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ABSTRACT

Since the earthquakes in Northridge and Kobe in 1994 and 1995 respectively, many
investigations have been carried out towards improving the strength and ductility of
steel beam to column pre and post-Northridge connections. In order to achieve these
objectives recent researches are mainly focused on three principles; reducing the
beam section to improve the beam ductility, adding different kinds of slit damper to
beam and column flanges to absorb and dissipate the input earthquake energy in the
connection and strengthening the connection area using additional elements such as
rib plates, cover plates and flange plates to keep the plastic hinges away from the
column face. This research presents a reduced beam section approach via the
introduction of multi longitudinal voids (MLV) in the beam web for various beam
depths varying from 450mm to 912mm. ANSY'S finite element program was used to
simulate the three different sizes of SAC (Structural Engineering Association of
California) sections, SAC3, SAC5 and SAC7. Then the modification was applied to
these post-Northridge SAC sections. Results showed an improvement in the
connection ductility since the input energy was dissipated uniformly along the beam

length and the total rotation of the connection was over four percent radian.

Keywords: Multi-Longitudinal Voids; Strength; Ductility; post-Northridge
connection.
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Northridge ve Kobe’de sirasiyla 1994 ve 1995 yillarinda meydana gelen depremler
sonrasinda Northridge oncesi ve sonrasi, ¢elik kolon-kiris baglantilarinin dayanim ve
stinekligini artirmak i¢in birgok arastirma yapilmistir. Bu amaglara ulasmak i¢in son
zamanlarda arastirmacilar ii¢ ana prensibe odakli ¢alismaktadirlar; kirisin siinekligini
kiris govde kesitini azaltarak iyilestirme, baglantida deprem enerjisi girdisini emmek
ve dagitmak i¢in kiris ve kolon flanjlarina yarik amartisor ekleme, baglanti bolgesini
ek elemanlarla (6rnegin, kaburga plakasi, plaka kapagi ve flanj plakasi kullanarak)
giclendirme ve bu yaklasimla plastik mafsali kolon yiizinden uzak tutma. Bu
aragtirmada, sunulan kirisin siinekligini kiris govde kesitini azaltarak iyilestirme
prensibini kullanarak, kiris yiikseklikleri 450 mm ile 912 mm arasinda degisen kiris
govdelerinde ¢oklu yatay bosluklar olusturmadir. ANSYS sonlu elemanlar programi
kullanilarak ¢ farkli boyut SAC kesitini SAC3, SAC5 ve SAC7 modellenmistir.
Bunu takiben yukarida belirtilen degisiklikler Northridege sonrast SAC kesitlerine
uygulanmistir. Arastirma ve incelemeler, deprem enerji girdisinin kiris boyunda esit
sekilde dagilmasi sonucu kolon-kiris baglantilarinin siinekliginde iyilesme

gostermistir ve toplam baglanti rotasyonu yiizde dort radyan1 agsmustir.

Anahtar kelimeler: Coklu yatay bosluklar, Dayanim, Siineklik, Northridge sonrasi
baglanti
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Chapter 1

INTRODUCTION

1.1 Introduction

Observations after the earthquakes in Northridge (1994) and Kobe (1995) (Mahin,
1998) revealed that welded connections of Steel Moment Resisting Frames (SMRF)
suffered brittle fractures. Northridge Earthquake has shown variety of fractures at
welded moment connections. The most common fractures were initiated at the
Complete Joint Penetration (CJP) weld root of the beam flange and expanded to the
column web and flange. Figure 1 shows the typical fracture paths of Northridge

connections (Popov et al.,1994).

Types of
Cracks

Figure 1: Typical fracture paths at the welded beam-to-column connection
(Popov et al., 1998)

Generally, the deep rolled beam and column sections with A36 and A572 steel

material respectively are used in Pre-Northridge SMRF design. In order to transfer



shear forces a bolted shear tab is used, and to join the beam flange to the column
flange a CJP groove weld is used in the field. The weld metal (for example, 483 MPa
(70 ksi)) was chosen to overmatch the base metal, nominal A36 steel beam. Any
weld metal toughness, welding process and practice could have been used. Under
SAC program twelve specimens were selected for laboratory test verification
(W30%x99 and W36x150). The test results showed that the Pre-Northridge moment
connections had a very low performance under cyclic loading because of inadequate

ductility (Phase 1) (SAC 1996).

In 1994, the new code is accepted as the seismic design standard by California
jurisdictions. Before 1994, the Uniform Building Code (UBC) was presumed that for
Pre-Northridge connections only strength can satisfy the beam-to-column connection
requirements (ICBO 1994). Ductility of Pre-Northridge connections have been
investigated through several tests by a number of researchers between 1969 and 1984
(Popov et al. 1969, Popov et al. 1970, Popov et al. 1972, Popov et al. 1973,
Carpenter et al. 1973, Beedle et al. 1973, Chen el al. 1981). The results showed that
only the shallow specimens (W18x50 and W24x76) were adequate to achieve

minimum 0.04 rad total rotation.

Since then modifications to design procedure of Pre-Northridge connections and its
welding type has been introduced. E70T-4 type welding was changed to E70-TGK2
with smooth welding access holes and the backing bar was removed from the bottom
beam flange (Miler, 1998 and Lee et al., 2001). This type of connection is now
known as post-Northridge connection. The typical pre-Northridge connection is
shown in Figure 2 and the typical post-Northridge connection that is used in this

research are shown in Figure 3 (a, b and c)
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Figure 2: Typical connection for pre-Northridge SMRF
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Figure 3: SAC specimens utilized by Lee (2000): (a) SAC7; (b) SACS5; (c) SAC3



Three principles are mainly used to improve the strength and ductility of the post-

Northridge connections:

1. Strengthening of connection by adding additional elements including cover
plates and flange plates (Engelhardt and Sabol, 1998),(Kim et al.,2000),
triangular haunches (Chia et al., 2006), straight haunches (SAC, 1996),
upstanding ribs (Popov and Tsai, 1998), lengthened ribs (Chen et al., 2003),
side plates (Engelhardt and Sabol, 1994) and bolted brackets (Chen et al.,

2004) and (Kasai and Mao, 1997).

2. Reducing the beam section to improve the beam ductility so that the stress
concentration will transfer to a region away from the connection. Reduction
of beam section can be done by reducing the flange section (Reduce Beam
Section, RBS (Popov et al., 1998) or by reducing the web section (Reduce
Beam Web, RBW). Among the RBW connections are the introduction of
wedge design at the beam bottom flange and web (Wilkinson et al., 2006) and
(Hedayat and Celikag, 2010) and reducing the beam web are by opening
circular voids (Ascheheim, 2000) and (Hedayat and Celikag, 2010),
rectangular long voids (Hedayat and Celikag, 2009), drilled voids (Hedayat
and Celikag, 2011), and RBW with arch-shape cuts at the beam web

(Hedayat and Celikag, in press).

3. Adding different kinds of slit damper plates to beam and column flanges that
will absorb and dissipate energy at connections during earthquake (Saffari et

al., 2013).



These methods are applied to shift the plastic hinge from the connection area at the
face of the column to the beam so that the stress concentration will reduce at the CJP.
These modifications must be as such to be applicable for both existing and new
buildings. Weakening of the beam section (RBS) at the flange area in existing
buildings is difficult and expected to be more costly than reducing the beam web
(RBW). This is due to difficulties in accessing the beam top flange and modifying it

in the presence of concrete floor.

In 2009, Hedayat and Celikag proposed the use of rectangular long voids at the beam
web to improve the plastic rotation capacity of post-Northridge connections (Figure
4). This method was effective for beams with maximum depth equal to 600 mm.
However, for deeper beams due to the high level of strain concentration at the RBW
area and excessive lateral-torsional buckling of the beam web (which was due to the
increase in the depth of the voids) the efficiency of this method reduced and the
modified connection did not achieve adequate connection’s strength and ductility.
Hence, for deep beams, Hedayat and Celikag (2009) proposed adding tube and
stiffener at the RBW area. However, the main drawback of this approach is the

increase in cost and time consumption to modify the beam.
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Figure 4: Single longitudinal voids with stiffeners and tube at the center of voids
proposed by Hedayat and Celikag (2009)

1.2 Objective of Study

The study covered in this research work was aimed to improve the seismic
performance of post-Northridge connections, particularly with deep beams, by
creating multi-longitudinal voids at the beam web (Figure 5). When compared to the
method presented in reference (Hedayat and Celikag, 2009), the multi longitudinal
voids configuration used to reduce the beam web in this research is more economical
with less cost and workmanship. This method also can lead to the achievement of a
more uniformly distributed strain at the RBW area when compared to the one
proposed in reference (Hedayat and Celikag, 2009). To figure out the most suitable
connection configuration, a parametric study was done with respect to the size and
the location of the voids. 173 models were created using Finite Element Method
(FEM) to do the parametric study. The results showed that the connections achieved
the minimum 4 percent total rotation and more so in some cases of deep beam

sections the connection rotation even exceeded 5 percent total rotation.
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Figure 5: Modified post-Northridge connections with multi longitudinal voids

1.3 Outline of Thesis

This thesis contains six chapters’ the details of which are given below:

Chapter 2: Literature Review. Previous analytical and experimental
research in this field were investigated together with the SAC group report,
AISC 2010 and FEMAZ350 standards to gather all the past work to highlight
the important findings and the need for this particular study.

Chapter 3: Methodology. This chapter presents the possible methods of
improving the performance of welded steel moment frames. FEM was used to
model a previously tested post-Northridge connection to verify the three
different SAC specimens via 29 analytical models. After verification of the
SAC model the single pair of voids configuration of Hedayat and Celikag
(2009) was also analytically verified. Then the 144 multi longitudinal voids
configurations suggested in this study were modeled using the dimensionless

parameters introduced in this study.



Chapter 4: Analytical results and Discussion.

The results of the analysis of the models in Chapter 3 were compared and
discussed in this chapter. The results of monotonic and cyclic loading of the
modified analytical models were presented and they indicated considerable
improvement in the plastic rotation capacity of the connection, with some
models exceeding the 5 percent total rotation.

Chapter 5: Generalized Design Procedure.

This section considers the use of parameters, such as, gravity effect, length of
the beam and moment gradient of the beam were neglected, to generalize the
design procedure so that the proposed modifications can be applicable to
other sections.

Chapter 6: Conclusions and Recommendations for Future Work
Conclusions drawn from this particular research and recommendations for
possible future work to further develop the ductility and the strength of

moment connections are given in this chapter.



Chapter 2

LITERATURE REVIEW

2.1 Introduction

After the Northridge earthquake at 1994 the pre and post Northridge connections
became one of the most important and popular research areas in steel structures,
particularly in countries with seismic activities. These research results lead to new
design procedures to be established in design codes to avoid brittle fractures at beam
to column connections of steel moment resisting frames (SMRF) (Gates et al., 1994),
(Naeim et al., 1994), (Green et al., 1994) and (Hajjar et al., 1995). Post Northridge
connections were introduced as a result where the weld material and the shape of the

weld access hole were changed, as shown in Figures 6 and 7.

CJPd(E7OT'4) CJP (E70T-4)

3 sides

T&B Flange) T&B Flange)
9mm gon

I—

T | E—
12.5 mm J

38 mm
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shear tab | 22 mm A325 bolts
to column W/ | —
min. 100mm
X\ shear tab thickness
25 mm eam tw+8 mm
100 mm return
I E70T-4
8 mm
ﬁ 1=50 mm

- W

tw is web thickness

Figure 6: SAC pre-Northridge connection (Lee et al., 2000)
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Figure 7: SAC post-Northridge connection (Lee et al., 2000)

Then, many analytical and/or experimental investigations were carried out by
researchers to improve on the ductility of post-Northridge connections by either
strengthening the column and connection or weakening the beam section. The
ultimate aim was to achieve minimum 80 percent of the plastic moment and also
minimum 4 percent of the total rotation (Popov (1996), Chen et al. (2005), SAC

(1996), Ricles (2002), Lee (2000) and etc.).

Moreover, a number of time hysteresis were used by FEMA (2000) and Chen et al.
(2005) to see the behavior of the deep, moderate and shallow beam sections when
subject to severe earthquakes (Figures 8 and 9). Figure 10 gives the verification of

their analytical results by experimental tests.
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It was important to observe from these tests that the analytical monotonic loading

results can be verified by cyclic loading results (Chen et al. 2005).

o
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Figure 8: The load history used by FEMA. (2000)
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Figure 9: The load history used by Chen et al. (2005)
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Figure 10: Comparison of experimental (Chen et al. 2005) and analytical hysteresis
curves of specimen when subject to cyclic and monotonic loading

2.2 Modification Types

2.2.1 Strengthening the Connection Configuration

The aim of strengthening the post-Northridge moment connection is to improve its
performance against severe earthquakes. This method is based on reinforcing the
connection so that the connection becomes stronger than the beam and in this way
the location of the plastic hinge moves away from the column face. Therefore, this

would help to avoid

e Stress concentrations at weld access holes,

e Possible premature fractures resulting from potential weld defects at the
connection,

e Stress concentrations caused by column flange bending,

e Triaxial tension due to restraint levels being too high
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e Variations in the through-thickness properties of column flange, etc.

Some of the connection reinforcement methods are listed below:

e Cover plates

e Side plates

o Bolted brackets

e Upstanding ribs

e Lengthened ribs

e Triangular haunches
e Straight haunches

e Slit damper

2.2.1.1 Adding Cover Plate
Since 1994 cover plates are the most usual method for strengthening the post-

Northridge connection as it is shown in Figure 11.

W—EC Cover plate

O o o o O ©°

Figure 11: Strengthening of the connection using top and bottom cover plates
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The rectangular cover plate that is wider than beam flange is used for the bottom
beam flange and the tapered one that is thinner than beam flange is used for the top

flange.

A variety of tests were carried out by investigators to find the behavior of reinforced
connections by cover plate under cyclic loading (Engelhardt. et al., 1989) and (Tsai
et al., 1993). The results showed that using cover plate for shallow beams may cause
very high connection cyclic ductility but deep sections may not have this high
performance due to premature brittle failure at low plastic rotation (Engelhardt et al.,

1998).

2.2.1.2 Adding Side Plates

This type of strengthening is completely different than the other methods, the
connection is covered with plates from each sides (top and bottom can also be
covered if it is dimensionally needed) to form a physical gap between the column
face and the end of the beam (Figure 12). This physical gap will cause the moment

transfer from the beam to the column through the Side Plate.

Figure 12: Side Plate Moment connection (Uang 1995)
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In 1995 and 1996 Uang (University of California, San Diego) conducted several tests
under cyclic loading to verify connection strength; the results have shown that an

average of 0.036 radian plastic rotation can be achieve by adding side plate.

In addition, independent investigation by Frank in 1997 had shown that the
connections strengthen with side plate are acceptable to be used for buildings, such

as, hospitals and courthouses.

On the other hand, the side plate modification may be developed to mitigate the blast
effect on the connection to control the collapse of the structure after a possible bomb
blast in case of a terrorist attack (Houghton and Karns, 2001 & Crawford et al.,

2002).

2.2.1.3 Adding Welded Haunches
Adding welded haunches is another way of strengthening post-Northridge moment
connections. There are two types of haunches, Triangle Haunches and Straight

Haunches, as shown in Figure 13.

Stiffener Stiffener

o o o O o o
o O O O O O

triangle haunch
(cut from W section
or welded from plate)

straight haunch
(cut from W section)

(@) (b)

Figure 13: Welded haunches: (a) Triangular; (b) Straight
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In this method welded haunch protects the connection weld by increasing the beam
section modulus at the column face. Triangular haunches were analytically tested by
Yu in 2000. The analytical results obtained from FEM modeling were compared with
the experimental test results. The outcome indicated that the haunch transferred more
shear of the beam to the column than the groove welds at the column face and bolts
at the web connection and helped the beam moment dissipation to the haunch

section.

Numerous experimental tests were done by SAC (1996), (Noel and Uang, 1996) and
(Uang, 1998) to investigate the effect of cyclic loading on connections strengthened
with straight and triangular haunches. The results showed higher cyclic performance
in the modified moment connections by welded haunches up to 0.025 rad. Figure 14

shows the specimen with straight haunch that is tested by Lee 2003.

Figure 14: Plastic hinging of straight haunch specimen (Lee 2003)
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2.2.1.4 Adding Bolted Brackets

The other method of strengthening is the addition of bolted bracket to the connection.
The bolted brackets acted in a similar manner as the welded haunches with the
benefit of fabrication since no welding was required and therefore, no fire protection

was needed.

The high strength bolts are required to connect the bracket to the beam and column.
Figure 15 illustrates an example to bolted brackets which connects the beam and
column with high strength bolts. In 1997 and 1998 investigations by Kasai et al. have
shown that this method is an effective modification method to provide high

connection ductility.

[oXe)
OO

Washer plate

TOOE g

Bracket

HS steel bolts

oo

HE T

0000
0000

HH
oFh dth dh

Figure 15: Bolted Bracket connection

There are several types of bolted brackets, such as, angle bracket connection, pipe

bracket connection as shown in Figures 16 and 17.
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Figure 16: Angle bracket connection

Angle cut from

E / wide flange
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Figure 17: Pipe bracket connection

2.2.1.5 Adding Upstanding Ribs
Like haunches and brackets, rib plates are also used for strengthening the post-

Northridge connection. Furthermore, it helps to reduce stresses at weld groove at
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column face and beam flange, at the same time it moves the critical section far away
from the beam flange and column face, simply connection region. Figure 18 is a type

of upstanding rib that is used for strengthening the connection.

™

o o o o O O

{ Upstanding rib

Figure 18: Strengthening of connection using upstanding ribs

This type of strengthening improved the performance of moment connections in
cyclic loading (Engelhardt et al., 1995); (Anderson and Duan, 1998) and (Zekioglu et
al., 1997). But this method of strengthening is not satisfactory in the case of beam
early fractures as reported by Popov and Tsai, 1989 and Chen et al., 2005. On the
other hand, the investigations showed that the single rib has more effective on the
reduction of stress concentration in the weld area than the double spaced ribs.

2.2.1.6 Adding Lengthened Rib

One of the effective methods for strengthening is welding lengthened rib to the top
and bottom of the beam flange centerline as it is shown in Figure 19 (Chen et al.,
2003a and 2003b). The experimental test which was done by Chen et al at 2003 on

the I-section column and at 2005 on the welded box section column had shown that
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the connections strengthened with lengthened rib may pass 4 percent total rotation. In
spite of the high performance of this modification, it would be very costly to remove
the slab concrete near the column face and at the beam top flange of existing

buildings to prepare enough space to add lengthened rib to the beam top flange.

Box column

(a) (b)

Diaphragm
Rid curved part
T

-‘-\. Rib extension
: - Beam

B Rib extension
> \

jgelels]

Figure 19: Lengthened flange rib strengthened connection: (a) With I-shape column
(Chen, 2003a & 2003b); (b) With welded box-shape column (Chen et al., 2004)

2.2.1.7 Slit Damper

Saffari et al. (2013) designed and tested 8 different small types of slit dampers at the
beam-column weld location to improve the ductility of the beam and strengthen the
connection. Figures 20 and 21 show the finite element model and slit damper
locations respectively. The finite element method analytical results had revealed that
the slit dumpers would reduce the plastic strain and increase the strength of
connection at the column-beam weld location causing the ductility of some
specimens to reach 4.46 percent total rotation. The geometric properties and the force
needed for slit damper yielding are same as those used by Chan and Albermani

(2008).
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Figure 20: Finite element model of slit damper connection (Saffari et al., 2013)

Plate B

beam flange

groove weld .‘

f

column face

Figure 21: Slit damper parts and locations (Saffari et al., 2013)

2.2.2 Weakening of the Beam Section

The Reduced Beam Section (RBS) can be achieved in two methods by reducing the
beam flange section or reducing the beam web section to gain enough ductility to
achieve four percent total rotation. The following sections briefly explain various

investigations conducted and their results in relation to RBS.
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2.2.2.1 Reduced Beam Flange Section
The reduced beam flange section is used to improve the connections performance in
similar manner as the reinforcement of connection. A typical reduced beam flange

section is shown in Figure 22.

|
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Figure 22: Reduced beam section (RBS) connection

Various investigations were done by Chen (1996 and 2001), Engelhardt (1996) and
Uang (2000) to find the effect of reduced beam flange section on the beam to column
connection with and without considering the concrete slab effect. The outcome from
these experimental tests indicated that reduced beam flange approach gives results
similar to those of the reinforcement method and in both methods plastic hinge was
shifted away from the CJP at the column face. Figure 23 shows various types of

reduced beam flange section.
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Constant cut RBS
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Tapered cut RBS

g

Radius cut RBS

Figure 23: Various types of RBS connection

Despite of the acceptable performance of reduced beam flange section, it would be
very costly to remove the slab concrete and to cut the top flange in existing

buildings.

On the other hand, lateral torsional buckling is another problem which may happen
and cause instability of the beam. However, before the lateral torsional buckling the
RBS often experiences local buckling of web and after the lateral torsional buckling

and it may have flange local buckling (Naeim, 2001).

2.2.2.2 Slotted Web Connection

In 1998 Allen tested and introduced design of slotted web connections. Majority of
this type of connection is very similar to pre-Northridge connection as it is illustrated
in AISC-LRFD Manual of Steel Construction Design (1995). The general form of
slotted web connection can be seen in Figure 24. A new configuration of this type of

web connections was tested by Maleki and Tabbakhha (2012) (Figure 25). They aim
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to improve the energy dissipation at the connection to reduce the concentration of
stresses at the CJP by changing the slotted web connection to the Slotted-Web—

Reduced-Flange. In some cases the results show better performance than RBS.

000000

Figure 24: Proprietary Slotted Web Connection (Allen 1998)

Figure 25: Three-dimensional slotted web connection FEM model (Maleki and
Tabbakhha, 2012)

2.2.2.3 Wedge Design Connection
Wilkinson used the Wedge Design Connections in 2006. Part of web and flange of

the beam removed and the flange re attached to the beam as shown in Figure 26.
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Figure 26: Geometry of the wedge detail (Wilkinson, 2006)

By removing the wedge from the beam Wilkinson managed to move the plastic hinge
to a distance equal to beam depth (D) which is far from the beam to column weld
location. The results showed that the shallow beam specimens easily achieved

minimum 3 percent plastic rotation.

B

ST S

VST HST VHST

VMST VLLST VLRST

VLRLST DRST

Figure 27: Different stiffener configurations used for specimen SAC7-WA35.

Figure 27 shows the modifications suggested to wedge connection by Hedayat and
Celikag (2010) to control the beam web buckling by using stiffener in the web to

enhance 4 percent total rotation in deep and moderate beams sections.
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2.2.2.4 Double Wedge Specimens

The other method which is suggested by Hedayat and Celikag is double wedge
specimens. In this method they improved the beam ductility and plastic moment
capacity by making 2 plastic hinges at a distance equal to one half of the beam depth
(0.5xD) and beam depth (1xD) from the beam to column weld location. Figure 28
shows different types of double wedge specimens that is designed and used by

Hedayat and Celikag investigation.

D] D] e
-1 0.5D =1 05D t— =1 05D t—
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VMST-VMST VMST-VLRLST DRST-VMST
D D
-1 0.5D t=— 06D
s ] b = T Iy
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iy == | ] A |
CONTINUES- 0.6VMST-VMST

2VMST

Figure 28: Geometry of double wedge design specimens (Hedayat and Celikag,

2010)

2.2.2.5 Circular Void Reduced Beam Web (RBW) Connections
Ascheheim presented a new method in reduced beam web connection at 2000; the
new method was conducted by reducing the number of circular sections from the

beam web as shown in Figure 29. Aschheim has selected the distances between the
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circles and the sizes of the circles to dissipate the shear yielding through the beam
span. In this way he shifted the plastic hinge away from the weld location. The
experimental tests were conducted on 5 US patent sections (W21x68 Grade 50)
under cyclic loading. The results of the investigation have shown that the specimen

manage to achieve 6 percent of inter story drift (Ascheheim, 2000).

d | | d
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d | | d
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Figure 29: RBW connection proposed by Aschheim (2000)
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2.2.2.6 Longitudinal VVoid Configuration

Figure 29 shows the different type of reduction in the beam web that is investigated
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Figure 32: Premature fracture at the starting point of void (Hedayat and Celikag,

2009)
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Figure 33: Modified reduced beam web to control the fracture at starting point of the

void (Hedayat and Celikag, 2009)
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2.2.2.7 Multi Longitudinal Voids Configuration

Multi Longitudinal Voids (MLV) configuration is investigated in this thesis to
suggest a new design method in Reducing the Beam Web (RBW) to achieve
minimum 4 percent total rotation while the modification is practical and cost
effective for application to existing buildings. In this configuration 2 pair of
longitudinal voids would be open in the beam web to improve the energy dissipation
along the beam web to achieve enough ductility and strength for the connection (4
percent total rotation) while reducing the shear stress in the beam-column weld
location at CJP by moving plastic hinge away from weld location at the column face.

Figure 34 shows the multi longitudinal voids in beam web.
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Figure 34: Multi longitudinal voids configuration
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Chapter 3

METHODOLOGY

3.1 Finite Element Method

ANSYS (2007) finite element program was used to model the SAC3, SAC5 and
SAC7 post-Northridge connections, which are good representatives of small,
medium and large size connections and previously tested by Lee and Stojadinovic
(2001). The details of these connections are given in Table 1. The length of the beam
(Ly/2) and the column for all these specimens were 3429 mm and 3658 mm
respectively. 0.3 and 200 kN/mm? are taken as the poisson’s ratio and modulus of
elasticity respectively. Other geometric parameters and all the other material
properties of these specimens are summarized in Tables 1 and 2. The proposed beam
end configuration with different values of design parameters was then applied to all

these post-Northridge connections to create modified post-Northridge specimens.

After Northridge earthquake, Miller (1998) inspected more than 100 damaged
buildings and also experimental tests were conducted by the SAC group (e.g. Lee
and Stojadinovic (2001)) on the pre and the post-Northridge connections. The results
showed that, the failure of the connection was not due to the failure of bolts until the

rapture of the CJP.
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Table 1: Geometric parameters of SAC specimens

specimen sigi?n ggllt”;‘r']‘ Shear tab (mm)  NO: Of A325SC Continuity plate Weld type and size (mm)
' ! Bolts (mm) (mm) Beam flange shear tab
SAC3 W24x68  W14x120  457x127x9.5 6022 305x127x16
CJP, _
SACS W30x99  W14x176  610x127x12.7 825 305x127x19 root opening= 9 mm,  Fillet, 8mm,
bevel angle=30° and E70T-7
SAC7  WB36x150 W14x257  762x127x15.9 10D25 305x152x25.4 E70TG-K2
Table 2: Material properties of the SAC specimens (MPa)
Specimen Beam Column o
F /R, Flange Web Flange Web Shear tab Continuity plate
SAC3 315.2/468.1  340.9/480.6  310.4/469.4  3458/4750  323.6/490.3 358.3/509.7
SAC5 355.5/484.7  382.6/497.2  360.4/511.1  356.2/500.3  288.9/446.5 302.1/444.4
SAC7 290.3/441.7  327.1/4472  335.4/490.3  306.9/475.7  358.3/509.7 310.4/475.7




Therefore, in order to achieve a realistic finite element model, shear tab, bolt holes
and interaction between the shear tab and the beam web were properly modeled but
the bolts were not exactly modeled. Shell elements were used for the finite element
modeling of both welds and base metals and their material properties were
individually defined. One-layer four-node shell elements, SHELL43, were used to
model weld, continuity plates, stiffener plates for column and shear tab. Multi-layer
eight-node shell elements, SHELL181, were used to model the beam plates. Each
node of these elements has six degrees of freedom and they are capable to have large
deflection, plasticity and large strain. In this study each element of SHELL181 was
divided into five layers across the thickness, based on the finite element study done

by Gilton and Uang (2002).

According to the recommendations by ANSYS program, both modified and non-
modified specimens were subjected to a mesh sensitivity study to determine their
appropriate mesh density. Furthermore, the analytical results were also compared
with the experimental results (Lee and Stojadinovic, 2001). The finite element mesh
for the connection with multi longitudinal voids is shown in Figure 35. In order to
capture the local buckling of the beam flange and web accurately at the voids area a
very fine mesh size was used for the beam flange and web area. The number of
elements for specimens (SAC3, SAC5 and SAC7) in average was 27,000. Around 30
to 50 percent of these elements were due to the size of the voids located at the beam

web.
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Figure 35: Typical finite element mesh of a RBW with multi longitudinal voids

The flow rule and the yielding criteria of Von-Mises stress was used to obtain the
plastic behavior for material nonlinear analysis. For monotonic analysis isotropic
hardening and for cyclic analysis kinematic hardening was assumed as used by Mao
et al. (2001) Ricles et al. (2003) respectively. A bilinear material response with a post
yielding stiffness equal to 4 percent of the modulus of elasticity of steel was used for
the base metals in accordance with the material properties given by Lee and
Stojadinovic (2001). The material property given by Mao et al. (2001) and Ricles et
al. (2003) was used to obtain the multi-linear material response for weld metals
(Figure 37). For analysis with monotonic loading, a vertical load was applied at the
free end of the beam, in one direction only, until the column web centre total rotation
was reached to 4 percent. On the other hand, for analysis with cyclic loading, the

load history recommended by FEMA350 (2000) was used. Deformations in the out-
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of-plane direction (direction normal to the beam web) may not happen when the
specimen is subject to loads in the vertical direction (direction parallel to the beam
web). Out-of-plane deformations or buckling may occur when the beam is subject to
vertical loads only. However, buckling may occur due to instability in the model,
which can be obtained by analyzing an imperfect model. In this study, the imperfect
model was determined through separate buckling analysis to obtain the buckling
mode shapes and then applying the results to the SAC group original perfect

geometry (Kim et al., 2000).

In order to verify the validity of the numerical research, Hedayat and Celikag (2009,
2010) prepared finite element models for the specimens SAC3, SAC5 and SAC7 of
the experimental study conducted by Lee and Stojadinovic (2001). The numerical

results agreed suitably with the experimental ones as shows in Figure 36.
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Figure 36: Beam tip load versus beam tip displacement of analytical and
experimental results for pre-tested specimens by Lee et al. (2000): (a) SAC7; (b)
SACS5; (c) SAC3
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Figure 37: Stress-strain relationship used for the weld metal (Mao et al., (2001) and
Ricles et al. (2003))

In this study, in order to validate the previous research by Hedayat and Celikag
(2009) the 3 post-Northridge non modified connections (SAC3, SAC5 and SAC7)
and 26 modified connections with single pair of voids were modeled. Then 144
modified SAC3, SAC5 and SAC7 connections with two pairs of voids were

modeled. The details about the total of 173 models are given in Tables 3 to 5.
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Table 3: SAC 7 parameters and dimensions

| < Unitless Parameters First pair of wids dimensions Second pair of wids dimensions
Sl E L Ly Lc
Blg] « | B y | (MM | mm) | (mm) (mam) (mt;n) (nl”?r\\lﬁ) (rrl:r\;]) (n:Vm) (nsqrcn) a(mmy/ b(mm) (ntw)r\r/\) (rrl:r\;) (n:r\:]) (nir(;)
7216,1 | 6800 |3657,6
4 7216,1 | 6800 |3657,6] 465 | 1715 | 40 | 1140 | 10 | 351,86
B 3 7216,1 | 6800 |3657,6] 465 | 1615 | 50 | 1140 | 15 | 356,86
§) ol 2,5 7216,1 | 6800 |3657,6] 465 | 1375 | 55 | 1140 | 20 | 361,86
.'g g § 2 7216,1 | 6800 [3657,6] 465 | 130 65 |[1140 | 25 | 366,86
i § % 15 7216,1 | 6800 |3657,6] 465 | 120 80 |[1140 | 30 |371,86
2 1 7216,1 | 6800 |3657,6] 465 [ 100 | 100 | 1140 | 40 | 381,86
iz 0,75 7216,1 | 6800 |3657,6] 465 | 86,25 | 115 | 1140 | 45 | 386,86
0,5 7216,1 | 6800 [3657,6] 465 65 130 | 1140 | 55 | 396,86
0,25 7216,1 | 6800 [3657,6] 465 40 160 | 1140 | 70 |411,86




Table 3: SAC 7 parameters and dimensions (continued)

Unitless Parameters

First pair of wids dimensions

Second pair of wids dimensions

% E L Lo Le a b D L r Sc Dv Lv rv Sc
@fgl o | B | v | Mmoo ey | mmy | [ my | my [2E PO s | my | @) | mm)
> | 025 | o1 72161 6800 |3657.6] 465 | 130 | 65 |1140| 25 |36686| 6846 | 36625| 65 | 1140 | 25 | 366.86
2 [ 05 | 01 |72161 | 6800 |3657.6| 465 | 130 | 65 | 1140 | 25 |366.86 | 6114 | 7325 | 65 | 1140 | 25 | 366.86
> [ 075 | 01 | 72161 | 6800 |36576] 465 | 130 | 65 |1140| 25 |36686| 5382 | 10988 | 65 | 1140 | 25 | 366.86
- 2 | 1 | o1 [72161 | 6800 |36576| 465 | 130 | 65 | 1140 | 25 |36686| 465 | 1465 | 65 | 1140 | 25 | 366.86
< > | 025 | 015 | 72161 | 6800 |3657.6] 465 | 130 | 65 | 1140 | 25 |36686 | 6846 | 36625 | 65 | 1140 | 25 | 366.86
2 2 | 05 | 015 | 72161 | 6800 |3657.6] 465 | 130 | 65 | 1140 | 25 |366.86 | 6114 | 7325 | 65 | 1140 | 25 | 366.86
S|_|_| 2 | 075 | 015 | 72161 6800 |3657.6| 465 | 130 | 65 |1140 | 25 |3666 | 5382 10088 | 65 | 1140 | 25 | 36686
S[2|8| 2 | 1 | oas [72161] esoo |aesr6| 465 | 130 | 65 |1140 | 25 |s6686| 465 | 1465 | 65 | 1140 | 25 | 36686
E S|2| 2 | 025 | 02 [72161 6800 [36576[ 465 | 130 | 65 | 1140 | 25 30686 | 6846 [36625| 65 | 1140 | 25 | 36686
> 2 | 05 | 02 | 72161 | 6800 |3657.6| 465 | 130 | 65 |1140| 25 |36686| 6114 | 7325 | 65 | 1140 | 25 | 366.86
= > | 075 | 02 | 72161 | 6800 |36576] 465 | 130 | 65 |1140| 25 |36686| 5382 | 10088 | 65 | 1140 | 25 | 36686
g 2 1 0.2 7216.1 | 6800 |3657.6] 465 130 65 1140 25 366.86 465 146.5 65 1140 25 366.86
2 | 025 | 025 | 72161 | 6800 |36576] 465 | 130 | 65 |1140| 25 |36686| 6846 | 36625 | 65 | 1140 | 25 | 366.86
> | 05 | 025 | 72161 | 6800 |36576] 465 | 130 | 65 |1140| 25 |36686| 6114 | 7325 | 65 | 1140 | 25 | 366.86
2 | 075 | 025 | 72161 | 6800 |36576] 465 | 130 | 65 |1140| 25 |36686| 5382 | 10988 | 65 | 1140 | 25 | 366.86
> | 1 | 025 | 72161 | 6800 |36576| 465 | 130 | 65 |1140| 25 |36686| 465 | 1465 | 65 | 1140 | 25 | 366.86




Table 3: SAC 7 parameters and dimensions (continued)

Unitless Parameters

First pair of wids dimensions

Second pair of wids dimensions

% E L Lo Le a b D L r Sc Dv Lv rv Sc
@fgl o | B | v | Mmoo ey | mmy | [ my | my [2E PO s | my | @) | mm)
3 | 025 | o1 | 72161 6800 |3657.6] 465 | 1615 | 50 |1140| 20 |361.86| 707.2 | 404 | 50 | 1140 | 15 | 356.86
3 | 05 | o1 |72161 | 6800 |3657.6] 465 | 1615 | 50 | 1140 | 20 |36186 | 6264 | sos | 50 | 1140 | 15 | 356.86
3 | 075 | o1 | 72161 | 6800 |3657.6] 465 | 1615 | 50 |1140 | 20 |36186 | 5458 | 1211 | 50 | 1140 | 15 | 356.86
- 3 | 1 | o1 |72161 | 6800 |3657.6| 465 | 1615 | 50 | 1140 | 20 |36186| 465 | 1615 | 50 | 1140 | 15 | 356.86
< 3 | 025 | 015 | 72161 | 6800 |3657.6] 465 | 1615 | 50 |1140| 20 |36186| 7072 | 404 | 50 | 1140 | 15 | 356.86
2 3 | 05 | 015 | 72161 | 6800 |3657.6] 465 | 1615 | 50 | 1140 | 20 |36186 | 6264 | 808 | 50 | 1140 | 15 | 356.86
S|_|_| 3 | 075 | 015 | 72161 6800 |3657.6| 465 | 1615 | 50 1140 | 20 |36186 | 5458 | 1201 | 50 | 1140 | 15 | 3568
TCG g :‘\2 3 1 0.15 | 7216.1 | 6800 [3657.6] 465 | 161.5 50 1140 20 361.86 465 161.5 50 1140 15 356.86
E S|2| 3 | 025 | 02 [72161 6800 |36576[ 465 1615 50 | 1140 | 20 [36186] 7072 | 404 | 50 | 1140 | 15 | 36686
> 3 | 05 | 02 | 72161 | 6800 |3657.6] 465 | 1615 | 50 |1140| 20 |36186| 6264 | 808 | 50 | 1140 | 15 | 356.86
= 3 | 075 | 02 | 72161 | 6800 |3657.6] 465 | 1615 | 50 |1140| 20 |36186| 5458 | 1211 | 50 | 1140 | 15 | 35686
g 3 1 0.2 7216.1 | 6800 [3657.6] 465 | 161.5 50 1140 20 361.86 465 161.5 50 1140 15 356.86
3 | 025 | 025 | 72161 | 6800 |3657.6] 465 | 1615 | 50 |1140| 20 |36186| 7072 | 404 | s0 | 1140 | 15 | 35686
3 | 05 | 025 | 72161 | 6800 |3657.6| 465 | 1615 | 50 |1140| 20 |36186| 6264 | 808 | 50 | 1140 | 15 | 35686
3 | 075 | 025 | 72161 | 6800 |3657.6] 465 | 1615 | 50 |1140 | 20 |36186| 5458 | 1211 | 50 | 1140 | 15 | 356.86
3 | 1 | 025 | 72161 | 6800 |3657.6| 465 | 1615 | 50 |1140 | 20 |36186| 465 | 1615 | 50 | 1140 | 15 | 356.86




Table 3: SAC 7 parameters and dimensions (continued)

Unitless Parameters First pair of wids dimensions Second pair of wids dimensions
§ § L Lo L a b D L r Sc Dv Lv rv Sc
Dl e | B | v [ M) O ) | @) [ em) | my | em [Py | mmy | ) | mm)
4 0.25 0.1 ]7216.1 | 6800 |3657.6] 465 | 171.5 40 1140 10 | 35186 722.2 42.9 40 1140 10 351.86
4 0.5 0.1 | 7216.1| 6800 |3657.6] 465 | 171.5 40 1140 10 |351.86| 636.4 85.8 40 1140 10 351.86
4 0.75 0.1 | 7216.1| 6800 |3657.6] 465 | 171.5 40 | 1140 10 |[351.86| 550.8 | 128.6 40 1140 10 351.86
I~ 4 1 0.1 | 7216.1| 6800 |3657.6] 465 | 171.5 40 1140 10 |[351.86] 465 1715 40 1140 10 351.86
2 4 0.25 0.15 | 7216.1 | 6800 |3657.6] 465 | 1715 40 1140 10 | 351.86| 722.2 42.9 40 1140 10 351.86
2 4 0.5 0.15 | 7216.1 | 6800 [3657.6] 465 | 171.5 40 1140 10 |[351.86| 636.4 85.8 40 1140 10 351.86
§ o | 4 0.75 0.15 | 7216.1 | 6800 [3657.6] 465 | 171.5 40 | 1140 10 |[351.86| 550.8 | 128.6 40 1140 10 351.86
C_é u;<') § 4 1 0.15 | 7216.1 | 6800 [3657.6] 465 | 171.5 40 1140 10 |[351.86] 465 1715 40 1140 10 351.86
g § % 4 0.25 0.2 | 7216.1| 6800 |3657.6] 465 | 171.5 40 | 1140 10 (35186 7222 | 429 40 1140 10 351.86
2 4 0.5 0.2 | 7216.1| 6800 |3657.6] 465 | 171.5 40 | 1140 10 [351.86]| 636.4 | 85.8 40 1140 10 351.86
.E! 4 0.75 0.2 | 7216.1| 6800 |3657.6] 465 | 171.5 40 | 1140 10 |[351.86| 550.8 | 128.6 40 1140 10 351.86
g’ 4 1 0.2 |]7216.1 | 6800 |3657.6] 465 | 171.5 40 1140 10 | 351.86| 465 1715 40 1140 10 351.86
4 0.25 0.25 | 7216.1 | 6800 [3657.6] 465 | 171.5 40 1140 10 (35186 7222 | 429 40 1140 10 351.86
4 0.5 0.25 | 7216.1 | 6800 [3657.6] 465 | 171.5 40 | 1140 10 [351.86]| 636.4 | 85.8 40 1140 10 351.86
4 0.75 0.25 | 7216.1 | 6800 [3657.6] 465 | 171.5 40 | 1140 10 |[351.86| 550.8 | 128.6 40 1140 10 351.86
4 1 0.25 | 7216.1 | 6800 |3657.6] 465 | 171.5 40 1140 10 | 351.86| 465 1715 40 1140 10 351.86




Table 4: SAC 5 parameters and dimensions

Unitless Parameters

First pair of wids dimensions

Second pair of wids dimensions

% g . Lo Lo a b D. L r Sc a b Dv Lv rv Sc
o e L I R R R P T e e e R e e R et e
7193.8 | 6807 | 3660

4 7193.8 | 6807 | 3660 | 300 178 40 940 10 | 293.11
8 3 7193.8 | 6807 | 3660 | 300 168 50 940 15 | 298.11
3:) o lo 2.5 7193.8 | 6807 | 3660 | 300 158 60 940 20 |303.11
.-g g g 2 7193.8 | 6807 | 3660 | 300 148 70 940 25 |308.11
i g g 15 7193.8 | 6807 | 3660 | 300 133 85 940 30 |[313.11
CC» 1 7193.8 | 6807 | 3660 | 300 113 105 940 45 | 328.11
» 0.75 7193.8 | 6807 | 3660 | 300 98 120 940 50 |333.11
0.5 7193.8 | 6807 | 3660 | 300 78 140 940 60 |343.11
0.25 7193.8 | 6807 | 3660 | 300 48 170 940 75 |358.11




Table 4: SAC 5 parameters and dimensions (continued)

% = Unitless Parameters . L L First pair of wids dimensions Second pair of wids dimensions

3 § . B . (mm) | (mm) | (mm) a b D, Ly, ry Sc a b Dv Lv rv Sc
(mm) | (mm) | (mm) | mm) | mm) | mm) [ mm) | m)| mm) | mm) {mm) | mm)
2 0.25 0.1 |7193.8| 6807 | 3660 | 300 | 148 70 940 25 30811 522 | 37 70 940 [ 25 | 308.11
2 0.5 0.1 |7193.8| 6807 | 3660 | 300 | 148 70 940 25 | 30811 448 | 74 70 940 | 25 | 308.11
2 0.75 0.1 |7193.8| 6807 | 3660 | 300 | 148 70 940 25 30811 374 | 111 70 940 [ 25 | 308.11
o 2 1 0.1 |7193.8| 6807 | 3660 | 300 | 148 70 940 25 |308.11] 300 | 148 70 940 [ 25 | 308.11
(<'(> 2 025 | 0.15 |7193.8 | 6807 | 3660 | 300 | 148 | 70 | 940 | 25 (30811] 522 | 37 | 70 | 940 | 25 | 308.11
2 2 0.5 0.15 | 7193.8 | 6807 | 3660 | 300 | 148 70 940 25 | 30811 448 | 74 70 940 [ 25 | 308.11
g o o 2 0.75 | 0.15 |7193.8| 6807 | 3660 | 300 | 148 | 70 | 940 | 25 |[308.11| 374 | 111 | 70 | 940 | 25 | 308.11
C_é g § 2 1 0.15 | 7193.8 | 6807 | 3660 | 300 | 148 | 70 | 940 | 25 |308.11| 300 | 148 ( 70 | 940 | 25 | 308.11
g g ;’ 2 025 | 0.2 |7193.8( 6807 | 3660 | 300 | 148 | 70 | 940 | 25 (30811] 522 | 37 | 70 | 940 | 25 | 308.11
= 2 05 0.2 |7193.8| 6807 | 3660 | 300 | 148 | 70 | 940 | 25 |30811| 448 | 74 | 70 | 940 | 25 | 30811
; 2 075 | 02 |7193.8| 6807 | 3660 | 300 | 148 | 70 | 940 | 25 (30811] 374 [ 111 | 70 | 940 | 25 | 308.11
g 2 1 0.2 |7193.8| 6807 | 3660 | 300 | 148 | 70 | 940 | 25 |308.11| 300 | 148 | 70 | 940 | 25 | 308.11
2 025 | 0.25 |7193.8| 6807 | 3660 | 300 | 148 | 70 | 940 | 25 (30811] 522 | 37 | 70 | 940 | 25 | 308.11
2 05 | 025 |7193.8| 6807 | 3660 | 300 | 148 | 70 | 940 | 25 |30811| 448 | 74 | 70 | 940 | 25 | 30811
2 0.75 | 0.25 |7193.8| 6807 | 3660 | 300 | 148 | 70 | 940 | 25 (30811| 374 [ 111 | 70 | 940 | 25 | 308.11
2 1 0.25 | 7193.8 | 6807 | 3660 | 300 | 148 | 70 | 940 | 25 |308.11| 300 | 148 ( 70 | 940 | 25 | 308.11




Table 4: SAC 5 parameters and dimensions (continued)

% = Unitless Parameters . L L First pair of wids dimensions Second pair of wids dimensions

K § a B v mm) | mm) | mm)| 2 b Dy L, ry Sc a b Dv | Lv | rv Sc
(mm) | (mm) | (mm) | mm) | mm) | mm) [ mm) | m)| mm) | mm) {mm) | mm)
3 0.25 0.1 |7193.8| 6807 | 3660 | 300 | 168 50 940 15 (29811 552 | 42 50 940 | 15 | 298.11
3 0.5 0.1 |7193.8| 6807 | 3660 | 300 | 168 50 940 15 [298.11] 468 | 84 50 940 [ 15 | 298.11
3 075 | 0.1 |7193.8| 6807 | 3660 | 300 | 168 | 50 | 940 | 15 [298.11| 384 | 126 [ 50 | 940 | 15 | 298.11
o 3 1 0.1 |7193.8| 6807 [ 3660 | 300 | 168 50 940 15 (298.11] 300 | 168 50 940 [ 15 | 298.11
(<'(> 3 025 | 0.15 |7193.8 | 6807 | 3660 | 300 | 168 | 50 | 940 | 15 [29811] 552 | 42 | 50 | 940 | 15 | 298.11
2 3 0.5 0.15 | 7193.8 | 6807 | 3660 | 300 | 168 50 940 15 [298.11] 468 | 84 50 940 [ 15 | 298.11
g o o 3 0.75 | 0.15 |7193.8 | 6807 | 3660 | 300 | 168 | 50 | 940 | 15 [29811] 384 | 126 [ 50 | 940 | 15 | 298.11
C_é g § 3 1 0.15 | 7193.8 | 6807 | 3660 | 300 | 168 | 50 | 940 | 15 |[298.11| 300 | 168 [ 50 | 940 | 15 | 298.11
g g ;’ 3 025 | 0.2 |7193.8| 6807 | 3660 | 300 | 168 | 50 | 940 | 15 [29811] 552 | 42 | 50 | 940 | 15 | 298.11
= 3 05 0.2 |7193.8| 6807 | 3660 | 300 | 168 | 50 | 940 | 15 |298.11| 468 | 84 | 50 | 940 | 15 | 29811
; 3 075 | 02 |7193.8| 6807 | 3660 | 300 | 168 | 50 | 940 | 15 [29811] 384 | 126 [ 50 | 940 | 15 | 298.11
g 3 1 0.2 |7193.8| 6807 | 3660 | 300 | 168 | 50 | 940 | 15 |298.11| 300 | 168 | 50 | 940 | 15 | 298.11
3 025 | 0.25 |7193.8| 6807 | 3660 | 300 | 168 | 50 | 940 | 15 [29811] 552 | 42 | 50 | 940 | 15 | 298.11
3 05 | 025 |7193.8| 6807 | 3660 | 300 | 168 | 50 | 940 | 15 |298.11| 468 | 84 | 50 | 940 | 15 | 29811
3 0.75 | 0.25 |7193.8| 6807 | 3660 | 300 | 168 | 50 | 940 | 15 [29811] 384 | 126 | 50 | 940 | 15 | 298.11
3 1 0.25 | 7193.8 | 6807 | 3660 | 300 | 168 | 50 | 940 | 15 |[298.11| 300 | 168 [ 50 | 940 | 15 | 298.11




Table 4: SAC 5 parameters and dimensions (continued)

% = Unitless Parameters . L L First pair of wids dimensions Second pair of wids dimensions

K § a B v mm) | mm) | mm)| 2 b Dy L, ry Sc a b Dv | Lv | rv Sc
(mm) | (mm) | (mm) | mm) | mm) | mm) [ mm) | m)| mm) | mm) {mm) | mm)
4 0.25 0.1 |7193.8| 6807 | 3660 | 300 | 178 40 940 10 (29311 567 |445( 40 940 [ 10 | 293.11
4 0.5 0.1 |7193.8| 6807 | 3660 | 300 | 178 40 940 10 [293.11] 478 | 89 40 940 [ 10 | 293.11
4 0.75 0.1 |7193.8| 6807 [ 3660 | 300 | 178 40 940 10 (29311 389 (1335 40 940 [ 10 | 293.11
o 4 1 0.1 |7193.8| 6807 [ 3660 | 300 | 178 40 940 10 (29311 300 | 178 40 940 | 10 | 293.11
(<'(> 4 025 | 0.15 |7193.8 | 6807 | 3660 | 300 | 178 | 40 | 940 | 10 [29311| 567 [445| 40 | 940 | 10 | 29311
2 4 0.5 0.15 | 7193.8 | 6807 | 3660 | 300 | 178 40 940 10 [293.11] 478 | 89 40 940 | 10 | 293.11
g o o 4 0.75 | 0.15 |7193.8 | 6807 | 3660 | 300 | 178 | 40 | 940 | 10 [293.11| 389 [1335( 40 | 940 | 10 | 293.11
C_é g § 4 1 0.15 | 7193.8 | 6807 | 3660 | 300 | 178 | 40 | 940 | 10 |[293.11| 300 | 178 [ 40 | 940 | 10 | 29311
g g ;’ 4 025 | 0.2 |7193.8( 6807 | 3660 | 300 | 178 | 40 | 940 | 10 [29311| 567 [445( 40 | 940 | 10 | 293.11
= 4 05 0.2 |7193.8| 6807 | 3660 | 300 | 178 | 40 | 940 | 10 |293.11| 478 | 89 | 40 | 940 | 10 | 29311
; 4 075 | 02 |7193.8| 6807 | 3660 | 300 | 178 | 40 | 940 | 10 [29311] 389 (1335 40 | 940 | 10 | 293.11
g 4 1 0.2 |7193.8| 6807 | 3660 | 300 | 178 | 40 | 940 | 10 |293.11| 300 | 178 | 40 | 940 | 10 | 29311
4 025 | 0.25 |7193.8| 6807 | 3660 | 300 | 178 | 40 | 940 | 10 [29311| 567 [445( 40 | 940 | 10 | 293.11
4 05 | 025 |7193.8| 6807 | 3660 | 300 | 178 | 40 | 940 | 10 |293.11| 478 | 89 | 40 | 940 | 10 | 29311
4 0.75 | 0.25 |7193.8| 6807 | 3660 | 300 | 178 | 40 | 940 | 10 [29311] 389 (1335 40 | 940 | 10 | 293.11
4 1 0.25 | 7193.8 | 6807 | 3660 | 300 | 178 | 40 | 940 | 10 |[293.11| 300 | 178 [ 40 | 940 | 10 | 29311




Table 5: SAC 3 parameters and dimensions

Unitless Parameters

First pair of woids dimensions

Second pair of wids dimensions

% E . Lo L a b D L r Sc a b Dv Lv rv Sc
o I L I B R R I e e e e D R e R e T
7225.8 | 6858 | 3660

4 7225.8| 6858 | 3660 | 210 154 35 755 10 | 235.24
8 3 7225.8 | 6858 | 3660 | 210 144 45 755 15 | 240.24
5) wlo 2.5 7225.8| 6858 | 3660 | 210 139 50 755 15 | 240.24
.-g E’; :i 2 7225.8| 6858 | 3660 | 210 129 60 755 20 | 245.24
?) ; g 15 7225.8| 6858 | 3660 | 210 114 75 755 25 250.24
g’ 1 7225.8| 6858 | 3660 | 210 99 90 755 35 | 260.24
72 0.75 7225.8| 6858 | 3660 | 210 84 105 755 40 265.24
0.5 7225.8| 6858 | 3660 | 210 69 120 755 50 |275.24
0.25 7225.8| 6858 | 3660 | 210 44 145 755 60 | 285.24




Table 5: SAC 3 parameters and dimensions (continued)

% £ Unitless Parameters L " . First pair of woids dimensions Second pair of wids dimensions
5

S5 e | | v | e e | | e || | e | o || am | am o] @m
2 0.25 0.1 |7225.8| 6858 | 3660 | 210 129 60 755 20 | 24524 | 404 |132.25| 60 755 20 | 245.24
2 0.5 0.1 |7225.8| 6858 | 3660 | 210 129 60 755 20 | 24524 | 340 | 645 60 755 20 | 245.24
2 0.75 0.1 |7225.8| 6858 | 3660 | 210 129 60 755 20 (24524 274 [(96.75]| 60 755 20 | 245.24
™ 2 1 0.1 |7225.8| 6858 | 3660 | 210 129 60 755 20 | 24524 | 210 | 129 60 755 20 | 245.24
g 2 0.25 0.15 | 7225.8| 6858 | 3660 | 210 129 60 755 20 | 24524 | 404 |132.25| 60 755 20 | 245.24
z 2 0.5 0.15 | 7225.8( 6858 | 3660 | 210 129 60 755 20 (24524 340 [ 645 | 60 755 20 | 245.24
g wlo 2 0.75 0.15 | 7225.8( 6858 | 3660 | 210 129 60 755 20 (24524 274 (96.75]| 60 755 20 | 245.24
c_g ij ;i 2 1 0.15 | 7225.8| 6858 | 3660 | 210 129 60 755 20 | 24524 | 210 | 129 60 755 20 | 245.24
.:g g ;‘ 2 0.25 0.2 |7225.8]| 6858 | 3660 | 210 129 60 755 20 (24524 404 (32.25]| 60 755 20 | 245.24
? 2 0.5 0.2 |7225.8| 6858 | 3660 | 210 129 60 755 20 (24524 340 (645 | 60 755 20 | 245.24
_; 2 0.75 0.2 |7225.8| 6858 | 3660 | 210 129 60 755 20 (24524 274 [(96.75]| 60 755 20 | 245.24
g 2 1 0.2 |7225.8| 6858 | 3660 | 210 129 60 755 20 |[245.24 | 210 | 129 60 755 20 | 245.24
2 0.25 0.25 | 7225.8( 6858 | 3660 | 210 129 60 755 20 (24524 404 (32.25]| 60 755 20 | 245.24
2 0.5 0.25 | 7225.8| 6858 | 3660 | 210 129 60 755 20 | 24524 | 340 | 645 60 755 20 | 245.24
2 0.75 0.25 | 7225.8( 6858 | 3660 | 210 129 60 755 20 (24524 274 (96.75]| 60 755 20 | 245.24
2 1 0.25 | 7225.8| 6858 | 3660 | 210 129 60 755 20 | 24524 | 210 | 129 60 755 20 | 245.24




Table 5: SAC 3 parameters and dimensions (continued)

% £ Unitless Parameters L " . First pair of woids dimensions Second pair of wids dimensions

3 § o B v (mm) | (mm) | (mm) a b D, L, ry Sc a b Dv Lv rv Sc
(mm) | (mm) | mm) | (mm) | mm) | mm) | mm) | mm)| mm) | (mm) | mm)| mm)
3 0.25 0.1 |7225.8| 6858 | 3660 | 210 144 45 755 15 |240.24 ) 426 36 45 755 15 | 240.24
3 0.5 0.1 |7225.8| 6858 | 3660 | 210 144 45 755 15 24024 354 72 45 755 15 | 240.24
3 0.75 0.1 |7225.8| 6858 | 3660 | 210 144 45 755 15 [ 24024 282 | 108 45 755 15 | 240.24
™ 3 1 0.1 |7225.8| 6858 | 3660 | 210 144 45 755 15 24024 210 | 144 45 755 15 | 240.24
g 3 0.25 0.15 | 7225.8| 6858 | 3660 | 210 144 45 755 15 |240.24 ) 426 36 45 755 15 | 240.24
2 3 0.5 0.15 | 7225.8( 6858 | 3660 | 210 144 45 755 15 [ 24024 354 72 45 755 15 | 240.24
g wlo 3 0.75 0.15 | 7225.8| 6858 | 3660 | 210 144 45 755 15 24024 282 | 108 45 755 15 | 240.24
c_g ij ;i 3 1 0.15 | 7225.8| 6858 | 3660 | 210 144 45 755 15 24024 210 | 144 45 755 15 | 240.24
'g g ;‘ 3 0.25 0.2 | 72258 6858 | 3660 | 210 | 144 45 755 15 (24024 | 426 | 36 45 755 15 | 240.24
g 3 0.5 0.2 |7225.8| 6858 | 3660 | 210 144 45 755 15 24024 34 72 45 755 15 | 240.24
_E! 3 0.75 0.2 |7225.8| 6858 | 3660 | 210 144 45 755 15 24024 282 | 108 45 755 15 | 240.24
g 3 1 0.2 |7225.8| 6858 | 3660 | 210 144 45 755 15 (24024 210 | 144 45 755 15 | 240.24
3 025 | 0.25 |7225.8| 6858 | 3660 | 210 | 144 45 755 15 |240.24| 426 | 36 45 755 15 | 240.24
3 0.5 0.25 | 7225.8| 6858 | 3660 | 210 144 45 755 15 24024 354 72 45 755 15 | 240.24
3 0.75 0.25 | 7225.8( 6858 | 3660 | 210 144 45 755 15 [ 24024 282 | 108 45 755 15 | 240.24
3 1 0.25 | 7225.8| 6858 | 3660 | 210 144 45 755 15 24024 210 | 144 45 755 15 | 240.24




Table 5: SAC 3 parameters and dimensions (continued)

% £ Unitless Parameters L " . First pair of woids dimensions Second pair of wids dimensions
5

S5 e | | v | e e | | e || | e | o || am | am o] @m
4 0.25 0.1 |7225.8| 6858 | 3660 | 210 154 35 755 10 (23524 441 (385 ] 35 755 10 | 235.24
4 0.5 0.1 |7225.8| 6858 | 3660 | 210 154 35 755 10 | 23524 364 e 35 755 10 | 235.24
4 0.75 0.1 |7225.8| 6858 | 3660 | 210 154 35 755 10 [ 23524 287 [1155] 35 755 10 | 235.24
o™ 4 1 0.1 |7225.8| 6858 | 3660 | 210 154 35 755 10 [235.24] 210 | 154 35 755 10 | 235.24
g 4 0.25 0.15 | 7225.8| 6858 | 3660 | 210 154 35 755 10 | 23524 441 | 385 35 755 10 | 235.24
g 4 0.5 0.15 | 7225.8( 6858 | 3660 | 210 154 35 755 10 |[235.24] 364 i 35 755 10 | 235.24
g wlo 4 0.75 0.15 | 7225.8( 6858 | 3660 | 210 154 35 755 10 |[235.24] 287 [1155] 35 755 10 | 235.24
c_g %:’ g 4 1 0.15 | 7225.8 | 6858 | 3660 | 210 154 35 755 10 [ 23524 210 | 154 35 755 10 | 235.24
.:g g ;‘ 4 0.25 0.2 |7225.8]| 6858 | 3660 | 210 154 35 755 10 [23524] 441 (385 ] 35 755 10 | 235.24
? 4 0.5 0.2 |7225.8| 6858 | 3660 | 210 154 35 755 10 |[235.24| 364 77 35 755 10 | 235.24
_; 4 0.75 0.2 |7225.8| 6858 | 3660 | 210 154 35 755 10 | 23524 287 [1155| 35 755 10 | 235.24
g 4 1 0.2 |7225.8| 6858 | 3660 | 210 154 35 755 10 [235.24] 210 | 154 35 755 10 | 235.24
4 0.25 0.25 | 7225.8( 6858 | 3660 | 210 154 35 755 10 [23524] 441 (385 ] 35 755 10 | 235.24
4 0.5 0.25 | 7225.8| 6858 | 3660 | 210 154 35 755 10 | 23524 364 e 35 755 10 | 235.24
4 0.75 0.25 | 7225.8( 6858 | 3660 | 210 154 35 755 10 [ 23524 287 [1155] 35 755 10 | 235.24
4 1 0.25 | 7225.8( 6858 | 3660 | 210 154 35 755 10 [235.24] 210 | 154 35 755 10 | 235.24




3.2 The Proposed Beam End Configuration (BEC)

3.2.1 Details of the BEC

Details of the proposed BEC are shown in Figure 38. Effective parameters in the

geometry of the proposed BEC are listed below:

Dy1: Depth of the first pair of voids

D.,: Depth of the second pair of voids

Lv: Length of each void

ap: Perpendicular clear distance between the first pair of voids
ay: Perpendicular clear distance between the second pair of voids

D: Beam overall depth and also the horizontal distance from the face of the column

to the center of the first pair of voids.

w= Uniform beam load
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Figure 38: Details of the proposed BEC in multi longitudinal voids
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The equation for minimum required shear depth (Equation 1) (ANSI/AISC 360-10,
2010) can be used to determine the minimum clear vertical distance, parameters a;

and ay,, between the two voids.
R, =0.9x0.6x f x A, 1)
where,

¢R, is total shear force at beam cross section and can be obtained from

M,/(Lo/2)

f, is the nominal yield strength of beam

A, is gross shear area ( A, =axt,, t, is the beam web thickness).

If the over strength factor is taken as 1.2 AISC-LRFD (1995) then Equation 1 can be
simplified to find the minimum required shear depth, a; and a,, as follows:

 529%Z,

v L, xt,

)

where, Zy, is the plastic section modulus of the beam.

Parameter a; is equal to 465 mm (SAC7), 300 mm (SAC5) and 210 mm (SAC3). The
horizontal length of each void is 1.25 times the beam overall depth
(Lvi=L\»=1.25D). The minimum value of parameter b (see Figure 3) is 1.4 times the
parameter ¢, where c is the root radius of the beam (b=1.4c). The factors 1.25 and 1.4
were selected based on the parameteric study done by Hedayat and Celikag (2009)
for RBW connections with single longitudinal voids. The first pair of voids was
located as such that their distance from center of voids to the face of column was

equal to the overall depth of the beam (Figure 38). VVoid depth Dy; was achieved by
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Equation 3, where t; is the beam flange thickness and b is as shown as on the inset
figure in Figure 4. In this study, for all cases, the same size of voids were used

(Dv1=Dvs).

Dv1 = [(D-2ts—a1)/[2((b1/Dy1)+1)]] (3)

The radii of the corners of rectangular voids (parameter r,) was obtained from ASCE
standard, SEI/ASCE23-97 (1997) and Equation 4. It was mentioned in reference
ANSI/AISC 360-10 (2010) that r, > 2t,,, where smallest t,, is 8 mm. However, in the
same reference, r,=9.5 mm was permitted. On the other hand, to use small r,,
smoother surface should be provide by drilling ASCE standard. SEI/ASCE23-97

(1997).

ry (mm) = (Dy-20mm)/2 4)

Other design parameters are defined in the following section.

3.2.2 Design parameters

The three selected SAC specimens 3, 5 and 7 were used for the parametric
investigation which was carried out on the geometry of the voids by defining three

design parameters, o,  and y. These parameters are defined as follows:

Parameter a: This parameter is the ratio of b; to Dy; (0= bi/Dy; where b; and D,; are
as shown in Figure 38). The values used for parameter o were 2, 3 and 4. Hence, by
assuming the value of this parameter the first pair of voids depth (parameter Dy;) can

be obtained by using Equation 3.

Parameter B: This parameter is the ratio of b, to b; which are shown in Fig.4

(B=b2/b;). Four different values were used for parameter 3; 1, 0.75, 0.5 and 0.25.
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Hence, by assuming the value of this parameter and knowing Dy, (Dv2=Dy1), the
perpendicular distance of the second pair of voids (parameter a,) can be obtained.
However, this value cannot be less than the value obtained from Equation 2. It
should be noted that, in this study, the value of parameter a; was directly obtained

from Equation 2.

Parameter y: This parameter is the ratio of the horizontal clear distance between the
first and the second voids to the void length (y=CD/L,). The values used for

parameter y were 0.1, 0.15, 0.2 and 0.25.
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Chapter 4

ANALYTICAL RESULTS AND DISCUSSIONS

4.1 Typical Behavior of the modified Post-Northridge Connection

Hedayat and Celikag (2009) attempted to improve the post-Northridge connections
ductility and strength by using one pair of longitudinal voids at the beam web (Figure
4). This modification was effective to limit the stress concentrations at the complete
joint penetration (CJP) groove welds at the column face and to provide more energy
dissipation along the beam length. Note that this method was effective for beams
with the overall depth less than 750 mm. However, for deeper beams, where the
depths of voids were large, this method alone was not adequate. Hence, for deep
beams, in order to delay or prevent the beam web buckling and increase the
connection ductility, they proposed the use of tubes and web stiffeners at the beam

web area (Figure 4).

Figure 39 shows the PEEQ distribution for modified specimen SAC7 with deep
beam W36x150 (beam overall depth = 912 mm) in the case of using a single pair of
voids at four percent total rotation (sub step=52 in ANSYS program). This figure
clearly shows the PEEQ concentrations at the RBW area and excessive lateral
torsional buckling of the beam web which was due to the use of large voids at the
beam web area. These finally led to fracture at the void area before the total rotation

reached four percent.
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The PEEQ distribution of the same specimen with multi longitudinal voids at five
percent total rotation (sub step=65 in ANSY'S program) are given in Figure 40. Note
that, in this case, due to the use of multi voids, the depths of voids became smaller
when compared to the ones used in Figure 39. According to this figure, PEEQ strains
are more uniformly distributed between multi voids, such that the normalized PEEQ
(plastic equivalent strain divided by yield strain) at the most critical location of a
connection (i.e. at the root of weld access hole) reduced from 92.77 for the beam
with single pair of voids to 46.01 for multi-void specimen. In addition, multi voids
caused considerable reduction in the PEEQ concentration at the beam flange at the
start level of the first pair of voids (see Figure 40). It caused a remarkable delay in
the connection failure time such that the total rotation at the column web center of
this specimen could easily exceed 5 percent. The moment-rotation curve of this
specimen is shown in Figure 41 where a remarkable delay is apparent in the onset of
the beam web local buckling when compared to the same specimen with single
voids. Figure 41 shows that the initial rotational stiffness of the two specimens are
approximately the same. However, multi longitudinal voids specimens undergone
earlier yielding in the yielding region, but they achieved much more ductility and

strength when compared to the single pair of voids.
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Figure 39: PEEQ distribution for modified specimen SAC7 with single voids at four
percent total rotation

NODAL SOLUTION
No Beam flange
STEP=2 No beam flange fracture
JuB_=es fracture at the wvoid
TIME=2
NLEPEQ  (AVG) start level
RSYS=0
DMX =180.373
SMX =.1667
I @400 | /TE—
0 .800E-03 .009 .014 o
.5S00E-03 .0012 .011 .0155

Figure 40: PEEQ distribution for modified specimen SAC7 with multi voids at five
percent total rotation
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Figure 41: Normalize moment-rotation curves of modified specimens SAC7 with
single and multi-longitudinal voids

4.2. Effect of Design Parameters on the Strength and Ductility of the

Modified Post-Northridge Connections

Figures 42 through 44 show the effect of design parameters a, p and y on the
ductility of the modified specimens SAC7, SAC5 and SAC3. Connection ductility
was evaluated by using parameter Ocwc, Which is the total rotation of the connection
at the center of column web. It is calculated by dividing the beam tip deflection by a

distance measured from the beam tip to the center of the column web.

By increasing parameter o, the depth of the first pair of voids (i.e. parameter Dy;)
decreases and the depth of the T-sections (parameter b;) at the top and bottom of the
rectangular voids increases. For most of the specimens (except for few modified
specimens of SAC7) as this parameter increased, the connection ductility decreased

which can be due to the reduction in the energy dissipation capacity of the beam at

59



the first pair of voids area (Figures 42 to 44). Results indicate that the highest
connection ductility was achieved when parameter o was equal to 2. It should be
noted that the initial investigations showed that smaller value may not be desirable
since it caused a remarkable reduction in the lateral-torsional/flexural stiffness of the
T-sections at the top and bottom of the rectangular voids. It consequently promoted
the onset of the torsional buckling of the beam web and flexural buckling of the T-

sections.

Initial investigations of the behavior of the proposed BEC showed that the second
pair of voids must be located at a closer vertical distance to the beam flange surface
when compared to the first pair of voids. This significantly helped to increase the
efficiency of the second pair of voids to decrease the strain concentration at the
region of the first pair of voids and consequently to uniformly distribute the plastic
equivalent strains along the beam length. For this reason, the value of parameter 3
(B=b2/b;) varied between 1 and 0.25. By decreasing parameter [ the value of
parameter b, decreased. Since the first and the second pair of voids have same depth
(Dvi=Dy), it caused an increase in parameter a, and consequently moved the second
pair of voids up. As it is clear from the Figures 42 to 44, the excessive decrease in
parameter B was not desirable. Since it caused a remarkable increase in the PEEQ at
the beam flange at the second voids area and promoted the beam flange fracture at
this area and finally caused a significant reduction in the connection ductility. The

highest connection ductility was achieved for  equal to 1 or 0.75.

By decreasing parameter vy, the horizontal distance between the voids reduces. This
helped to increase the efficiency of the second pair of voids and reduced the strain

concentrations at the column face region and at the area of the first pair of voids.
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However, excessive decrease in this parameter was also detrimental (i.e. y less than
0.1) since it caused excessive beam web buckling in the area between the first and
the second pair of voids and consequently reduced connection strength and ductility.
Initial investigations indicated undesirable behavior of connection in the case of
using parameter y less than 0.1. It should be noted that higher values of parameter y
was also undesirable since it significantly reduced the efficiency of the second pair of
voids by uniformly distributing the plastic equivalent strains along the beam length
and it caused an excessive increase in the strain concentration at the column face
region and at the area of the first pair of voids. Based on this discussion, parameter y
varied between 0.1 and 0.25. Considering the finite element results in Figures 42 to
44 and the ductility of connection, it might be concluded that 0.1 is the optimum

value for parameter vy.

Figures 45 to 47 show the effect of design parameters a, p and y on the strength of
the modified specimens SAC7, SAC5 and SAC3. Connection strength was evaluated
by using the M/Mp ratio which is the ratio of the applied moment measured at the
column face level at the failure time to the full beam plastic moment capacity at the

column face level. This comparison was done for monotonic loading.
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For most of the modified specimens (parameter § equal to 1, 0.75 and 0.5 and any
value of parameter y) increase in parameter o caused a gradual increase in the
connection strength. This was due to the decrease in the depth of the first pair of
voids and consequently increase in the depth of the T-sections (parameter b;)
remained at the top and bottom of the first rectangular voids which finally resulted in
the enhancement of the flexural and torsional stiffness of the T-sections. For
specimens of B equal to 0.25, increase in parameter o caused a significant increase in
the connection strength. It should be noted that for these specimens the second pair
of horizontal voids was located at the nearest distance from the top surface of the
beam flange. In other words, in these specimens the T-sections remained at the top
and the bottom of the second pair of rectangular voids had the smallest depth and
largest slenderness ratio. As a result, for these specimens increase in parameter a,
indirectly decreased the slenderness ratio of the second T-sections and caused the
highest increase in the connection strength. However, specimens with 3 equal to 0.25

had the smallest ductility when compare to the other specimens.

As it is clear from the Figures 45 to 47, decrease in parameter 3 (from 1 to 0.5) had
very small effect on the connection strength degradation. For most of these
specimens, the value of M/Mp ratio was greater than 1.05. However, excessive
decrease in this parameter (i.e. p=0.25) caused a remarkable reduction in the
connection strength which was due to the excessive increase in the slenderness ratio
of the T-sections remained at the top and the bottom of the second pair of the
rectangular voids. On the other hand by increasing parameter y and consequently
increasing the clear distance between the voids the connection strength slightly
increased. However, as mentioned above it caused a reduction in the connection

strength.
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4.3 Cyclic loading effects

Under cyclic loading, connection strength is generally lower than the one obtained
under monotonic loading. It is due to the beam flange and web local buckling. In this
study all specimens with adequate strength and ductility (i.e. those specimens of the
optimum values of parameters o,  and y) were re-analyzed under cyclic loading to
determine the amount of strength degradation. Thus, the suggested time hysteresis by
FEMAS350 (2000) is selected as shown in Figure 48. For instance, in Figures 49 and
50 the moment-rotation curves of SAC7 and SAC3 for a, B and y equal to 2, 0.75 and
0.1 respectively are compared for both monotonic and cyclic loading. It can be seen
from the figures that there was no remarkable difference between the connection
strength obtained from the two loading types. There was only a small amount of
reduction in the connection strength which was due to the local buckling at the RBW
area. For both modified specimens SAC7 and SACS3, the connection strength is

greater than the minimum required strength, M/Mp=0.8.

Figure 49 also shows a pinching in the hysteresis curve of specimen SAC7 which
was due to the beam flange/web buckling at the RBW area. By decreasing the beam
overall depth, for shallower beam specimen SAC3, the amount of pinching
significantly reduced (Figure 50). The hysteresis curve was more stable with an
insignificant amount of pinching and this was also due to increase in the parameters

a, B and .

Similar behavior was also observed for modified specimen SAC5. Hence, it might be
concluded that the modified SAC specimens have adequate strength to be used in

seismic regions. According to the results of the investigation of connections subject
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to both monotonic and cyclic loading (Ricles et al. (2003) and El-Tawil et al.
(1998)), it is clear that the monotonic loading could be used to represent cyclic

loading conditions.
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4.4 Summary of results

According to ANSI/AISC 341-10 (2010), the following requirements should be
satisfied for the design of beam-to-column connections in buildings constructed in

areas with seismic hazard.

1. A story drift angle of at least 0.04 radian should be accommodated by the

connections.

2. At astory drift angle of 0.04 radian, the connection flexural resistance at the

column face should be equal to at least 0.80Mp of the connected beam.

Based on the discussion presented in the previous section and with respect to the
requirements mentioned in the above paragraph, from the strength and ductility point
of views, for all modified SAC specimens, the highest connection performance might

be achieved for 0=2, f=0.75 and y=0.1. The specimens under consideration for this
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study easily achieved the minimum required strength. The maximum ductility
achieved for these specimens were 5.0, 4.08 and 4.08 percent radian for beam depths
of 912 mm, 750 mm and 600 mm respectively which are all greater than the
minimum required ductility of 4 percent radian and considerably higher than the

results of the SAC group for the same connections, around 2 to 3 percent radian.

Despite of the improvement in the ductility of SAC5 and SAC3, the results indicate
that the proposed BEC would be more effective for deep beams rather than shallow
beams. The reason can be as follows: The usage of the longitudinal voids is the key
parameter for the enhancement of connection ductility for the BECs presented in
reference (Hedayat and Celikag, 2009) and in this study. In this study the length of
voids was considered as 1.25 times the beam overall depth. Hence, for deeper beams
the voids were longer and dissipate more seismic energy when compared to the
shallower beams where the voids are shorter. This might be the reason for deeper

beams achieving higher ductility than the shallower beams of the proposed BEC.
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Chapter 5

GENERALIZED DESIGN PROCEDURE

The modification procedure presented in the previous chapter is easy for application.
However, the following parameters were neglected; gravity effect, beam length and
moment gradient. In this chapter, these parameters are not neglected. Instead they are
used to generalize the design procedure so that the proposed modifications can be
applied to other sections. FEMA350 (2000) and Engelhardt et al. (2003) had similar

generalized design procedure for RBS.

The design method is based on the limiting moment, My (Equation 5), and the
associated shear force, V¢ (Equation 6), at critical plastic section, which is the
starting point of the first pair of voids. The critical plastic section is denoted in Fig.3

by parameter Sc and can be obtained by using Equation 7.

M o5 =Cpp X Zegus % Fye (5)
Vg =2M /L wL'/2 (6)
Se=D-L,,/2+T, (7)
Zeews = Zp = Dyy xt, x (8, + Dyy) (8)

In these equations Fy. is the expected yield stress of material, Zrgws is plastic
section modulus at RBW area (Equation 8), w is the factored gravity loads on the

beam and parameter L' is shown in Figure 38. The moment at the column face, M, is
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In order to obtain the maximum normalized moment at beam-column weld location,
N, equations (5) and (6) are substituted into equation (9) and then both sides were
normalized with respect to the full section plastic moment of beam (Zy.Fye).

+C_ xR (14

Wx L'xS. Z ﬁ) (10)
27, x Fye ol Z, L'

=14+ =
The effect of gravity and the seismic loads are considered by ng, and ne respectively.
For simplicity, the influence of the segment of gravity load was neglected within the
length Sc. To enhance the ductility of a post-Northridge connection, the longitudinal
voids configuration (parameters a, B and y), must be chosen as such to keep the value
of n¢ within a suitable interval to avoid beam flange fracture at RBW and WAH

regions prior to achieving 4 percent total rotation.
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For any modified connection n; can be found by using analytical and experimental
results. For example, 1 is 1.05 (Engelhard et al., 2003) and 1.15 (FEMA 350, 2000)
for RBS connections with bottom flange cut and both top and bottom beam flange
cut respectively. However, in the study done by Hedayat and Celikag (2009) for
RBW connections with single rectangular voids, depending on the beam overall
depth and the connection type, a range of appropriate n; values (between 1.05 and
1.14) was proposed. The normalized moment, developed at the column face, n; =
M/Mp, for all modified specimens are graphically shown in Figures 45 to 47.
Appropriate values of parameter m; can be determined by comparing its values
(Figures 45 to 47) with the connection ductility, Ocuc (Figures 42 to 44). Despite
being difficult to select, based on the data presented in Figures 42 to 44, a value
between 0.95 and 1.02 might be the best value of parameter 1. However, according
to the finite element results, a value closer to the lower bound might be more
appropriate for deeper beams (beam depth>750 mm) while a value closer to the

upper bound might be more suitable for shallower beams.

Cpr in Equation (5) is a factor to account for the maximum connection strength,
including strain hardening, local restraint and additional reinforcement. In FEMA350
(2000), the Cp factor is given by equation (f,+fy)/2f,, where f, and f, are the
specified minimum tensile and yield stresses of material respectively. Cy, value of
1.2 is generally suggested to be used for modified connections by FEMA350 (2000).
This factor is the ratio of the measured moment at the starting point of the first pair
of voids (S;) at the connection failure time to the beam plastic moment capacity at
this location. This factor is a function of the configuration and the size of voids for
the proposed BEC. In this study, the nonlinear model given in Equation 11 was used

to estimate the C,; factor, based on the design parameters a, 3, y and beam flange and
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web slenderness ratios. In this equation by, t; and t,, are the beam flange width and
thickness and the beam web thickness respectively. Constant C; and exponents C, to
Cs were determined using regression analyses and are summarized in Table 6. The

last column of Table 6 gives the observed average error. This error is the mean

square error which emphasizes the effect of large errors (i(rem C,, —estimated C )
1

n is total number of data).
C,=C, xa® x B <y x[(D—-2t)/1,]°° x (b, /t,)°° (11)

The connection ductility can also be estimated using Equation 12 once the geometry
of proposed BEC is finalized. Constant C; and exponents C, to C; were determined
using regression analyses and are summarized in Table 6. The last column of Table 6

gives the average of mean square error observed for all SAC specimens.
Ope =Cxa® x B x y** x[(D—-2t,)/1,]°° x (b, /t,)°® x (L, / D)*’ (12)

Note that in order to use equations (11) and (12), all design principles presented in

section 4 should be considered (i.e. Lvi=Lv,=1.25D; Dy1=Dy»; &, =5.29xZ, /(L 1,)

; &, =2 a,and the distance from the center of the first pair of voids to the column face

is equal to the beam overall depth, D).
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Table 6: Variables C1 to C7 to predict Cy, and Ocwe

Equation C1l C2 C3 C4 C5 C6 C7 Err

Equation 11 to predict Cy, 1.8231 0.1718 0.1214 0.1184 -0.7828 0.9854 - 0.018040

Equation 12 to predict Ocwc 2.4678 -0.1583 0.1066 -0.1897 1.1905 -1.4761  -0.2964 0.004809




Chapter 6

CONCLUSIONS AND RECOMMENDATION FOR

FUTURE WORK

6.1 Conclusions

The objective of this study was to find practical and effective way to improve the
ductility and strength of post-Northridge connections so that they are better
applicable for new and existing buildings. For this purpose multi longitudinal voids
were horizontally opened in the beam web where the distance of the centerline of the
first pair of voids from the face of the column was equal to the beam depth. All voids
had same length (1.25 times the beam overall depth) and same depth. Design
parameters a, 3 and y were defined to change the geometrical location of the voids. A
parametric study was carried out with respect to these parameters to find the
optimum location of voids to achieve the highest connection strength and ductility.
This finally led to modeling of the 144 post-Northridge specimens of different beam
overall depths (SAC7, 5 and 3 with overall depths of 912 mm, 750 mm and 600 mm
respectively). Analytical results showed that the presence of the second pair of voids
were efficient in uniformly distributing the plastic equivalent strains along the beam
length and, therefore, significantly reducing the plastic equivalent strain
concentration at the column face level, weld access hole region and at the beam
flanges at the void areas. It finally led to the achievement of the adequate strength

and ductility for the specimens of the proposed BEC. Results also showed that the
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location and size of voids can influence the performance of the modified
connections. The effect of the configuration of voids was investigated using design
parameters o, p and y. Results indicated that the highest connection strength and
ductility can be achieved for a, B and y equal to 2, 0.75 and 0.1 respectively. These
specimens achieved the minimum required strength. From the ductility point of view,
however, the proposed method caused a remarkable increase in the ductility of all
connections when compared to the single pair voids (Hedayat and Celikag, 2009).
They all achieved the minimum required ductility. On the other hand, the efficiency
was better for the deeper beams (overall depth greater than 750 mm) where the deep
beam specimens SAC7 (overall depth equal to 912 mm) achieved a remarkable five

percent total rotation.

In order to generalize the design procedure to be applicable to any other beam
section, the best configuration of voids was estimated, other design parameters were
also considered (beam length, beam moment gradient and beam gravity loads) to
propose equations 11 and 12. Finally, the best location of voids was controlled by
using the parameter n. It is expected that any modified specimen (even in the case of
a shallow beam) with appropriate value of parameter n; (0.95<, n; <1.02) achieves

both adequate connection’s strength and ductility simultaneously.

6.2 Recommendation for Future Work

In recent years researchers started to look at combination of modifications that has
been done so far with regards to improving post-Northridge connections. There is
still possibility of further combining the existing methods suggested so far since the
research showed that combining methods also further improve the ductility and

strength of post-Northridge connections.
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In addition, similar methods are advised to be used for different types of moment
connections and sections produced according to other standards, such as European
sections. There is need to validate more connections around the world so that
buildings will be more resistant to earthquakes in countries where there is seismic

hazard.
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