330
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(a) Comparison of normalized initial stiffness of test results by calculated elastic stiffness
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(b) Comparison of normalized initial stiffness of analysis results by calculated elastic stiffness
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(c) Comparison of initial stiffness of test results and analysis results

Fig. 5.15 Comparison of initial stiffness
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5.3.3 Comparison of Plastic Rotations

The plastic rotation capacity is the main requirements in the design of links in
eccentrically braced frames. The AISC Seismic Provisions evaluate the performance of the
link in terms of the inelastic component of the plastic rotation angle, 7,. Link plastic rotation

is the link total rotation minus the elastic link rotation, which is the link shear force at a
given total rotation divided by the elastic link stiffness as expressed in Eq. (4.1). In equations
(4.2) and (4.3), the formulas used to calculate the elastic rotation was also defined.

The other question is how the total link rotation is decided in the first place. For
experimental results, the total link rotation is taken at the point where the strength degrades
and becomes less than the nominal shear strength or yield strength. The same approaches
can be used for finite element analysis as well. However, in some cases the hysteresis
response of analysis results keeps increase even at large displacement. In this case the
method stated above can’t be applied to limit the total shear rotation. Thus, another method
should be used. Therefore, a number of different stress, strain and combined stress/strain
indices are computed. These indices includes: stress triaxial ratio, PEEQ index, rupture
index and failure index. These indexes are also used to evaluate the crack susceptibility i. e
fracture in steel components correlates with the triaxial stress state and the plastic strain.
Hence, the point at which the cracks started in analysis model will be taken as a total link
rotation (y). Recent analytical studies of steel frame components have used a low cycle
fatigue failure index based on a stress modified critical strain criterion. The failure in
numerical simulation can also be predicted by the failure index in addition to the strength
reduction in hysteresis response. 4. M. Kanvinde et al., 2004, 2006, 2007, 2008 established
an equation to predict fracture based on microscopic triaxial stress and plastic strain values.
Further, El-Tawil et al. 1999, 2000 propose a rupture index that is a function of the
triaxial stress and plastic strain to investigate fracture in steel beam-to-column connections.

In this study this concept was implemented for links.

5.3.3.1 Failure Index (FI)

The failure index is defined by the triaxiality of the stress field and the accumulated
plastic strain in tension and compression (Hancock JW. et al, 1976, McClintock F. A. et
al., 1968). The objective function is the dissipated energy before failure of the developed

links. The ductility capacity of the reduced link is defined using failure index as follows.

- 145 -

Collection @ chosun



300 Vo
200 ﬁ %\]

0
i "2
=200 '\Iq
-300 \g
=400
-021 -0.14 -0.07 0.00 0.07 0.14 0.21

Shear Force(kN)

Shear Rotation angle (rad)

Fig. 5.16 Examples of total shear rotation calculation for RWS-U10S1 analysis specimen

The variables, which are functions of pseudo-time, such as stresses and strains are

evaluated at integrated maximum possible point. Let ep(t) denote the equivalent plastic strain

defined as:
t .
o= [awama (5.8)
0
where ef’J(t) is the plastic strain tensor, () is the derivative with respect to time, and

the summation convention is used. The equivalent plastic strain represents amount of plastic
deformation in material level, and is evaluated at each integration point. Many fracture
criteria have been presented using ep(t). We use an extended version of the SMCS criterion
that was developed for simulating ductile fracture of metals due to void growth. The critical

plastic strain ecr is first defined as:

g
£ =aexp—1.5—— (5.9)

Ueq

where om is the mean stress, and oe is the vonMises equivalent stress given by
equation (5.10) and (5.11), respectively. The parameter o is dependent on material. Equation
(5.9) indicates that the critical plastic strain for ductile fracture depends on the stress
triaxiality om/ce which is taken Then the failure index for monotonic loading is defined as
in equation (5.12) (C.S. Oh et al., 2011).
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o = S —————— (5.10)
o, = \/; [(Ul 0'2>2 + (Ul — o'3>2 + (0'3 — o'2>2] ............................................... (5 11)
=" (5.12)

The material is assumed to fracture when If reaches 1.0. The equation (5.9) and
(5.12) are based on the ductile fracture due to void growth under monotonic tensile
deformation. However, we need the effect under cyclic loading, where the void shrinks due
to compressive plastic loading. Therefore, the following formulation by Kanvinde and
Deierlein is used [Chi W.M. et al., 2006, Mackenzie A. et al., 1977). The equivalent plastic
strain ep is divided into tensile plastic loading states &t(>0) and compressive plastic loading
states ec(>0), which are identified by the sign of om. The critical plastic strain &*, which
represents the amount of void growth, is defined as (M. Ohsaki et al., 2012):

*

& T E T E, s (5.13)

The critical value ecr* for €* is given as:

e =exD(— AT s (5.14)

where A is a positive material parameter and according to Kanvinde and Deierlein the
parameter A for the failure index may vary between 2.5 and 8.0. In the following, an
intermediate value 4.3 is used for A. Ductile fracture is assumed to occur when the cyclic

failure index If* defined as follows reachesl.O:
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Taking the stable hysteresis curve among the finite element simulation results obtained
above, which is RWS-S10S1, the failure index calculated is plotted as in Fig. 5.17(a). The
failure index reaches one at 41st cycle. The corresponding shear rotation can be found from
the loading history input as shown in Fig. 5.17 (b). Thus the shear rotation at the 4l1st
cycle is approximately 0.1602 rad. The point at which the shear rotation reaches in
hysteresis curve of RWS-S10S1 specimen is shown in Fig. 5.17 (c). Hence, even though
the hysteresis curve remain stable the specimen is assumed to be failed at 0.1602 rad and
the total shear rotation was taken as 0.1602 rad for this specific analysis specimen.

The calculated plastic shear rotation of test and analysis is summarized in Table 5.3.
The plastic shear rotation summarized in Table 5.3 is plotted in Fig. 5.18. As shown in the
Fig. 5.18, the plastic shear rotation of analysis and test results well matched for both
stiffened and unstiffened specimens.
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(a) the failure index and number of cycle relationship for RWS-S10S1 analysis specimen
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(b) the loading history input of analysis
Fig. 5.17 Failure index of analysis specimen RWS-S10S1
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Fig. 5.17 Failure index of analysis specimen RWS-S10S1 (continue...)

Table 5.3 Summary of analysis and test plastic rotation capacity

Test Analysis
plastic rotation plastic rotation
. Rotation
Section ID P Yr Yy Recorded @ FI=1
Rotation | gtiffen | Un-stiffe an‘ﬂorhat Stiffen | Unstiffen
ed ned strength ed ed
degradation
RWS-S10S1 1.1 | 0.08 .00284 | 0.1503 0.1474 0.15652 0.154
RWS-U10S1 1.1 | 0.08 .00284 | 0.1296 0.1268 0.1250 0.1222
RWS-U15S1 1 0.08 .00281 | 0.1274 0.1246 0.1230 0.1202
RWS-U10Sfl | 1.5 | 0.08 .00341 | 0.1075 0.1002 0.1192 0.1166
RWS-S10Sf1 | 1.5 | 0.08 .00341 | 0.1500 0.1466 0.1450 0.142
RWS-S10sf2 | 1.3 | 0.08 .00348 | 0.1260 0.1225 0.1326 0.129
RLS-UI0Sfl | 2.3 | 0.038 | .00349 | 0.1247 0.1212 | 0.1260 0.1225
RLS-S10Sf1 2.3 10.038 | .00349 | 0.1523 0.1488 0.1506 0.147
RLS-S10Sf2 2 0.056 | .00330 | 0.1508 0.1475 0.1485 0.145

N.B. Y and Y, are stands for target plastic rotation and yield (elastic) rotation respectively.
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(b) Comparison of plastic rotation of unstiffened test and analysis results

Fig. 5.18 Plastic rotation capacity versus link length factors
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5.3.4 Overstrength Factor (£2)

The overstrength factor has been discussed in section 4.4.2 that it is an important
variable to realize the capacity design approach in which a strength hierarchy is established
within a structure so that some ductile “primary”  “protected” elements are discouraged
from yielding. The overstrength (Q) factor is also called the strain hardening by some
researcher because it is primarily due to stain hardening. A yielding points of links
exhibited during the first to third displacement amplitude of cyclic loading and the shear
resistance during the final cycle is very greater than the yield value due to strain hardening.
The difference in strength at yielding and at maximum shear force is the overstrength factor
or It is the ratio of maximum shear force to plastic shear strength as defined in Eq. (4.4).

The calculated overstrength factor for analysis and test results are presented in Table
5.4 for both stiffened and unstiffened specimens. As it has been discussed in Section 4,
sub-section 4.4.2, different test data for link shows different values for overstrength factor.
The values presented in Table 5.4, was plotted and compared with the overstrength factor
defined by Richard and Uang and presented in Fig. 5.19. As shown in the plotted Fig.
5.19, the overstrength factor of analysis and test agrees well and the values are all greater
than 1.5 and greater than the overstrength factor recommended by Richard and Uang.

The equations of overstrength factor by Richard and Uang can be applied for the
overstrength factor of test result presented in Section 4. Here the overstrength factor test and
analysis was compared along with the curves drawn by the equation suggested by Richard
and Uang as shown in Fig. 5.19. As shown in the figure, the overstrength factor of stiffened
section is greater than the overstrength factor of unstiffened link sections. The oversterngth
factor of both analysis and test results of both stiffened and unstiffened links are bigger than
the overstregth factor recommended by Richard and Uang defined in Eq (4.5).

The question that “why the value of overstrength is large?” has been raised by
researchers. It was suspected that the substantially larger overstrength in very short shear
links had two causes. The first cause is the shear resistance of flanges (ltani et al. 2002
Richards et al. 2004). The second is the cyclic hardening effect of web steel under large
inelastic strains (Kasai et al. 2004). Yielding and energy dissipation occur primarily in the
links and the hysteric energy is absorbed through the process of strain hardening.
Strain-hardened links have higher capacity and thus develop higher forces. The forces

developed in links that strain-hardened can vary significantly (J. P. Vemuri 2015)
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Table 5.4 Comparison on overstrength factor of Analysis and Test results

Test Analysis
Vinax Vinax
Soe. 1D o | @) | Ve | 2TV Ve | T
(N) " Siffene | Unstiffen | (XN ["Stiffen | Unstiffenc
d ed ed d
RWS-SI0SI | 1.1 | 1934 | 33291 | 1.722 351.06 | 1.815
RWS-UI0S1 | 1.1 | 1934 | 317.67 1643 | 302.24 1563
RWS-UISS1 | 1 | 1747 | 28281 1619 | 284.53 1.63
RWS-UL0SfI | 1.5 | 205.9 | 300.46 146 | 30224 1.468
RWS-SIOSfI | 1.5 | 205.9 | 342.80 | 1.665 3419 | 1661
RWS-SI0S2 | 1.3 | 1802 | 276.03 | 1.532 267.03 | 1.482
RLS-ULOSfI | 2.3 | 2059 | 3111 1511 | 307.44 1.493
RLS-S10Sfl | 2.3 | 2059 | 3461 | 1.681 34043 | 1.653
RLS-S10SR2 | 2 | 1802 | 2859 | 1.587 291.94 | 1.620
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Fig. 5.19 Comparison of test and analysis result of overstrength factor versus link

length factor
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5.4 Summary

Non-linear finite element simulation model was created using Abaqus software. The
results were compared with the test results for verification and calibration purpose. From the
obtained result, the following summaries were drawn.

Both the hysteresis response and the deformed shape of analysis and test results were
compared. From the hysteresis response, it is noted that the experimental results shows an
expansion as the amplitude increases compared to analysis results. However, the maximum
shear force resisting capacity of both results well agreed even though some mis matching
was noticed expecially at the bouncing. This might be one, the errors during loading test
and second it needs to conduct cyclic coupon test and use for analysis material modeling in
order to address the limitation observed.

From the comparison of deformed shape of test and analysis results with equivalent
plastic strain distribution, the strain concentration as well as the maximum strain was
created at the edge of holes on the web. which is actually an indication of the cracks and
finally the fracture is occurred at the location where the maximum equivalent plastic strain
was created. For specimens that the failure index was calculated, failure index reached one
early when the index is considered at the edge of the holes where the equivalent plastic
strain is maximum. Even though the hysteresis response shows some mismatching, the
plastic shear rotation capacity of test and analysis agreed well.

The initial stiffness of test and analysis were also compared and the ratio is found to
be between 0.89-0.99 which is quit satisfactory. However the calculated initial (elastic)
stiffness is higher than both test and analysis initial stiffness where the ratio initial stiffness
of test to calculated ranges from 0.82-0.89 and the ratio initial stiffness of analysis to
calculated ranges from 0.85-0.99. The overstrength calculated for stiffened and unstiffened
specimens for both test and analysis well agreed because the maximum shear resisting

capacity of analysis and test is equal.
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6. Parametric Study on Reduced Link Section

6.1 General

After verifying the analysis results through experimental investigation, parametric
studies were conducted. The objectives of parametric study were to investigate the effects of
other variables which were not considered in the experimental program and to aid in the
development of further investigation and advantage of the proposed reduced link section.

The variables considered in evaluation of links in eccentrically braced frames includes:
the section compactness, link length, loading condition (loading protocol), stiffeners and
connection types (Jeffrey W. Berman et al, 2006, Richards P. et al., 2003, 2006). For
reduced link section there are extra parameters which needs to be considered such as
percent of open area or percent of reduced section, the arrangements of the perforations on
the web and the type of flange reductions. Therefore, in this study the following parameters

were considered.

1. Link length factor
2. Percent of reduced web area
3. Stiffeners

4. Un equal end moment (link-to-column connection)
In this chapter the effect of the above wvariables on reduced link section were
presented. Nonlinear finite element analysis were conducted in order to evaluate these

variables. The effects are presented in terms of hysteresis characteristics, plastic deformation

capacity and stress and strain distribution.
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6.2 Link length Factor

Literatures and available standards state that the behavior of link beam can be
classified in to three depending on the link length or link length factor. Short link beams
with link length factor of p < 1.6, intermediate link beam with link length factor between
1.6 < p < 2.6 and long link beams with link length factor p > 2.6. The link length factor

is the dimensionless value defined as: p= where e: is the link length, M,: is the

e
M,/ V,

bending moment, V:

is nominal shear strength. The plastic rotation capacity depending on
the link length factor according to AISC seismic provision and the relationship of link
length factor and plastic rotation capacity is summarized in Fig. 6.1.

For parametric study link length factor of all type was considered. The analysis
specimen detail for parametric study is shown in Table 6.1. The length factors considered
are: for shear link p = 0.8, 1.0, 1.2, 1.6 are used and for intermediate link, p = 2.0, 2.3
and for flexural yielding type p = 2.6, 3.0. Codes have been given for each link type used.
For shear links with link length factor of p = 0.8, 1.0, 1.2, 1.6, the specimen code is Sl,
S2, S3 and S4 respectively. For intermediate links with p = 2.6, 3.0, the specimen code is
Sfl and Sf2 respectively. Similarly for flexural links with p = 2.0, 2.3, the specimen code
is F1 and F2 respectively. Researches shows that the inelastic behavior of a link is
significantly influenced by its length. The shorter the link length, the greater the influence
of shear forces on the inelastic performance. Shear yielding tends to happen uniformly
along the link. Shear yielding is very ductile with an inelastic capacity considerably in
excess of that predicted by the web shear area, provided the web is adequately braced
against buckling.

The same analysis procedures used in the previous chapter 5 were followed for
investigating the parameters except the link-to-column connections. Where shell model was
used for all components of links. However to take in to account the effect of connection
type, mainly the link-to-column connection, the modeling and boundary conditions are
different.

The detail of analysis specimens are presented in Table 6.1, including the section

. b
property and section compact of flange and web used for the parametric study was ?=9,
f
d

?=23. The plastic shear strength and plastic end moment calculated using the derived

w

equations are also presented in the table.
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Fig. 6.1 Plastic Rotation Limit of Links in EBFs (AISC Recommendation)

Table 6.1 Analysis specimen section and link type detail for parametric study

Link Section Behavior

Flange | Web Section Capacity p

b a v ?ZIJ)V)M' 08 |1 [12 [16 [2 [23 |26 |3
- - m

ty ty (kN) v, (m) Link length ¢ (mm)

9 23 206 60 0.38 306 | 382 | 458 | 611 | 764 | 878 | 988 | 1146
Link ID S1 S2 S3 S4 Sfl | Sf2 | F1 F2

N. B. the symbols used in the tables are: S: shear yielding, Sf: shear and flexural yielding
and F: flexural yielding link

Table 6.2 Analysis specimen detail reduced link length amount of diameter of reduction for

parametric study

% p |08 ] 1 [12]16] 2 [23] 26 30 ID
‘;Ziu::a ( ngn ) link length (mm) St11:11”ene Unst(liffene
0 0 [306]382]458 ] 611 | 764 | 878 | 988 | 1064 | Ss Us
5% 19 342427511 ] 682 | 853 [ 980 | 1103 | 1188 | S5 Us
10% | 25 [422|527 | 631 | 842 | 1053 | 1211 | 1362 | 1467 | SI0 Ul10
15% | 34 | 489|610 | 731 | 975 | 1220 | 1402 | 1577 | 1699 | SIS Uls
20% | 38 | 525|656 | 786 | 1049 | 1312 | 1508 | 1696 | 1827 | S20 020
25% | 42 [ 568709 | 851 | 1135 | 1419 | 1631 | 1835 | 1976 | S25 U25

SI | S2| 83| s4 | Sfl [sR2| Fl | R2

N. B. the symbols used in the tables are: Ss, S5, S10, S15, S20, S25 and Un, U5, UlQ,
Ul5, U20, U25: stiffened and unstiffened links with unreduced, 5%, 10%, 15%, 20% and

25% reduced link
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6.2.1 Hysteresis response of FE analysis result on the effect of link

length factor (p)

The hysteresis response on link length factor is shown in Fig. 6.2. In order to capture
only the effect of link length factor, the reduced web area were taken constant which is
10% for both stiffened and unstiffened links. The hysteresis responses presented in Fig. 6.2
for all link length factors considered for both stiffened and unstiffened sections. As shown
in the Fig. 6.2, pretty clear hysteresis response was obtained that states the effect of link
length on the plastic deformation capacity of perforated links. The shear resistance decreases
as the link length factor increases at large link rotation increases.

Compared to unstiffened link section, the hysteresis response of stiffened links shows
stable for shear links. As the link length increase stiffeners have no significant effect. The
shear resisting capacity of ustiffened links degrade earlier than stiffened links and forms a
kind of pinching at initial rotation (deformation). This phenomenon is usually due to an
out-of-plane buckling of web and local buckling of flanges. The stiffeners keeps the web
from out-of-plane buckling. Local buckling of flanges was observed at both ends of links
which is usually the compressive forces occurred due to the bending moments while the
links deforms at large in the shear forces applied on the analysis specimens. The stiffeners
had almost no effect on the elastic or inelastic prebuckling behaviour of all link types.

The pinching was occurred in both stiffened and unstiffened links but the severity is
high in unstiffened links and as link length factor increase the pinching effect is also
increases. The shear force resistance of flexural links decreases quite early compared to
shear links. The rate at which the strength degradation occurred increases with an increase

of link length factor.
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Fig. 6.2 Hysteresis response of parametric study on the effect of link length factor
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6.2.2 Plastic rotation capacity, Overstrength factor and Initial stiffness

of FE analysis result considering link length factor (p)

The plastic rotation capacity (y») of analysis specimen for 10% reduced web area

considering link length factor is shown in Fig. 6.3 calculated using 7, =7 — —7 =, where

ek’

y: is the total shear rotation, V: plastic shear strength, Ke: elastic stiffness calculated using
Egs. [(4.1)-(4.3)] and e: link length (both reduced and unreduced link length). The total
link rotation for the parametric study was decided by the same procedure used in Chapter 5
where the point at which the shear resisting capacity degrades and/or for analyses specimens
that were stable even at large displacement failure indexes were calculated and the total
link rotation is taken at the point where the failure index reached unity. The plastic rotation
calculated for the hysteresis response presented in Fig. 6.2 is presented in Fig. 6.7 (c). As
shown in the figure, the plastic rotation of shear links of both stiffened and unstiffened
links satisfy the rotation limit recommended in the AISC provision-2010. Stiffened link
section shows bigger plastic rotation capacity compared to unstiffened links. The plastic
rotation limit of an intermediate links with 10% reduced web area are also satisfied the
rotation limit recommended in the AISC provision-2010 for both stiffened and unstiffened
links. However, flexural links fail to satisfy the plastic rotation limit recommended in the
AISC provision-2010 as shown in the figure.

The overstrength factor calculated for the hysteresis responses presented in Fig. 6.2 is
shown in Fig. 6.8 (c) for stiffened and unstiffened link section. The calculated overstrength
factor calculated was compared with the overstrength factor equation suggested by Richard
and Uang in 2009 expressed in Eq. (4.5). As shown in the Fig. 6.8 (c), the overstrength
factor varies with link length factor and the values ranges from 1.57-1.12.

Fig. 6.3 shows the initial stiffness of analysis specimens for stiffened, unstiffened and
calculated with respect to link length factor for 10% reduced web area presented in Fig.
6.2. As shown in the figure, the initial stiffness decreases as the link length increases for
all cases, stiffened, unstiffened and for calculated initial stiffness. Initial stiffness decreases

with respect to link length factor and the rate at which the initial stiffness decreases is

exponentially.
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6.3 Percent of reduced web area

The diameter of openings on the web significantly affects the shear strength of link.
The plastic rotation angle can also be affected some how by the percent of open areas on
the web. In order to evaluate the effect of percent of reduced web area, 0%-25% reduced
web area on all types of links were considered for the analysis specimens details presented
in Table 6.1 and 6.2. The percent of reduced web area is calculated using Eq. (6.1) in
terms of diameter of holes and number of holes.

Six different percent of reduced web sections have been used (0%, 5%, 10%, 15%, 20%

and 25%). The effects of each of the % of reduced web area are discussed here under.

2
4T¢ 5 S — 6.1)

% of reducedwebarea =
rw*

where n: is total number of holes (perforations), ¢: is the diameter of holes, e,,: is

the length of reduced web and d: is the depth of link.

6.3.1 Results on the effect of percent of reduced web area

6.3.1.1 Effect of percent of reduced web area on hysteresis response and

initial stiffness

In order to identify the effect of percent of reduced web area on the hysteresis
response, the hysteresis response of analysis specimen S2 was presented here for illustration.
The hysteresis response of S2 analysis specimen, the hysteresis curve is presented in Fig.
6.4 for 0% to 25% reduced web area for stiffened and unstiffened links. As shown in Fig.
6.4, the hysteresis response of stiffened links shows stable compared to unstiffened link.
Comparing stiffened unreduced and reduced link, the hysteresis response of reduced link is
stable at large deformation. For unstiffened link, the hysteresis response is the similar for
unreduced and reduced links. In both stiffened and unstiffened links, the second stiffness is

less compared reduced link sections.
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The maximum shear forces of the corresponding unstiffened and stiffened links of S2
analysis specimen is presented in Fig. 6.5 (a, b). As shown in the Fig. 6.5 (a, b), the
maximum shear forces decreases as the percent of reduced web area increases. The maximum
shear forces were normalized by the maximum shear forces of unreduced links of stiffened
and unstiffened and presented in Fig. 6.5 (c, d) in order to see the rate at which the
maximum shear forces are decreased. As shown in the Fig. 6.6 (c, d), the maximum shear
forces decreases in high rate compared to flexural links for both stiffened and unstiffened.

The effect of percent of reduced web area on the initial stiffness of all types of
specimens has been calculated and presented in Fig. 6.6 (a). As shown in the Fig. 6.6 (a),
the initial stiffness decreases as the link length factor and the percent of reduced web area
increases. The rate at which the initial stiffness decreases as the percent of reduced web
area increases is low as the link length factor increases i.e the initial stiffness of Sl
decreases rapidly as the percent of reduced web area increase compared to initial stiffness
of S2, S3 and other specimen as shown the normalized initial stiffness presented in Fig.
6.6(b). The rate at which the initial stiffness of F2 decreases as the percent of reduced web
area increase is smaller compared to other analysis specimens. The initial stiffness was

normalized by the calculated initial stiffness of unreduced links.
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500 T 500 <
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Fig. 6.4 Hysteresis response of S2 analysis specimen with different percent of reduced

web area
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Fig. 6.4 Hysteresis response of S2 analysis specimen with different percent of reduced

web area (Continued...)
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Fig. 6.6 Initial stiffness versus percent of reduced web area relationship
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6.3.1.2 Effect of percent of reduced web area on plastic rotation and

overstrength factors

The plastic rotation which is given by v, =7 where ~: is the link rotation, V:

-V

ek’
is shear force, e: link length and K, is the elastic stiffness, is calculated for all specimens
considered for parametric study and presented in Fig. 6.7. The plastic rotation of stiffened
link is bigger compared unstiffened links. Generally, the plastic rotation slightly decreases as
the percent reduced web area increases. he effect of reduced web area on plastic rotation
capacity is shown in Fig. 6.9. As shown in the Fig. 6.9, the plastic rotation of analysis
specimens generally decreases as the percent of reduced web area increases. Even though
the hysteresis response of specimens having high reduced web area, the calculated failure
index reached unity earlier compared to unreduced and  with reduced web of small
percentage, 5% and 10%. Generally the plastic rotation of reduced web links of shear link
and intermediate link satisfy the plastic rotation limit recommended in AISC-341-10. While
flexural link failed to satisfy for both stiffened and unstiffened links including unreduced
links as shown figure.

The overstrength factor which is given by the ratio of maximum shear force recorded
from the analysis result and the plastic shear strength calculated by the equation, is
presented in Fig. 6.8 for all analysis specimens along with the plots using the overstrength
factor recommended by Richard et al. 2006 in terms of link length factor. As shown in the
figure, the overstregth factor increases as the percent of reduced web area increases
expecially for stiffened analysis specimens. Which indicates that some limitation of the
suggested design equation of plastic shear strength. Considering the overstrength factor, the
maximum reduced web diameter in a vertical alignment should be limited. It has been
discussed in chapter 3 presented in Fig. 3.10, the maximum perforation diameter has been
set. Fig. 3.10, has also repeated for initial stiffness as well and presented in Eq. (6.2). The
elastic stiffness of link (K), which is defined in Eq. (4.6) and Eq. (4.7) in terms of elastic
modulus, second moment of inertia, shear modulus and cross sectional arca, has been
modified for reduced link section. The plotted design curve and the results obtained from
the parametric study was compared and presented in Fig. 6.10.As shown in the Fig. 6.10,
the design curve is more accurate for the small diameter to depth ratio. As the ¢/d ratio
increases the accuracy of design curve decreases.

rw rw
‘/11 o K e TL¢)

e 6.2
v, K 4 2

- 168 -

Collection @ chosun



0.20

0.16 R

-~ O ——Rotation Limit
i A
& O Stiffened
< on a0 =
8 [n! 4 Unstiffened
Sooe 1 — L
= b
= B &
£ 0.04 ot
& Unreduced web area ‘ﬁm—
0.00
0.6 16 26 3.6

Link lengthfactor

(a) plastic rotation vs link length factor

for unreduced links

020
s g — Rotation Limit
A o O Stiffensd
0.12 A 2 =
o A Unstiffened

T e

Flastic Rotation (Rad)

0.04 9\&
10% reduced web area B
0.00
0.6 16 26 3.6
Link lengthfactor

(c) plastic rotation vs link length factor

for 10% reduced web area links

0.20
i M6 —_ Rottion Limit
= m] Hene
:‘:‘ 012 " s O Stiffened
= A A A Unstiffened
5 0.08 "
E ~.0
= B
% 0.04 -
& 20% reduced web area i
0.00
0.6 1.6 26 36
Link lengthfactor

(e) plastic rotation vs link length factor

for 20% reduced web area links

0.20
3 sy = —— Rotation Limit
A O Stiffened
z A 4 & Unstiffened
2 0.08 Sar
E . Y
= 004 o
% 5% reduced web area -
0.00
0.6 1.6 26 36

Link lengthfactor

(b) plastic rotation vs link length factor

for 5% reduced web area links
0.20

—Rotation Limit
O Stffened
A Tnstiffene
& & Unstiffened

08 e

Flastic Rotation (Rad)

0.04 <
15% reduced web area H\ﬂ—m—
0.00
0.6 16 26 36
Link lengthfactor

(d) plastic rotation vs link length factor

for 15% reduced web area links
0.20

= 0.6 —Rotation Limit
Q’} o R : O Stffened
3 A A Unstiffensd
g B
< 0.08 =
& =gt
= B~
5 004 g,
= 25% reduced web area H'}j a
0.00
0.6 1.6 26 3.6

Link lengthfactor
(f) plastic rotation vs link length factor
for 25% reduced web area links
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Fig. 6.10 stiffness reduction vs diameter of perforation to depth ratio

The question why the overstrength factor increases as the % of reduced web area
increase is still not addressed. In the researches done on shear strength of perforated steel
panel shear wall (SPSW) and un-perforated steel panel shear wall studied by Roberts and
Sabouri-Ghomi, 1992, Darren Vian et al, 2005, 2009. The ratio of shear strength of
perforated SPSW and un-perforated SPSW is 0.58 (Vian et al., 2005 and A. K. Bhowmick
et al. 2012). Even though the design procedure of perforated SPSW and reduced web link
is a bit different, in order to limit the ratio of /¢, the values suggested for perforated

SPSW was used 0.42.
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6.4 Stiffeners

AISC-2010 recommends the size as well as installations of stiffeners in the link beam.
This recommendations are used. Full-depth web stiffeners shall be provided on both sides of
the link web at the diagonal brace ends of the link. These stiffeners shall have a combined
width not less than (b; —2¢,) and a thickness not less than the larger of 0.75¢, or 10mm,

where b, and t, are the link flange width and link web thickness, respectively.

Links shall be provided with intermediate web stiffeners as follows:
Links of lengths 1.6Mp/ V, or less shall be provided with intermediate web stiffeners

spaced at intervals not exceeding (30t, —d/5) for a link rotation angle of 0.08 rad or
(52t,,—d/5) for link rotation angles of 0.02 rad or less. Linear interpolation shall be used

for values bet ween 0.08 and 0.02 rad.
Links of length greater than or equal to 2.6Mp/ V, and less than 5Mp/ V, shall be

provided with intermediate web stiffeners placed at a distance of 1.5 times b, from each
end of the link.

Links of length between 1.6M,/V, and 2.6M,/V, shall be provided with
intermediate web stiffeners meeting the requirements of (a) and (b) above. Intermediate web

stiffeners are not required in links of length greater than 5Mp/ V,.

6.4.1 Results on the effect of stiffeners

The effect of stiffener is the most sensitive parameter in link evaluation. The
hysteresis characteristics has quite dependent on the stiffeners. As shown in figures
presented above in comparison of unstiffened and stiffened link, the hysteresis curve is
stable for most of stiffened specimens considered. The main instability of hysteresis curves
of unstiffened link is due to out-of-plane buckling of the web. Out-of-plane buckling causes
not only decrease the cyclic shear force resisting capacity but also it decreases the plastic
rotation capacity as well.

The difference between the out-of-plane buckling of stiffened and unstiffened link is
bigger than the out-of-plane buckling of stiffened link. Fig. 6.11 shows the out-of-plane
buckling of stiffened and unstiffened link with respect to % of open area. As shown in the
figure, the out-of-plane buckling of unstiffened link is 60% more than stiffened link for

almost all % of reduced web areas considered.
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The effect of stiffener on the plastic rotation was also presented in Fig. 6.7. As
shown in this figure, both stiffened and unstiffened links satisfy the plastic rotation level
recommended by the standards with out flexural links. However, stiffened links has a plastic
rotation capacity greater than unstiffened links. This due to the fact that unstiffened links
yields early because of an out-of-plane buckling of web and local buckling of flanges. The
overstrength factor of stiffened links are bigger than unstiffened links for reduced web shear
links as shown in Fig. 6.8. However the overstrength factor of unstiffened unreduced link is

bigger for shear link compared to stiffened analysis specimens.
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Fig. 6.11 Effect of stiffeners on out-of-plane buckling of analysis specimen
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6.5 Unequal end-moment (Link-to-column connections)

6.5.1 General

Both analysis and experimental investigations conducted in this study have been for
eccentrically braced frame V-brace that means considering equal end moment. In this study
FE analysis for unreduced links and reduced links for link-to-column connection in EBFs is
carried out and the results were compared to show the advantage of the developed links.
Link-to-column connection tend to fracture at flange-to-column connection prior to large
plastic rotation.

The most influential research works on link-to-column connection was the research
done by Okasaki in 2004, Okasaki et al., 2004. Taking the loading test set-up considered
by Okasaki et. al., 2004. Assuming the boundary condition of link-to-column connection in
eccentrically braced frame as shown in Fig. 6.12 (a), the reaction forces at the A, B, D, E
will be developed when the forces are applied in longitudinal direction of column. The free
body diagram of the whole system is shown in Fig. 6.12 (b). From the free body diagram

shown in Fig. 6.12 (c), the force and the moment using equilibrium equation can be:

V=Ry+Ry e (6.3)

MB - RAL_RBZU ............................................... (64)

The value of x in equation (6.5) varies with the type of link used. For reduced web
link the value of x will be approximately the thickness of end plate. Whereas for reduced
flange and web link section the value of x can be the sum end plate thickness and the
length from the end to the start of section reduction (a) and half of chord length of cutoff
section (b/2). Where the dimension of a expressed in section 3, Eq. (3.23)- (3.26).

x =1, [for reduced web link]

b
T=t, +a+§ [for reduced web and flange link]
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From the Fig. 6.12 (d), the moment Mc from equilibrium equation can be:

Mp=Ve—My e (6.6)

where e is the link length. From the Fig. 6.12 (e), the moment Mc from equilibrium

equation can be:

V=P

h
5 ee—

The x’ in Equation 6.9 can be the sum of half of column depth and thickness of

My,=—Pz'+(R,—Rp)

end plate for reduced web link section x’and the sum of half of column depth and
thickness of end plate and the lengthfor reduced web from the end to the start of section
reduction (a) and half of chord length of cutoff section (b/2).

d
7 = 71+t€ [for reduced web link]
.................................. (6.9)
d, b .
T = 7+te+a+§ [for reduced web and flange link]

where d;: is the column depth, a the length from end plate to the start of section
reduction expressed in section 3, Eq. (3.23, 3.26).

To take into account the link-to-column connection in EBFs analysis model shown in
Fig. 6.12 which is similar to the loading test set-up and analysis modeled by Okazaki et

al., 2004, were created. Where two constraints were created on the beam at the joint of

column and brace.
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Fig. 6.12 Link-to-column connection model
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Fig. 6.12 Link-to-column connection model (Continued...)
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6.5.2 FE Analysis on link-to-column connection

6.5.2.1 Material Modeling

The FE analysis conducted to evaluate the effect of link-to-column connection in
EBFs and the 3D meshed analysis model for reduced web link section is shown in Fig.
6.13. Solid model was used to evaluate the behavior of link-to-column connection using
reduced link section and unreduced links. The model is meshed with C3D8R. The link is
tied to the end plates both sides. The beam is also tied to the end plate. The contacts
between the two end plates are modelled as hard contacts and the column flanges and the
end plate in the column face also modeled as hard contacts. The constitutive model of a
“hard contact” is shown in Fig. 6.14. Normal contact pressure is generated when the two
surfaces touch, whereas no pressure exists when they separate. Normal contact pressure is
generated when the two surfaces touch, whereas no pressure exists when they separate.
Coulomb friction was employed to simulate the behavior between the contacted surfaces in
the tangential direction. The friction coefficient was 0.3 in this study. The contact model
with hard contacts was used between the six bolts used to connect the two end plates in
the beam face and end plate and column flanges in the column face. However, the
evaluation was unable to proceed. Therefore the heads of the bolts were tied to the
corresponding surfaces.

The beam, column out side the panel zone, the beam and the rigid body (end plates)
are modeled as elastic with young’s modulus and poison’s ratio of 205000MPa and 0.3
respectively. The panel zone of column, the link and stiffeners are modeled as inelastic

(plastic). The detail of material inputs used are shown in the table below.
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Table 6.3 Material properties used for link-to-column connection

*Material, name=Column
*Elastic

205000, 0.3

*Plastic Panel zone of column
312.2, 0.0
365.02, 0.04808
426.32, 0.2508

*Material, name=Linear
*Elastic Column out side panel zone
205000, 0.3

*Material, name=Link
*Elastic

205000, 0.3

*Plastic links
316.02, 0.0
368.23, 0.0621
426.36, 0.2908

*Material, name=End Plate
*Elastic End plate
205000, 0.3

*Material, name=Stifferes
*Elastic

205000, 0.3

*Plastic

312.2, 0.0

425.36, 0.27

Stiffeners
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Fig. 6.13 3D meshed analysis model of link-to-column connection
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Fig. 6.14 Constitutive model of “hard contact”
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Table 6.4 Analysis specimen detail of reduced link length amount of diameter of reduction

for parametric study

% pl 1 | 13 | 15 | 165 23
reduced Section property
web D B i link length (mm)
tw(mm)
area (mm) (mm) (mm)
0 8 200 120 10 316 362 419 601 764
10% 8 200 120 10 348 437 521 672 843

For unequal end moment or link-to-column connection, a parametric study was
conducted on shear and intermediate links for both reduced and unreduced link section.

Table 6.4 summarizes the detail of analysis specimen details.
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6.5.2.2 Loading and boundary condition

The boundary condition and loading condition is shown in Fig. 6.15. As shown in the
figure, the at point A and B, the translation is free in Z-direction and fixed in X and
Y-direction. The translation is free at point D and E in the loading direction Y-direction and
fixed in X and Z-direction. The loading is applied at point D or E by controling the
displacement in Y-axis. This boundary and loading condition was adapted from the test setup
of link-to-column connection at University of Texas, Austin by Arce 2002 and Galvez 2004.

The loading protocol used to evaluate the link-to-column connection is the same as
the loading protocol used in the experimental and parametric studies used, which is the

revised protocol.

U1=0
E
U3=0
UR2-0
UR3=0
vi=o -7
2 .
U2=loading
I U3=0
3 1 UR2=0 B
UR3=0 o
UR2=0
UR3=0

Fig. 6.15 Boundary Conditions of link-to-column connection
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6.5.3 FE Results of link-to-column connection

6.5.3.1 Hysteresis Response and Plastic Rotation Capacity

The hysteresis response of analysis result of link-to-column connection is shown in the
Fig. 6.16 for shear link with link length factor of one (p=1). As shown in the comparison
of 10% reduced web link section and unreduced link section, the hysteresis response of
reduced link section of link-to-column connection shows stable hysteresis characteristics
compared to unreduced link section. For intermediate link with link length factor 1.65 (p =
1.65), the comparison of hysteresis response of 10% reduced web area link and unreduced
link are shown in Fig. 6.17. Similar results were obtained with shear link but for
intermediate link the second stiffness is some how is bigger for both reduced and
unreduced link section compared shear links. As shown in the figure, reduced link section
shows stable hysteresis response compared unreduced link.

The maximum shear resisting capacity of unreduced link section is bigger than
reduced link section. That is one of the advantages of reduced link section because in order
to control the plastic deformation at the links in eccentrically braced frame keeping the
remaining structural elements in elastic range, the link should have weaker in strength
compared to the collector beam. Hence, the reduced web section of link have a dual
advantage. First, it keeps stable hysteresis response even at large displacement and second
the shear resisting capacity lesser or weaker in strength compared to collector beam.

The plastic rotation capacity of reduced web link section and unreduced link section is
also calculated. The total shear rotation in both cases were decided by calculating the
failure index i.e the total shear rotation is taken at the point where the failure index
reaches one. The calculated failure index for shear links (p=1) of reduced and unreduced
link section with respect to number cycle is presented in Fig. 6.18 (a) and (c) respectively.
In order to know the exact points where the failure index reached one, the loading protocol
with the corresponding number of cycle is plotted for both reduced and unreduced link
section and shown in Fig. 6.18 (b) and (d) respectively. Looking at the loading protocol
with the corresponding number of cycle at which the failure index reached one, the total
shear rotation of reduced and unreduced link section is 0.16 rad and 0.07 rad respectively.
Therefore the plastic rotation can be the 0.1502 rad and 0.0602 rad for reduced and

unreduced link section respectively.
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Similarly, the plastic rotation of intermediate links (p=1.65) of both reduced and
unreduced link section was calculated where the total shear rotation is decided by the failure
index. The calculated failure index was plotted for both reduced and unreduced link section
with respect to number of cycle as shown in Fig 6.19 (a) and (c) respectively. The loading
protocol used to specify the shear rotation that corresponds the number of cycle founded in
the failure index is plotted and shown in Fig 6.19 (b) and (d) for reduced and unreduced link
sections respectively. For the loading protocol, the total shear rotation is 0.125 rad and 0.035
rad for reduced and unreduced link sections respectively. Thus, the plastic rotation of reduced
and unreduced link section is 0.1204 rad and 0.0302 rad respectively.

From the results obtained in this study, it fair to say that the reduced link section
satisfies the plastic rotation limit recommended in AISC provision for shear and intermediate
links in link-to-column connection in eccentrically braced frames even though further
researches needs to be done. The limitation of link-to-column connections of eccentrically
braced frame according to many researches and AISC provision is fracture of flanges welds
at flange-to-column connection prior to the target plastic rotation.

The plastic rotation of parametric study for link-to-column connection is presented in
Table 6.5. The analysis results were compared with test results grasped from Okazaki et.,
el. 2004 and presented in Fig. 6.20(a). As shown in the Fig. 6.20(a), the plastic rotation
capacity of reduced web link section satisfied the plastic rotation limit while unreduced
links and the test results from the Okasaki et., el failed to satisfy the plastic rotation limit
recommended in AISC seismic provision (AISC-341-10).

The corresponding overstrength factor of unreduced and reduced link section has also
been calculated and presenetd in Fig. 6.20 (b). As shown in the Fig. 6.20 (b), the
overstrength factor of unreduced and reduced link well matches with the overstrength factor
recommended by Richard et al. 2009.
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Fig. 6.16 Hysteresis response of reduced and unreduced link section (p = 1)
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Fig. 6.17 Hysteresis response of reduced and unreduced link section of intermediate
link (p = 1.65)
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Fig. 6.18 Comparison of Failure index of Reduced web section and unreduced web

link section of p = 1. continued...
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(a) Failure Index versus number of cycle for reduced web link section (p = 1.65)
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(b) The point at which FI is one on the loading protocol for reduced web link
section (p = 1.65)

Fig. 6.19 Comparison of Failure index of Reduced web section and unreduced web

link section of p = 1.65
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(c) Failure Index versus number of cycle for unreduced web link section (p = 1.65)
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(d) The point at which FI is one on the loading protocol for unreduced web link
section (p = 1.65)

Fig. 6.19 Comparison of Failure index of Reduced web section and unreduced web

link section of p = 1.65. continued...
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Table 6.5 Summary of plastic rotation of analysis specimen for link-to-column

connection
Yield rotation :
v, Initial Stiffess angle = V7 She%;fi‘t“’“ Plastic
(kN) (N/mm) K Rotation (rad)
Specimen | p/p,., en.,
Type —
Reduce | Unredu | Reduce | Unredu | Reduce | Unred Unredu i
Reduced uce | Unreduced
d ced d ced d uced ced d
110
1.0 206.7 310.1 258945 377089 .00313 0047 | 11334 0602 5 0555
Shear
Link 1.4 206.7 310. 215885 311441 .00373 0056 | .0944 0579 091 0523
1.5 206.7 310.1 172101 244743 .00432 | 0065 | .13388 0824 129 0759
Intermedia | 1.65 | 193.6 | 286.4 | 102120 | 138243 | .00383 | 0057 | .09644 082 |.093| .0763
i 23 185.75 277.6 82454 110279 .00512 0077 | .07574 0437 071 | .036
0 2
b Rotation Limit
0O Reduced Link a
o Unredueed Link \g 1.5
= A Olazaki et al, 2004 q g
& 3
u} & i
[}
=
]
5
& 03 Refersnce Curve
= o Unreducad
O Reduced
0 0
0.6 1.6 2.6 36 06 16 26 i6
Link Length Factor (p) Link Lengthfactor (p)
(a) Comparison of plastic rotation of (b) Comparison of overstrength factor of
reduced and unreduced links reduced and unreduced links

Fig. 6.20 Comparison of Reduced and Unreduced Links
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6.5.3.2 Comparison of Deformed shape

The deformed shape of reduced link section and unreduced link section with
distribution of strain, stress and with out-of-plane buckling is presented in Fig 6.21. The
comparison of deformed shape with the equivalent plastic strain of reduced and unreduced
link is presented in Fig. 6.21 (a) and (b). As shown in the Fig. 6.21 (a) and (b), the
equivalent plastic strain for reduced link concentrated at the edge and along the line of hole
introduced on the web whereas for unreduced link, the equivalent plastic strain is distributed
all over the web and at the flanges on the column face as well.

The comparison of out-of-plane buckling of reduced and unreduced link is presented
in Fig. 6.21 (c) and (d). As shown in the figure, the maximum and minimum out-of-plane
buckling reduced and wunreduced link is 1.559 and -2.544 and 27.08 and -24.64
respectively. The out-of-plane buckling of unreduced link is more than ten times bigger than
reduced link section. The deformed shape with von mises stress distribution of reduced
and unreduced link is also presented in Fig. 6.21 (e) and (f). The crack susceptibility of
links can be calculated using the stress striaxiality ratio, PEEQ index, and rupture index and

defined and discussed below.
6.5.3.2.1 Stress Triaxiality ratio (1)

Stress triaxiality ratio is known to greatly influence the amount of plastic strain
which a material may undergo before ductile failure occurs. A number researcher take this
fracture criteria effect into consideration in to predict failure. It is defined mathematically as
the ratio of hydrostatic pressure, or mean stress, to the von Mises equivalent stress as
shown in Eq. (6.10). This ratio is an important quantity when considering ductile rupture of
steel material. High triaxiality (0.75 < om/0.<1.5) can cause a large reduction in the rupture
strain of metals. Very high triaxiality (om/cc>1.5) can result in brittle behavior (LeMaitre,

1996).

1
o, g(o‘l +0—2+0—3>
P T BEEEESEEEE——;,, (6.10)

o, 1
\/2(O’l—O'2>2+(O'2—O'3>2+(0'3—0'1>2

where o1, 02, and o3: normal stresses in X, y and z direction respectively.
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6.5.3.2.2 PEEQ Index

PEEQ index is used to measure the local ductility which is defined as the plastic

equivalent strain divided by the yield strain.

&
PEEQIndexr = —= e (6.11)

e
y
where ¢ is plastic equivalent strain which is given the plastic strain components

(&) in directions i and j as in Eq. (6.12) and ¢,: is the strain at yield.

& = %SU% ............................. (6.12)

6.5.3.2.3 Rupture Index (RI)

The ratio between the hydrostatic stress and the Mises stress (om/ce) 1S known as the
stress triaxiality ratio. This ratio is an important quantity when considering ductile rupture
of metals. High triaxiality (0.75 < s m /s < 1.5) can cause a large reduction in the rupture
strain of metals. Very high triaxiality (s m /s > 1.5) can result in brittle behavior (LeMaitre
1996 and Barsom and Rolfe 1988). A crude, albeit effective, criterion for calculating the
strain at ductile fracture is given by Hancock and Mackenzie (1976) as the ratio of PEEQ
index to Stress triaxiality ratio. RI can be used to compare between the potential for ductile

fracture of different critical points.

_ PEEQIndex
exp(—1.57)

In order to identify the effect of reduced webs on the stress concentration in the
flanges, the stress and strains including stress triaxiality was calculated for both reduced and
unreduced link length. The measurement locations is shown in Fig. 6.22 (a) for reduced and
Fig. 6.22 (b) for unreduced link section. The comparison of the measured and calculated
triaxial stress and equivalent plastic strain for reduced and unreduced link is presenetd in
Fig. 6.23 (a) and (b) respectively. As shown in the figure, the stress triaxial stress and
equivalent plastic strain of flange in column face decreases as the reduced web area
increases and for the web triaxial stress and equivalent plastic strain increases as the

reduced web area increases.
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(a) equivalent plastic strain distribution of reduced link section
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(b) equivalent plastic strain distribution of unreduced link section

Fig. 6.21 Buckling shape of analysis results of reduced and unreduced link section

for p=1
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(d) out-of-plane buckling of unreduced link section

Fig. 6.21 Buckling shape of analysis results of reduced and unreduced link section

for p=I1. continued...
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+1.7056-05

(e) von Mises stress distribution of reduced link section

S, Mises
s, Mises

(f) von Mises stress distribution of unreduced link section

Fig. 6.21 Buckling shape of analysis results of reduced and unreduced link section

for p=1. continued...
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(a) stress and strain measurement lines of reduced link section
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(b) stress and strain measurement lines of unreduced link section

Fig. 6.22 Measurement of lines of stress and strain p = 1
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(a) effect of reduced web area on triaxial stress
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(b) effect of reduced web area on equivalent plastic strain

Fig. 6.23 Effect of reduced web area on link-to-column connection
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6.5.3.3 End Moments Rations in Link-to-column Connections

In order to measure the moments directly from the finite element analysis monotonic
loading analysis were conducted on link-to-column connection in a analysis model shown in
Fig. 6.13 and with the boundary condition shown in Fig. 6.15. The end-moments were
measured both beam and column faces. ed as in From the analysis results, moments were
measured directly at the ends of link in the column face and beam face. In link-to-column
connection of eccentrically braced frame, the moment in column face and beam face is not
equal. The end moments in column face is greater than the moments in beam face.

The ratios of measured end moments directly from the monotonic loading of finite
element analysis were calculated for reduced and unreduced link section. In addition the end
moments using equations derived in section 6.6.1 of Eqgs (6.3) - (6.9) are also calculated
and the results were plotted in Fig. 6.24 along with the results collected from the research
work of Richard and Uang (2003) and Okazaki (2004).

Richard and Uang (2003) conducted a series of 2-D elastic frame analyses to identify
the realistic end moment rations. The end moment rations of their analyses are shown in
Fig 6.24, the notation 3L, 3T and 10 in the plotted figure correspond to three frames, two
three-story frames and one ten-story frame according to Richard and Uang. The other
results considered for comparison is the test set-up of Okazaki et al., 2004, where the end
moment ratios are decrease exponentially with an increase of link length factor.

Looking at the plots of analysis results, the measured end-moment ratios of reduced
link section less than the calculated end moment ratios and the ratios presented by Okazaki
and Richard as shown in Fig. 6.24 (a). Compared to reduced link section, unreduced link
section has relatively similar end moment ratios as shown in Fig. 6.24 (b). The comparison
of end moment ratios of reduced link section and unreduced link section is presented in
Fig. 6.24 (c). In both cases calculated end moment ratios are greater than the measured
values. Thus, it is difficult to conclude the end moment ratios for link-column connection.
Further research needs to be conducted regarding this issue both experimentally and

analytically to come up with a clear end moment ratios.
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(a) Comparison of end-moment ratio of reduced link section with existing research

results
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(b) Comparison of end-moment ratio of unreduced link section with existing research

results

Fig. 6.24 Comparison of End-moment ratios
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Fig. 6.24 Comparison of End-moment ratios (Continued...)
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6.5.3.4 Equivalent Viscous Damping () and effective stiffness

The effect of reduced web on equivalent viscous damping (damping ratio) and
effective stiffness of link-to-column connection is presented in this section. The calculation
process and the necessity of damping ratio and effective stiffness has been explained in
Section 4.4. The same procedure was used for link-to-column connections. Fig. 6.25 (a)
shows the comparison of damping ratio and effective stiffness of reduced web shear link
and unreduced shear link. In this relationship, the damping ratio and effective stiffness of
unreduced shear link is generally higher than the damping ratio and effective stiffness of
reduced web shear link. However, when we look at the relationship between damping ratio
versus number cycle of reduced web and unreduced shear links as shown in Fig. 6.25 (b),
the damping ratio of reduced web shear link is relatively higher compared to the damping
ratio of unreduced shear link.

Looking at the relationship between the effective stiffness versus number cycle of
reduced web and unreduced shear links shown in Fig. 6.25 (c), the effective stiffness of
unreduced shear link is by far higher than the reduced web shear link at early cycle and as
the number of cycle increase the effective stiffness converged and lastly became equal. The
damping ratio and effective stiffness of reduced web shear link ranges from 10.72%-58.5%
and 4.13kN/mm-180.33kN/mm respectively. And for unreduced shear link the damping ratio

and effective stiffness are 5.73%-54.75% and 4.17kN/mm-257.91kN/mm respectively.
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(b) Comparison of damping ratio versus number cycle of reduced web and unreduced shear links
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(c) Comparison of effective stiffness versus number cycle of reduced web and unreduced shear links
Fig. 6.25 Effect of reduced web on damping ratio and effective stiffness
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6.6 Summary

The reduced link sections in eccentrically braced frames according to Hauksdottir
recommendation is effective in reducing flange strains at the ends of all link types, though
more effective for intermediate and flexural links than shear links. The design
recommendations and non-linear finite element analysis was conducted to check the
applicability of the design recommendations for both reduced web link section and reduced
web and flange link section. The design considerations of reduced web link section and
reduced web and flange link section is different. The main difference is the assumptions i.e.
for reduced web link section, the changes in the plastic moment is slight and so it is
ignored for simplicity and for the reduced web and flange link section the effect of plastic
moment is considered.

The link length factor (link length) is among the parameters considered in preliminary
studies. The effect of design considerations made are seen mainly on this parameter called
link length factor. The analysis result shows that, reduced web link section is effective
mainly for shear link and for intermediate link as well. Where as the reduced web and
flange link section is effective mainly for intermediate links. This is not only because of
the shear rotation capacity but also the hysteresis characteristics and failure mode. For the
same link length measured, the link length factor for reduced web and reduced web and

flange section is different because of the difference in plastic moment.
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7. Design Recommendations

7.1 General

In this chapter, design recommendations was made from the non-linear finite element
analysis, experimental investigations, material mechanics and geometrical effect of the
developed links considering overstrength factor and effect of flanges. The plastic shear
strength and plastic end moment of links for the developed links have been discussed in
Chapter 3 of section 3.2. which can be taken as modified AISC design procedure. In
previous sections the effect of flanges wasn’t considered. The general design procedure of
EBFs with reduced link sections is the same as the design procedure of existing EBFs
(unreduced link sections).

Once the link overstrength was calculated from the results of non-linear finite
element analysis and experimental investigation, the governing equations have been drawn.
The overstrength factor of reduced link section calculated from the experimental and
analytical investigation, it has been noted that the overstrength factor proposed by other
researcher in terms of link length ratio for unreduced link can be applied for the reduced
link section. Thus taking in to account the effect of reduced sections of link during
calculation of link length factor, the overstrength factor can be calculated simply by the
equations suggested by Richard and Uang. In this chapter the plastic shear strength and
ultimate shear strength (considering the overstrength factor) is presented. The developed
equations was verified through the experimental and analytical results. In addition, the errors
of the equations was calculated in terms of the experiment and analysis results.

From the research works available on the conventional eccentrically braced frames,
different equations including initial stiffness and displacement of the total frame has been
recommended. The recommended design equations have been verified through experimental

and analytical results for both reduced web link and reduced web and flange links.
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7.2 Design Strength and Link Length of Reduced Link Section

The plastic shear, V,

,» moment, M, capacities and the link length factor of reduced

”
link section have been recommended in chapter 3. In this section, it is tried to review the
recommendations done in Chapter 3 and comparing the recommended design equations with
experimental and analytical results considering the effect of all possible elements. Thus, the
reduced web link section and reduced web and flange link section are treated separately for

ease of understanding.

7.2.1 Reduced web link section

7.2.1.1 Plastic shear strength

The plastic shear force of links with reduced web section can be calculated using the
design recommendation suggested in AISC but with the cross-sectional area of web being

modified and the equation is expressed in Eq. (7.1):

*

A L.
V= Ty w for shear yielding

V3

for flexural yielding

Tw

=9 M:‘w / e
where o, yield strength and A,:,: the area of reduced web given in Equation (7.2) in
terms of ¢: is the diameter of perforation, n: number of perforation in a vertical alignment, e, :
is the reduced web link length given by Eq (7.3) in terms of unreduced link length, M *: is

the plastic end-moment of reduced web link section and given by Eq. (7.4).

Ay =(D=2t,—=nd)t, e (7.2)

where D: the over all depth of link, ¢;: flange thickness, ¢: is the diameter of

perforation, n: number of perforation in a vertical alignment, ¢,: web thickness.

_de 1
Crw = 1—n¢>_(1_ no ]'e ............................................... (7.3)
d

- 206 -

Collection @ chosun



where d: the depth of link, ¢: is the diameter of perforation, n: number of

perforation in a vertical alignment and e: is the unreduced link length.
M=V "e,.,/2 for shear yielding

=27,"0, for flexural yielding

where M": plastic end moment of reduced web link, V]“: plastic shear strength of

reduced link web link. e,,: reduced web link length, the depth of link, Z “: plastic

section modulus of reduced web link, o,: yield strength. Web reduction has a slight effect
of the plastic section modulus, hence it is ignored for simplicity.

The plastic shear strength expressed in Eq. (7.1) do not consider the effect of
flanges. Thus, the plastic shear considering the effect of flange can be given by Eq. (7.5).

v, =V, "+ Vi e (7.5)
where V,"": the plastic shear strength considering the effect of flanges, V,": the
plastic shear strength defined in Eq. (7.1) and V;: shear carried by the flanges. The plastic
shear strength including the effect of flanges have been derived by Richard and Uang,
2002. Since the equation suggested by Richard and Uang is for unreduced link, for reduced
link section the link length and cross-sectional area of web can be modified, thus Eq. (7.6)
can be called modified Richard and Uang equation.

* 2 2
Vr'u;/ — O—Z’/“’A“/’ O—!/fbtf _ O—Z‘/ft'“"eT“’
p

73 . S| s

where V) "': the plastic shear strength considering the effect of flanges, o

yo' yield
strength of web, A,:,: the area of reduced web given in Eq. (7.2), o, yield strength of
flange, b: is width of flange, ¢;: flange thickness, ¢,: web thickness.

From the geometry and material properties the plastic shear strength considering the
effect of flanges can be expressed as in Eq. (7.7) which can also be called design equation
suggested in this study.

V;W _ Jy,“}A,,j N O'yfbtj%

/3 d

where d: depth, o,,: yield strength of web, A:,: the area of reduced web given in

Eq. (7.2), o, yield strength of flange, b: is width of flange, ¢;: flange thickness, t,: web

thickness. In Eq. (6.4), the first expression is the web and the second term is for flanges.
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7.2.1.2 Ultimate shear strength

The maximum shear force of reduced web link (V,;) can be taken as the product
of the plastic shear strength, the cyclic hardening factor (overstrength factor, Q) and the
ratio of mean to nominal material yield stress (R,). The ultimate shear force with out

considering the effect of flanges is given by Eq (7.8)

*

O—yA w

V3

Wi = 2R, V"= R, for shear link

_ 0RM;"

e

for flexural link

where Q: is the cyclic hardening factor (overstrength factor) given by Eq. (7.9) in

terms of link length factor.

6 e (7.9)

Do &

1.44 p <1
2=71.44—0.4(p—1.6) 16<p<
2.7/p p= 2.

Ve IA

The ultimate shear force considering the effect of flanges called modified Richards
and Uang design equation and design equation suggested in study are presented in Eq.
(7.10) and Eq. (7.11) respectively.

o A o b2 o tie
rw’ __ yw'Tw yf’tf _ yfrw Trw

=R | ——+ | —=——— —=——— || 7.10
ult /3 267.,“} ]b ( )

rw/’ O—Z‘/“’A:’ O—Ufbtl%

W= ORI S e (7.11)

where all the variables are stated above.

The ultimate shear forces suggested above have been verified through the test and
analytical results. Fig. 7.1 (a, b and c¢) shows the modified AISC, modified Richard and
Uand and design equation suggested in this study respectively. The comparison of all
equations are presented in Fig. 7.1 (c). As shown in the Fig. 7.1 (a), the ultimate shear

force calculated modified AISC is less than the recorded maximum shear force of test and
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analysis. The ratio V,./ V. is greater than 1. Compared to modified AISC, modified
Richard and Uang is better define the ultimate shear force as shown in Fig. 7.1 (b).
Among all, the design equations suggested in this study is more better define the ultimate
shear forced of reduced web link as shown in Fig. 7.1 (c).

The errors between the recorded maximum shear forces from test and analysis results
and calculated by the modified AISC, modified Richard and Uang and the design equation
suggested in this study was calculated using Eq,. (7.12).

Vm x Vu
ai”)*loo ............................................... (7.12)

%of error= ( v

where V, ,.: is the recorded maximum shear force of either experiment result or the
corresponding analysis result, V,: is the calculated ultimated shear force using modified
AISC, modified Richards and Uang and design equations suggested in this study.

The errors expressed in terms of the calculated ultimate shear force and the
maximum recorded test and analysis results were presented in Fig. 7.2. As shown in the
figure, the errors calculated for modified AISC, the average error calculated in terms of test
and analysis results are 8.33% and 8.88% respectively as shown in Fig. 7.2 (a). The
average error calculated for modified Richard and Uang is 5.44% and 6.01% for test and
analysis respectively as shown in Fig. 7.2 (b). For the design equations suggested in this
study, the average errors calculated is —0.38% and 0.24% respectively for test and analysis

results as shown in Fig. 7.2 (c).
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06 11 16 3 4 o F -
u.o £.1 £.0
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(a) Modified AISC

Fig. 7.1 Verification of suggested design equations for reduced web link section
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Fig. 7.1 Verification of suggested design equations for reduced web link section

(continue...)
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Fig. 7.2 Calculated errors for suggested design equations for reduced web links
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7.2.2 Reduced web and flange link section

7.2.2.1 Plastic shear strength

The plastic shear force of links with reduced web and flange section can be
calculated using the design recommendation suggested in AISC but with the cross-sectional
area of web being modified. The equation is expressed in Eq. (7.1) for reduced web link
can be applied for reduced web and flange section for the case without flange -effect.
However, the shear carried by the flanges is assumed to be less compared to links with
reduced web section. All the equations given above will be applicable for links with
reduced web and flange section by only substituting the link flange width by: b> = b — c,
where b’ is the reduced link flange width, c: is the depth of reduced link flange and b: is
the width of link flange. The plastic shear strength considering the effect of flanges then
expressed by the modified Richard and Uang and the design equation suggested in this
study as presented in Eq. (7.13) and Eq. (7.14) respectively.

* 742 2
V,.Z/ o O—ywA'u; O—yfb tf - O—yft'ur'erl (7 13)
p = T = T T T g | e .
\/§ 267'1 8b
* 7,2
w_ Oy 0ybty
= 7.14
v a +— (7.14)

where V[f'l/: is the plastic shear strength considering the effect of flanges, d: link
depth, A,“*,: reduced web area given by Eq. (7.2), b’ =b—c: width of reduced link flange,

t;: the thickness of flange, o,, and o, yield strength of web and flange respectively,

yw

e,;: reduced web and flange link section length defined derived and given as in Eq. (7.15)

in terms of unreduced section:

[z
ey-z{j} z, OO OU ST OO OT OOV (7.15)
d

where e,;: link length of reduced web section, n: number of perforation in a vertical

alignment, ¢: the opening diameters, d: depth and e: unreduced link length.
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7.2.2.2 Ultimate shear strength

The maximum shear force of reduced web and flange link ( ,['J"ZZt) can be taken as

the product of the plastic shear strength, the cyclic hardening factor ({2) and the ratio of
mean to normal material yield stress (R,). The ultimate shear force using modified AISC,
modified Richard and Uang and using the design equations suggested by this study is given
by Eq. (7.16), Eq. (7.17) and Eq. (7.18) respectively.

*

O—'I A'U}
VIL=0QR—"2 e (7.16)

V3

, o, A. o, bt
vt = _QRy( pow y Zuf f) ............................................... (7.17)
L /3 d
742 2
o o oyt oyptuen 718
Vi = QRle.GaWAer e || ——— (7.18)

where the variables used in the equations are explained in above.

In order to verify the design equations expressed above, the calculated ultimate shear
force and the recorded maximum shear forces of test and analysis results. Fig. 7.3 (a, b
and c) is a comparison of test and analysis and the calculated ultimate shear forces using
modified AISC, modified Richard and Uang and the design equation suggested by this
study respectively. Link reduced web link section, the ratio of maximum shear to ultimate
shear forces using the modified AISC is greater than one. That means the maximum
recorded shear forces are greater than the calculated shear forces calculated using modified
AISC as shown in Fig. 7.3(a). The ratio of V., V,

.+ 1S also greater than one for the
ultimate shear forces calculated using modified Richard and Uang as shown in Fig. 7.3(b).
However, compared to modified AISC, the modified Richard and Uang is better define the
maximum shear forces of reduced web and flanges links. Looking at the Fig. 7.3(c), the

ratio of V.., V,

ul

. 1s approximately one which indicates that the design equation suggested

in this study including the effect of flange is better define the maximum shear forces of
reduced web and flange links compared to modified AISC and modified Richard and Uang.
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Fig. 7.3 Verification of design equations for reduced web and flange link section
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Fig. 7.3 Verification of design equations for reduced web and flange link section

(continue...)

The error of design equation for reduced web and flange link section has also been
calculated in the same way it was done for reduced web link section. The errors was
calculated using Eq. (7.12). The calculated errors are presented in Fig. 7.4 (a, b and c) for
modified AISC, modified Richard and Uang and design equation suggested in this study
respectively. The errors for modified AISC for test and analysis is 6.57% and 6.9%
respectively as shown in Fig. 7.4(a). The average error for modified Richard and Uang
using test and analysis is 2.72% and 3.06% respectively as in Fig. 7.4(b). Similarly for the
design equations suggested in this study, the average error using test and analysis result is
—1.17% and —0.815% respectively. From the calculated errors, it can be noted that the
design equations suggested in this study is less than the errors calculated for modified

AISC and modified Richard and Uang design equations.
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Fig. 7.4 Calculated errors for suggested design equations for reduced web and flange link sections
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7.3 Summary

The design equations are important to predict the general behaviour of any structures.
For the developed links called reduced web link and reduced web abd flange link section,
the suggested design equations have been verified through experimental and analytical
results. Three different design equations have been suggested. Namely: modified AISC,
modified Richard and Uang and the equation developed in this study for both nominal
shear strength and ultimate shear strength. The ultimate shear strength can be calculated
considering the overstrength factor which is the ratio of maximum shear force to the

nominal shear strength.
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8. Summary and Recommendations

8.1 Introduction

The structural performance of reduced link section used in eccentrically braced frames
including the plastic deformation capacity, buckling and failure mode. The proposed links
addresses the limitations of existing eccentrically braced frames including EBFs with
replaceable links. The investigations was made to identify the characteristics of proposed
links both analytically and experimentally. In this section, the summary of analytical and
experimental studies and recommendations including the future works to be done is

presented.
8.2 Summary

Before the start of evaluations using analysis and experiment, a design procedures for
links with reduced web section and links with reduced web and flange section was made.
The design was made considering: equal end moments developed in the links, engineering
mechanics of material, geometry and existing design recommendation from the available
standards and literatures. The ultimate shear forces for the design of reduced link web
suggested considering the overstrength factors. The recommended design equation have been
cross-checked with both loading test results and finite element analysis results. From the
comparison, it can be noted that, the design equations suggested can be used to estimate

the basic strengths of reduced link section.

From the design the possible geometrical variables such as section compactness, the
percent of open area (the diameter of perforations), link length factor, arrangement of
perforations (inclination angle of perforations) and effect of stiffeners. Then the preliminary
analysis was conducted in order to understand the general behavior and identify the sensitive
parameters in the design of reduced link section. The link-to-column connection in eccentrically
braced frames lacks the desired plastic rotation recommended in AISC provision. Okazaki et
el. conducted a series of experimental investigation and concluded that link-to-column
connections should be avoided because of their limited ductility resulting from flange fracture

which was found to be a major concern for links of all practical lengths.
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The proposed links addresses the limitations of existing eccentrically braced frames
listed in statements of problems including link-to-column connections. From the general
perspective of design procedures, experimental investigation and FE analysis the following

conclusions was drawn.

1. the design and detail of proposed links are isolated from the other structural
components such as the collector beam, from column in link-to-column
connections of eccentrically braced frames. Therefore, it helps to simplify and
make easy to maintain, repair or replace the active portion of frame which is the
link beam with out disturbing the functionality as well as serviceability of the
building. This will address the limitations observed in conventional eccentrically

braced frames.

2. researcher come-up with the concept of replaceable links concepts. Literatures
suggested that, in order to control the plastic deformation only at the link, the
link should have weaker in strength or less cross-sectional area. In case difference
in cross-sectional area, the slab may need a deck support the replaceable link
according to New Zealand Steel Constitution. This phenomenon has been one of
the limitations of replaceable links. Since the detail of the proposed link section
is reduced the web section, the strength significantly decreases and this will help
to control the plastic deformation at the link easily with out decreasing the depth
of link i. e with equal cross-section with the collector beam. Thus, the web
reduction makes the proposed link weaker in strength so that the plastic
deformation can be easily controlled only at the links with an equal cross-section
of link with collector beam, hence no deck support is needed as in EBFs with

replaceable  links.

3. link-to-column connections in EBFs have been a critical problem. AISC also
warns the designer in during the designing and detailing of link-to-column
connection. Experimental loading test results and FE analysis, it was known that
in link-to-column connection, the of link-to-column connection in eccentrically
braced frames was fracture of the link flange initiating near the groove weld
which connects the link to the column flange because of the fracture is
concentrated at the web of reduced area prior to the required plastic rotation.
This is due to column connection attracts greater moments because the axial

stiffness of column is stiffer than the flexural stiffness of the collector beam.
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Putting holes in the shear plate increases the plastic strain and stress triaxiality at
the edge of holes. In return the plastic strain and stress concentration at the
flanges decreases. Thus, the failure supposed to occur at the flange moves to the
web. This will address the limitations in link-to-column connection as the failure
supposed to be occurred at link flanges in the column face before reached at the

plastic rotation is controlled.

4. design procedure for reduced web link was presented in terms of flow chart. The
minimum ¢/d ratio was set in terms of plastic shear strength ratio of reduced
web link and unreduced links. The minimum plastic shear strength is assumed to
be greater than 0.5 in order to allow the link absorb seismic energy. Thus, the
minimum ¢/d ratio will be determined from the relationship with striction of

plastic shear strength ratio of reduced web link and unreduced links.

5. quasi static loading test have been carried out in order to examine the plastic
deformation and the failure mode of reduced link section. two types of links was
considered: shear links and intermediate links. For intermediate link, both reduced
web and reduced web and flange links were considered. The loading protocol
used to evaluate the test specimens were the revised protocol of AISC. The test
results shows that both reduced web and flange links satisfied the rotation limit
recommended in AISC seismic provision. All test specimens shows a crack at the
edge of holes introduced on the web before final fracture and proves the assumed

behavior of reduced web links.

6. compared to unstiffened reduced links, stiffened links show stable hysteresis
response at large displacement. This is due to the fact that out-of-plane buckling
is formed in unstiffened links compared to stiffened specimens. Stiffeners have no
effect on the initial stiffness. The maximum shear force resisting capacity of
unstiffened link is less compared to stiffened specimens and therefore the ratio of
maximum shear force and nominal plastic shear strength (overstrength factor) of
stiffened link is bigger compared to unstiffened links. The cumulative plastic
rotation of stiffened links was bigger than the cumulative plastic rotation of

unstiffened links.
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7. link section reduction type i.e reduced web and reduced web and flange has no
effect on the hysteresis response, plastic rotation as well as shear resisting
capacity. In unstiffened links the failure mode of reduced web and reduced web
and flange section is the same. However, the for stiffened reduced web and
flange link section, a plastic hinge is formed at reduced flange section. Thus, for
stiffened web and flange link section has a dual advantage. These are: 1. the
strength is reduced because of the reduced web section and 2. because of the

reduced flange the plastic hinge is formed at the reduced flange section.

8. a calibrated finite element simulation model was created from the experimental
investigations. A combined harding model with parametric material modeling was
used and the hysteresis response as well as the deformed shape with equivalent
plastic strain distribution of analysis model was compared with the test results.
From the comparison of hysteresis response the maximum shear resistance of test
and analysis agreed well. However, there is some mis matching in the bouncing
effect. This might be due to the errors arise during experiment and it might also

be the limitations of finite element simulation. The plastic rotation (v,) which is

given by: 7, =7— % where y: is the total link rotation, V: plastic shear

e
strength, e: link length and K_: is the elastic stiffness, of analysis and
experimental results were also compared. The total link rotation for test specimen
is taken at the point where the strength degrades. For analysis simulation, the
link rotation is taken at the point where the strength degrades and/or at the point
where the failure index reached unity. The indexes are maximum at the edge of
perforations of link in most of analysis specimens considered. The plastic rotation

capacity of test and analysis results were well agreed.

9. once the FE simulation is verified through experimental results, parametric study
was conducted to consider unconsidered parameters during experiment. Which
includes link length, percent of reduced web area, and link-to-column connection
(unequal end moment). As the link length increase, the plastic rotation capacity
decreases and most of flexural links fails to achieve the rotation level
recommended in AISC provision. The effect of percent of reduced web area was
also discussed. The percent of reduced web area affects both shear resisting
capacity and initial stiffness where the percent of reduced web area increases the

shear force resisting capacity and initial stiffness decreases. The reduced web
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amount has a mixed effect on the plastic rotation capacity but in most cases as
the percent of reduced web area increase the plastic rotation limit decreases and
when it exceeds 25%, the plastic rotation failed to satisfy the level recommended
in AISC seismic provision. Initial stiffness decreases as the percent of reduced
web area increases. The rate at which the initial stiffness decreases as the amount
of reduced web area increases is bigger as the link length factor decreases. The
rate at which the initial stiffness decrease for shear link is bigger compared to

intermediate and flexural links.

10. the effect of reduced web on the link-to-column connection has also been
evaluated analytically considering reduced web link and unreduced links as well as
link length as a parameter. The hysteresis response and deformed shape was
compared. The hysteresis response shows that the hysteresis curve of unreduced link
is unstable compared to reduced web link for shear and intermediate links. The
total link rotation is decided by calculating the failure index for both reduced and
unreduced links. The plastic rotation was compared and unreduced links failed to
satisfy the rotation level where as reduced link satisfied the rotation limit for both
shear and intermediate links. The stress and equivalent plastic strain concentration
of reduced and unreduced web link was measured and for shear links. The triaxial
stress and equivalent plastic strain of flanges at connection decreases as the percent
of reduced web area increases. For the web, the triaxial stress and equivalent
plastic strain increases as the reduced web area increases. Which shows the

advantage of reduced web link section in link-to-column connection.

11. the damping ratio and effective stiffness of reduced shear link and unreduced
shear link was calculated and compared. The damping ratio of reduced shear link
decreases as the effective stiffness increased rapidly compared to the damping
ratio of unreduced link shear section. From the comparison of damping ratio
versus number of cycle, the average value of damping ratio of reduced link is
bigger compared to unreduced links. From the comparison of effective stiffness,
unreduced link section has high effective stiffness at low cycle and the average
value of effective stiffness of unreduced link section also bigger compared to

reduced shear link.
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12. Design equations for both nominal shear strength and ultimate shear strength
were recommended which includes the modified AISC, modified Richard and
Uang. The recommended equations have been verified through the experimental
and analytical data. For each of the recommended design equations the errors has
also been calculated and the design equations suggested in this study considering
the effect of flanges has shown less error compared to the design equation of
modified AISC and modified Richard and Uang. Web section reduction has a
significant effect on the shear strength and flange section reduction has sensitive

towards the plastic bending moment.

- 223 -

Collection @ chosun



8.3 Recommendations

This dissertation can be taken as pilot work for further investigation including full
scale experimental investigations. The effect of the parameters included in this research
work also needs to be researched further. The most important things to be considered is the

arrangements of perforations in web.

1) both experimental and analytical on investigations on different configurations of
EBF links with reduced link sections are recommended, for links of various
cross-sections and link lengths. Optimization of reduced web area needs to be
done in order to come-up with the maximum possible web reduction that satisfy
the target plastic rotation limit. The optimization will also helps to identify no
only the maximum possible allowable reduced web area but also to find out the
reduced amount area with maximum plastic deformation capacity. This is usually
because in some cases of as the percent of reduced web area increases the plastic

rotation capacity is bigger even for links equal end moments.

2) different types web area reduction geometry is also recommended. For instance:
vertical ellipse, horizontal ellipse and diagonal ellipse. The effectiveness of each of
these reduction geometries needs also evaluated to understand the performance of
links such as the plastic deformation capacity and a clear failure mode. It is
assumed that links with web area reduced with elliptical shape will have different
response than circular hole because researches shows that plates with circular hole

and elliptical hole behaves differently.

3) web area reduction arrangements other than the possible arrangements used in this
study. The effects of web area arrangements needs to evaluated for studies. The
arrangements may vary for stiffened and unstiffened links because it is difficult to
keep the hole arrangements and stiffeners spacing at the same time as stiffeners

sometimes restricts the hole arrangements.

4) the stiffeners requirements of the provisions needs to be revised or altered because
of the reduced link section geometry. The spacing also needs to be revised

depending on the reduced areas.

- 224 -

Collection @ chosun



5) full scale experimental investigation is highly recommended especially for
link-to-column connection of eccentrically braced frames considering different

connection types, loading history, cross-section and link length..

6) Application of the proposed links needs to be evaluated using time history or

other evaluation mechanism.
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APPENDIX A. Coupon Test Report

The report from DEA HO MACHINERY Co. Itd where the coupon test was carried
out is shown in Fig. A. to A4.

Tensile test report

Test Date 2016-06-14 Test Machine SHIMADZU 500kN
Tested By In-Yong.Park Z > Customer Chosun University
Test Method ASTM A370 — Report No C-16-2850
Material SS400 Thickness 7mm
Name Cross section Tensile strength | Maximum load Yield strength Yield load
W Calc. at Entire | Calc. at Entire 025 o
Areas Areas
Unit mm2 MPa N MPa N %
7mm-1 270.535 370.485 100229 309.533 83739.7 57.5800
7mm-2 270.732 370.476 100300 310.537 84072.4 56.4200
7mm-3 270.468 370.208 100129 304.614 82388.2 54.7000
131072
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110000
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0 6 12 18 24 30 36 42 48 54 60 64

2| (mm)

1% 4 (F =721 A
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Fig. A.1 Coupon test (tensile test) report for 7mm thick web
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Tensile test report

Test Date 2016-06-14 Test Machine SHIMADZU 500kN
Tested by In-Young.Park /7 Customer Chosun University
Test Method ASTM A370 Report No C-16-2851
Material S$S400 Thickness 8mm
Name Cross section Tensile strength | Maximum load Yicld strength Yield load
P Eia Calcxgi:tirc Calc.Aa:clirsuire 02% 02%
Unit mm2 MPa N MPa N %
8mm-1 314.800 448.834 141293 293.184 92294.5 46.5200
8mm-2 314.079 449.367 141137 303.989 95476.6 44.2800
8mm-3 314.000 449.920 141275 301.975 94820.2 43.4800
262144
240000
220000
200000
180000
160000
Z 140000
Kio \\
#% 120000 r
100000
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Fig. A.2 Coupon test (tensile test) report for 8mm thick web
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Tensile test report

Test Date 2016-06-14 Test Machine SHIMADZU 500kN
Tested By in-young.Park %‘?" Customer Chosun University
Test Method ASTM A370 Report No C-16-2852
Material SS400 Thickness 9mm
Name Cross sectionn | Tensill strength [ Maximum load Yield strength | Yield load load
Parameters Calc.:rlcgsmire Calc.::elz:lirc 02% 02%
Unit mm2 MPa N MPa N Y%
9mm-1 350.400 424.014 148574 322.900 113144 41.2800
9mm-2 349.200 421.522 147196 321.549 112285 35.2000
9mm-3 349.287 425.170 148506 323.637 113042 40.1600
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Fig. A.3 Coupon test (tensile test) report for 9mm thick flange
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Tensile test report

Test Date 2016-06-14 Test Machine SHIMADZU 500kN
Tested By In-Young.Park ﬁ’f Customer Chosun University
Test Method ASTM A370 Report No C-16-2853
Material SS400 Thickness 10mm
Name Cross sectiong | Tensile strength | Maximum load yield strength yield load
Parameiers Calc. at Entire Calc. at Entire 02% 02%
Areas Arcas
Unit mm2 MPa N MPa N %
10mm-1 390.800 369.413 144366 282.052 110226 50.2400
10mm-2 391.200 368.649 144216 281.161 109990 52.2400
10mm-3 391.102 368319 144050 i 277.906 108690 52.4400
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Fig. A.4 Coupon test (tensile test) report for 10mm thick flange
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APPENDIX B. Experimental Investigation and Different Measured

Responses

B.1 Sample Welding Design

Given the electrode used: E70, Fpyy = 480MPa

Steel type SS400, Fy=320MPa and Fu=400MPa
Web thickness ¢,=8mm

Flange thickness, ¢,=9mm
Flange thickness, ¢,=10mm
End plate thickness, tp=20mm

I. Web-to-flange weld: welding type used shielded metal arc welding (SMAW)

Minimum weld size => a,;, = 8mm (AISC-Table J2.4) or for two line welding

min
_ Fyt, 320%8 oldi f .
Ay, efr = 0.943 FEXX:>0.943 130 =5.03mm For yielding of the base metal govers
the design
_ F.t, 400*8 _
Umax, erp = 0.707 Frocx =0.707 30 7mm For rupture of the base metal govers

Therefore, the minimum governs so effective fillet size a = 4.7mm~=5mm
Design shear strength weld
R, =0.75(a)(0.707)(0.60 Fyxx)

=0.75%5*.707*0.60%480
= T763kN/mm

Fig. B.1 Welding detail
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II. Flange-to-end plate weld: welding type used shielded metal arc welding
(SMAW)

Minimum weld size => a,,;,=8mm(AISC-TableJ 2.4) or

Ft, *
ooy =0.943Fy—-’ =0.943% =629nm
EXX

For yield strength:

Ftr. 400 *
i =0.707—10=5.89n1n
480

=0.707

arrwcd/ ’
XX

For rupture strength:
Therefore, the minimum governs so effective fillet size a = 5.89mm ~=6mm
Design shear strength weld ¢Rnw=0.75(a)(0.707)(0.60FEXX)=0.75*6*0.707*0.6*480=916kN/mm

Stiffeners-to-flange and web weld: welding type used shielded metal arc welding (SMAW)

Ft *
Qe =0.943Fy z =0.943%=629nm
EXX
For yield strength:
x
g =07072% —070770710 _ 5 8919m
‘ Cor 480

For rupture strength:
Therefore, the minimum governs so effective fillet size a = 5.89mm~=6mm
Design shear strength weld ¢Rnw=0.75(a)(0.707)(0.60FEXX)=0.75*6*0.707*0.6*480=916kN/mm
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B.2 Quasi-static loading test

During quasi static loading test, six displacement meters have been installed at
different location in order to measure the displacements at different location. These
instrumentations are shown in Fig. B.2. As shown in the Fig. B.2, the shear displacement
of specimen is the difference of DT1 and DT2 where the responses were presented in
Chapter 4. The response of each of the remaining displacement meters installed are
presented for some specimens with respect to the shear force measured from the loading
cell is presented in this section. Fig. B.3, also shows the photos taken during testing to

show the displacement meters installed and their respective location.

DT1: Horizontal displacement of link at the top
DT2: Horizontal displacement of link at the bottom
DT3: Horizontal displacement of loading beam
DT4: Horizontal displacement of fixed plate

DT6: Vertical displacement of north column

DT7: Vertical displacement of south column

&
&
&
i
&
&
&
4

Fig. B.2 Location of Displacement meters
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B.3 Results of Responses Measured by Different Displacement Meters

RWS-S10S1

The response of displacement from the bottom of link end plate that measure
horizontal deformation (DT2) to the vertical displacement of north and south column is
presented in Fig. B.4 for RWS-S10S1. The plot shows that the expected results in all

displacement meters.
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RWS-U10Sf1

The displacements measured for all shear link is the same so only the response of
RWS S10S1 is presented included here. Fig B.5 shows the response of displacement meters
DT2, DT4, DT6 and DT7 respectively. As shown in the fig. B.5, the displacement
smeasured by DT2, DT6 and DT7 is small. This indicates that the lower end plated is well
fastened to the horizontal fixed plate and there was no slippage during loading. Vertical
displacements of both south and north column is also small that means there is no axial
forces applied to the test specimens while loading. However, DT4 reads about —0.5mm to

0.65mm, which indicates that the fixed horizontal plate somewhat moved while loading.
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Fig. B-5 Response of RWS-U10Sf1
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RWS-S10Sf1
The same response with RWS-S10S1 is obtained for test specimen RWS-S10Sfl as

shown in Fig. B.6 except some unstability is noticed in the DT2 for RWS-S10Sfl. The
displacement recorded by DT4 of RWS-S10Sfl is also in the range of —0.5mm to 0.9mm.
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RWS-S10S12

Fig. B.7 shows the response of specimen RWS-S10Sf2 for DT2, DT4, DT6 and DT7
respectively. As shown in the figure, the response shows that sudden increment of
displacements are noticed due to some shocks during experiments otherwise the same results

with other test specimens are obtained.
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RLS-U10Sf1

The response of test specimen RLS-U10Sfl for all displacement meters installed are

presented in Fig. B-8. As shown in the Fig. B-§,

all displacement response shows

unstability during the loading process and sudden increment due to shocking like test

specimen RWS-S10Sf2.
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RLS-S10Sf2
The similar results with RLS-U10Sfl is obtained for RLS-U10Sf2 as shon in Fig. B.9.
The range at which the measured values for RLS-UI0Sf2 is the same as RLS-S10Sfl as well.
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The hysteresis response of parametric study was presented here. The parameters
considered were: link length factor, percent of reduced web area and effect of stiffness. In
the legend the letters and numbers indicates: S1, S2, S3 and S4 are shear links with link
length factor of 0.8, 1.0, 1.2, and 1.6 respectively. Sfl and Sf2 are combined shear and
flexural or intermediate links with link length factor of 2.0 and 2.3 respectively. F1 and F2

APPENDIX C. Results of Parametric Study

are flexural links with link length factor of 2.6 and 3 respectively.

The letters S and U stands for stiffened and Unstiffened respectively. The last small
letter ‘n’ is for normal or unreduced links. The numbers 5, 10, 15, 20 and 25 stands for

5%, 10%, 15%, 20% and 25% of reduced web area respectively. Fig. C.1 is the hysteresis

response of parametric study that were not included in Chapter 6.
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APPENDIX D. Initial Stiffness of EBFs

D.1 Initial Stiffness of EBFs Estimated by Richard, 2010

Richards (2010) derived the stiffness of EBFs based on Englekirk (1994)
formulations. Richards (2010) assumed that the summation of horizontal displacements,
caused by different frame component deformations which includes axial deformation of
braces (A,,), beam axial deformation (A4A,,), link shear deformation (4,,) and beam and
link flexural deformation (A,;). The total elastic deformation of eccentrically braced frames
(A7) will be the sum of deformations of each components. The deformations formulated by

Englekirk and extended by Richards are presented in Fig. D.1.
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Fig. D.1 EBF dimensions and components of story drift (Richard, 2010)
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Richards (2010) proposed stiffness k of an EBF story which is expressed as in Eq. (D.1).

E/F,
BVe [0.72(1.19—0.092L,,)(L2 /a) +(0.13La/h) + (1.7T1he/L) +0.21eh/d)] | =7 (D-1)

(’

where V,; = design story shear; F and E = beam material properties; d = beam
depth; and L;,, a, h, and e = frame dimensions. Richard verified the derived equation by
conducted pushover analysis considering three different frame story having 3-story, 9-story
and 18-story with different cases. From the pushover analysis results of 12 EBFs, the
initial stiffness were calculated and the errors with the one calculated by Eq. (D.1). The

errors calculated using Eq. (D.2) is presented in Fig. D.2.

percent difference = (Eq. (D.1) - Kanalysis) / (Kanalysis) ... (D.2)

As shown in Fig. D.2, the difference in estimated stiffness and stiffness calculated
from the analysis, for design shear force less than S500kN, the difference gets as big as
45%for 1300kN, the difference gets smaller relative to other values. In order to prove the
initisl stiffness recommended in Eq. (D.1), finite element analysis was conducted and

presented here under.
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Fig. D.2 Difference in estimated stiffness and stiffness from analysis
for frames (Richard 2010)
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D.2 FE simulation of D-brace frames

Single story and two story diagonally braced EBFs with reduced web link section
and unreduced link section were modeled using nonlinear finite element analysis in order to
prove Eq. (D.1) for reduced link section. The frame was modeled solid and meshed with
C3D8R as shown in Fig. D.3. The material model of analysis the same as that used in
link-to-column connection of parametric study. The lower portion of the column is fixed
both translation and rotation in all direction and the loading is applied at the edge of the
upper beam monotonically by controlling the displacement. he parameter used for D-braced
frames is frame height to length between the column (h/L = 0.5, 0.75 and 1.0). The frame
was design according to AISC-341-10 provision of capacity design principles where braces
and the outer beam segments were designed for forces introduced by 1.3Ry times the
nominal shear resistance of the link Vp, where Ry is the ratio between the expected and

the nominal yield stress and has a value of 1.1.
D.3 FE Analysis Results of D-brace frames

The deformed shape of diagonal braced frame with von Mises stress and equivalent
plastic strain distribution is presented in Fig. D.4. As shown in the deformed shape of
analysis result, both stress and equivalent plastic strain concentrated at the link for both
EBFs with reduced and unreduced link sections. The stress distribution on each members
for reduced links having h/L=0.75 of one story is measured at possible critical location and
presented in Fig. D.3. As shown in Fig. D.5 (a), the equivalent plastic strain of brace is
column and beam is zero. The von Mises stress of link is bigger compared to brace, beam

and column as shown in Fig D.5 (b).

Fig. D.3 3D Analysis Model of EBFs
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(a) Deformed shape with von Mises stress distribution of 1-story, h/L=1 EBF
with unreduced link

Pz
Chvg 75%)
01

(b) Deformed shape with equivalent plastic strain distribution of 1-story, h/L=1
EBF with unreduced link

?_.,

—
(c) Deformed shape with von Mises stress distribution of 2-story, h/L=1 EBF

with unreduced link
Fig. D.4 Deformed shape of EBFs with von Mise's stress and equivalent

plastic strain distribution

- 263 -

Collection @ chosun



. =

(d) Deformed shape with equivalent plastic strain distribution of 2-story, h/L=1
EBF with unreduced link

(e) Deformed shape with von Mise's stress distribution of 1-story, h/L=1 EBF
with reduced link

(f) Deformed shape with equivalent plastic strain distribution of I-story, h/L=1
EBF with reduced link

Fig. D.4 Deformed shape of EBFs with von Mise's stress and equivalent

plastic strain distribution (Continued...)

- 264 -

Collection @ chosun



N N

(g) Deformed shape with von Mise's stress distribution of 2-story, h/L=1 EBF
with reduced link

N N

(h) Deformed shape with equivalent plastic strain distribution of 2-story, h/L=1
EBF with reduced link

Fig. D.4 Deformed shape of EBFs with von Mise's stress and equivalent

plastic strain distribution (Continued...)
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(a) PEEQ distribution in EBFs (b) von Mises stress distribution in EBFs

Fig. D.5 PEEQ and von Mises stress distribution in 1-story EBFs with reduced shear link
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The relationship of base shear force-story drift of analysis result was shown in Fig.

D.6. The parameters used link section type and h/L ratio of frame. As shown in Fig. D.2,

as the h/L increase the bases shear decreases. As the story number increased the base shear

is decreased. The base shear of reduced links

both 1-story and 2-story frames.
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(a) I-story frames with reduced web link
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(c) 1-story frames with unreduced link
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(d) 2-story frames with unreduced link

Fig. D.6 Base shear-story drift relationship of D-braced frame under monotonic
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D.4 Estimation of initial stiffness EBFs

The stiffness calculated from the analysis result and calculated from the Richard’s
recommendation and edited for reduced link section is compared. The accuracy of the initial
stiffness of EBFs given in Eq. (D.l) checked through calculated stiffness of FE analysis.
The difference in the calculated stiffness using modified Eq. (D.1) and stiffness of analysis
results is presented in Fig. D.7 for both unreduced and reduced web link sections. The
analysis model recommended for conventional link was applied for reduced link section by
replacing the link length e by e,, in Eq. (D.1). Looking at the plot presented in Fig. D.7,
the percent of stiffness difference of reduced and unreduced link has no significant
differences. Comparing the results obtained and presented in Fig. D.7 and the result of
Richard presented in Fig. D.2, no apparent difference is observed. Thus, it is fair to say
that the initial stiffness of EBFs suggested by Richard can be applied for reduced link

section as well.
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Fig. D.7 Difference in estimated stiffness and stiffness from FE analysis
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APPENDIX E. Analytical Model of SDOF System of EBFs

The inelastic behavior of eccentrically braced frames depends on the behavior of
links. Thus, correct modeling of link will determine the overall inelastic behavior of EBFs
because in EBFs only link beam is assumed to go through plastic (inelastic deformation).
Different analytical models have been proposed which includes: Roder and Popov (1977),
Ricles and Popov (1987, 1994) Ramadan and Ghobarah (1995), Richards and Uang (2006)
and Rozon and Tremblay, (2008). These models were used to describe the behavior of link
beam during seismic excitations. The model of link element, proposed by Ramadan and
Ghobarah (1995) and slightly modified by Richards and Uang (2006), appeared convenient
in predicting maximum shear forces and deformation with respect to the experimental data
of shear link (Okazaki et al, 2005 and Rozon et al., 2008). This element is an elastic
beam element with lumped plasticity at each end Fig. E.l (a). Three parallel bilinear
springs are assigned between internal and external nodes at each end of the beam in order
to achieve a multi-linear force deformation relationship, Fig. E.1 (b) (Richards and Uang
2006).

This model shown in Fig. E.lI, was checked if it appears to be convenient in
predicting maximum shear forces and deformation for experimental and analytical results of
reduced link section. In the application of this model, the plastic shear strength suggested in
Eq. (7.1) and the reduced web area using Eq. (7.2) in calculating the variables in Fig. E.l
(b). The analysis model for reduced link has been modeled and presented in Table E.1. The
models presented in Table E.1 was compared for the reduced link RWS-S10S1. The
comparison of each model is presented in Fig. E.2. As shown in the Fig. E.2, the analysis
model suggested by Richard (Richard et al., 2006) and Rozon (Rozon et al., 2008) has
difference in the initial stiffness and maximum shear force. The initial stiffness and
maximum shear force of analysis model suggested by Ramadan et al, 1995, well agreed
with the test result, however, the yield strength has a difference. Looking at the analysis
model suggested in this study, well agreed in all initial stiffness, yield shear force and

maximum shear forces compared other analysis model.
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Table E.1 Analysis model proposed

Vi
kvt V2 kv2 Vs kvs kva

[Vp]
Ramadan and

1.00* GA,,,/G 1.26%* 0.03kvt | 1.40* | 0.015kv1 | 0.002kv1
Ghobarah (1995)
Richards and Uan

& 1.107 QGA,,,/G 1.30+% 0.03kvi | 1.50F | 0.015kvi | 0.002kvi

(2006)
Rozon and

1.00* QGA,,,/G 1.20%* 0.03kvt | 1.35*% | 0.015kvt | 0.002kv1
Tremblay, (2008)
This Study 1.104+ GA,:/e,.w 1.35++ 0.03kvt | 1.45¢++ | 0.015kvt | 0.002kv1

*V based on nominal resistance, Vp = ¢0.55AvRyFy, with ¢Ry =

#V based on expected resistance, Vp = @0.55AvRyFy, with @Ry

##V based on expected resistance, Vp = @0.6AvRyFy, with ¢Ry =

Internal node Flexural hinge
\ Elastic beam with /
length 'e'
Zero length <+—— Translational —»
springs

External node

(a)
VA
Vi -
Vi [} .<5
Kw
3
(b)

1.0
1.1
1.1

Fig. E.1 (a): EBF link element; (b): Combined behavior of parallel translational springs
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Fig. E.2 Comparison analysis models with Test skeleton for verification
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