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Abstract. The use of short link beams in Eccentrically Braced Frames (EBFs) is generally
preferred to long ones, mainly due to their high rotation capacity and energy dissipation
under cyclic loadings. However, long links have the advantage of providing openings in
the braced spans of EBFs. Based on a few tests conducted on long link behavior in the
literature, Seismic Provisions (AISC-341-05) limits their rotation capacity to a small value
of 0.02 rad. In this paper, a three dimensional finite-element model using ABAQUS is
developed for the inelastic nonlinear analysis of long links to investigate their rotation
capacity. It was found that using some new intermediate stiffeners, in addition to those
specified in the Seismic Provisions, a large rotation capacity for long links can be achieved.

© 2014 Sharif University of Technology. All rights reserved.

1. Introduction

The concept of the Eccentrically Braced Frame (EBF)
was proposed in the late 1970s and developed later
by Popov and his co-workers ([1-5] among others)
at the University of California, Berkeley (UCB). To
have a ductile EBF, plastic hinges must be formed
in specifically designed ductile link beams, while the
other adjoining members (i.e. braces, columns and
beams outside the link) remain in the elastic range.
In other words, the links in an EBF act as structural
fuses and dissipate earthquake-induced energy in a
stable manner. To achieve this, based on the capacity
design concept, adjacent members, which are presumed
to be brittle and elastic, must be designed to have
strength in excess of the maximum shear capacity of
the link beams. Links with length less than 1.6, /V),
called short links, are dominated by shear web yielding.
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Those longer than 2.6M,/V,, called long links, are
dominated by flexural yielding. Links with lengths be-
tween these limits, called intermediate links, experience
both flexural and shear yielding simultaneously.

An important characteristic of the links in EBF's,
to be considered structural fuses, pertain to their
capability of withstanding inelastic rotation demands
under cyclic loadings. The inelastic rotation capacity
of long link beams has been given, based on previous
experiments [5], and limited to a small value of 0.02 rad
in the 2005 AISC Seismic Provisions for Structural
Steel Buildings (AISC-341-05) [6]; hereinafter, referred
to as AISC Seismic Provisions. The reasons for the
small value of the long link rotation capacity given in
AISC Seismic Provisions might be attributed to the
following issues:

1. The loading protocol applied to the experiments by
Engelhardt and Popov [5] was somewhat arbitrary
and overly conservative, leading to small inelastic
rotation capacities. The loading protocol for EBF
links adopted in the 2005 AISC Seismic Provisions
is based on the revised loading protocol developed
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and proposed by Richards and Uang [7] for testing
short links. Okazaki et al. [8] showed that short
shear links tested by the revised loading protocol
can achieve larger inelastic rotations than those
currently considered in the 2002 AISC Seismic
Provisions [9].

2. The experiments were conducted on long links
attached to columns [5] having high axial forces,
reducing their inelastic rotation capacities. Hence,
it seems that links located within a span between
two braces would be capable of developing high
inelastic rotation capacity.

3. Some of the specimens’ deterioration in strength
was due to the initiation of severe flange buckling in
the top flange of the brace connection panel [5]. It
seems that using some properly detailed stiffeners,
the observed deterioration in strength could be pre-
vented, leading to high inelastic rotation capacity.

4. Failure in the link to column connections was the
main factor in the onset of instability and the lim-
itation of rotation capacity in most links tested by
Popov. Since the rotation proposed by Popov was
based on inappropriate pre Northridge connections,
it seems that using the current connections (special
connections proposed by Okazaki [10]) for the link
next to the column, could lead to an increase in
rotation capacity.

Few laboratory tests and numerical investigations
have been conducted on the rotation capacity improve-
ment of long links. Dusicka et al. [11] experimentally
investigated the performance of built-up shear links
designed from various plate steels. They concluded
that the links designed without stiffeners using Low
Yield Point (LYP) steel can reach high shear deforma-
tions of about 0.20 rad, exceeding the minimum limits
outlined in current provisions, 0.08 rad. Della Corte et
al. [12] used a finite element method to investigate the
plastic overstrength of shear links. They found that
three basic parameters: (i) axial forces, (ii) the ratio of
flange over web area and (iii) the ratio of link length
and cross section depth, have a combined effect on link
shear overstrength. Also, they concluded that for very
short links, with compact cross sections, values of shear
overstrength up to 2 could be obtained. Daneshmand
and Hosseini Hashemi [13] used an analytical model
to investigate the behavior of intermediate and long
link beams. They found that the rotation capacity of
intermediate links is very sensitive to the slender ratio
of the web.

Despite the aforementioned studies, new strate-
gies have not been investigated to improve the rotation
capacity of long links. The purpose of this paper is
to investigate the significance of the aforementioned
issues and the effectiveness of some proposed methods

on improving the inelastic rotation capacity of long
flexural links in EBFs. For this purpose, a finite-
element model, based on the commercial software
package ABAQUS [14], is developed for the nonlinear
inelastic analysis of long links located between two
braces with different transverse stiffener patterns.

2. Nonlinear finite-element model

To investigate the inelastic behavior of long link beams,
a nonlinear inelastic finite-element model is developed,
based on the specifications and assumptions given in
the following sections.

2.1. Mesh and material properties

The nonlinear computations were performed us-
ing the commercial finite element software package,
ABAQUS [14]. ABAQUS has the ability to consider
both geometric and material nonlinearities in a given
model. Large displacement effects were accounted
for by utilizing the nonlinear geometry option in
ABAQUS. A 4-node doubly curved shell element with
reduced integration, S4R [14], from the ABAQUS
element library was used to model the web, the flanges
and the intermediate stiffeners. The S4R element is
suitable for complex plastic buckling behavior, has six
degrees of freedom per node and provides accurate
solutions for most relevant applications.

Dimensions and material properties of the spec-
imens in this study are the same as Richards’s dis-
sertation specimens [15] in which cyclic coupon data
from Kaufmann et al. [16] were used in calibrating the
material model. The prototype material, designated
as Steel C [16], was A572 grade 50 steel with yield
strength of 54 ksi, and an ultimate strength of 72 ksi
under monotonic testing.

2.2. Boundary conditions, cyclic loading and
solution procedure

Since, in this study, the behavior of isolated link beams
is investigated, boundary conditions are the same as
proposed by Richard and Uang [17]. As can be seen in
Figure 1, nodes on the left end were restrained against
all degrees of freedom except horizontal translation.
Nodes on the right end were restrained against all de-
grees of freedom except vertical translation. Transverse
loading was applied as displacements to the right end
nodes. These boundary conditions lead to constant
shear along the length of the link, with equal end
moments and no axial forces [17].

In order to take into account the deterioration in
strength due to plastic local buckling, cyclic analysis
was performed using the loading protocol given in
Appendix S of the 2005 AISC Seismic Provisions.
Monotonic analysis under-predicts buckling amplitudes
and strength degradation [17]. This loading protocol
requires that, after completing the loading cycle at a
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Figure 1. FEM model boundary conditions applied to
the links: (a) Initial configuration; and (b) deformed
configuration (as per Ref. [17]).

link rotation of 0.05 rad, the link rotation sequence
be increased in increments of 0.02 rad, with one cycle
of loading applied at each increment of rotation [6].
Link rotation was defined as the imposed transverse
displacement divided by the link length. Although
the loading protocol has been proposed for short shear
links [7], the 2005 AISC Seismic Provisions [6] specifies
no limitation for its usage. Hence, the loading protocol
was used for all analyses in this paper.

3. Validation of the modeling technique

In this part, the accuracy of the finite element model
of the link beams was investigated. The model was
developed to simulate the performance of two links
tested at the University of California, Berkeley (UCB),
by Hjelmstad and Popov [3], and two A992 rolled
shape links recently tested at the University of Texas,
Austin (UTA) by Arce [18]. Boundary conditions,
loading protocol, material properties and other details
of modeling were the same as experimental conditions.
Table 1 shows a comparison between maximum shear
capacity obtained from the tests and the finite element
analysis of all the specimens. It can be seen that
agreement between experimental and numerical results
is satisfactory with maximum error of 5% for specimen
UCB 14. Figure 2 compares the deformed geometry

and hysteresis loops of the experimental specimen and
the model for UTA 7.

4, Parametric study and discussion of results

After validating the finite element model, a parametric
study was performed looking at the rotation capacity
of long links made of built-up sections. The inelastic
rotation capacity of the links is calculated as follows:

,Vp:’Yu_’Yea (1)

in which -, and 7. are the ultimate and elastic
rotation capacities, respectively. The ultimate in-
elastic rotation capacity was defined as the point
where the hysteresis curve reduced below 80% of the
ultimate shear capacity, as proposed by Richards and
Uang [17].

To investigate the possibility of increasing the
rotation capacity of the long links, two patterns using
transverse stiffeners, in addition to those specified in
the AISC Seismic Provisions, are studied in this study:
(1) The use of stiffeners on one side placed at a distance
of 0.75 times by from each end of the link, and (2)
The use of diagonal stiffeners on one side within the
link ends and the brace connection panels. Detailed
discussion on the suitability of using each stiffener
pattern is given in the following sections.

4.1. The use of an additional stiffener at a
distance of 0.75b¢

In the first pattern, to investigate the possibility of
increasing the rotation capacity of long links, besides
the stiffeners at a distance 1.50¢ from each end of the
link, additional stiffeners were placed at a distance of
0.75b; on one side. Richards [15] conducted an analyt-
ical study to investigate the behavior and performance
of 112 links, nine of which were long. In this study,
those long links were simulated and analyzed with
and without additional stiffeners (placed at a distance
0.75b5) at the two ends. In addition, since specimen 7,
which was tested in the Arce thesis [18], was similar
to Richards’s specimens in terms of dimensions and
material properties, in this study, the behavior of
specimens with and without additional stiffeners is
investigated. Dimensions and material properties of
these specimens are listed in Table 2.

Table 1. Comparison of maximum shear capacities obtained from experiment and finite element analysis.

Specimen  Section e@n) e/(Mp/Vp) Vu(]?XP) Vu(F.EM) Difference
(kip)  (kip) (%)
UCB 4 W18 x 40 28 1.16 207 208 0
UCB 14 W18 x 35 36 1.91 184 193 5
UTA 7 W10 x 33 73 3.4 73 72 1
UTA 9 W16 x 36 48 2 173 172 0
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Figure 2.

Deformed geometry and hysteresis curve of specimen UTA 7: (a) Test [18]; and (b) FEM analysis.

Table 2. Dimensions and material properties of long links.

No d tw ty by e ts a F, F,
(in)  (in) (in) (in) (in) (in) (in) (Ksi) (Ksi)
13013] 10.24 025 0.395 4 48 322 0.375 6 54.3 72.3
14119 10.04 025 0.2 4 48  5.07 0375 6 543  72.3
15013] 10.09 025  0.25 1 48 443 0.375 6 54.3 72.3
16012 10.07  0.25  0.25 4 48 473 0375 6 54.3 72.3
171191 10.14 025 0.3 4 48 393 0375 6 543 72.3
391191 9.73  0.29 0435 8 73 296 0.375 12 54.3 72.3
40015] 9.7 029 04 8 73 3.18 0.375 12 54.3  72.3
41119 9.75 029  0.45 8 73 2.87 0.375 12 54.3 72.3
45015] 9.73 0319 0437 8 73 3.19 0.375 12 543  72.3
78 Arce  9.744 0.319 0437 8 73 3.4 0375 12 54.3 72.3

Since, in some specimens tested by Popov and
Engelhards [5], local buckling was observed in the
flange of the beam in the brace connection panel, in
some of these specimens, besides the link beam, the
brace connection panels were also modeled at the ends
of the link beams. Based on seismic provisions, lateral
bracing was located at the two ends of the links to
prevent lateral torsional buckling. Table 3 indicates
the results of specimen analysis in which column 2 is
the relative length of the links, and column 3 is the
flange width-thickness ratio. Columns 4 and 5 are
the calculated link rotation capacities, in the cases
of without and with 0.75bf stiffeners, respectively.
Column 6 is the rotation capacity of links having end
brace connection panels with 0.756; stiffeners, as shown
in Figure 3. Columns 7 and 8 show the ultimate
shear capacity of the specimens without and with
additional stiffeners, respectively. Column 9 shows

Figure 3. Geometry of the links along with the brace
connection panels.

the rotation capacity of the specimens corresponding
to the occurrence of top flange local buckling in the
brace connection. Limitations of flange width-thickness
ratios of specimens, for comparing the compactness of
the specimens, are mentioned in Table 3. The sections
with a flange width-thickness ratio less than A, are
called Seismically Compact sections; sections between
Aps and A, are called Compact Sections, and sections
between A, and A, are called Non Compact sections.
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Table 3. Modeling results of long link with and without additional stiffeners at distance of 0.75b¢ at two ends of link.

1 2 3 4 5 6 7 8 9
vp (rad) V. (kips) v (rad)
Tp . . Tp (rad) Vau . . .
No p b/2t (with stiffener . (with stiffener (start of buckling
(rad) (0.75b¢-comb) (kips) .
0.75by) 0.75by) out of link)
13151 322 5.06 0.08 0.08 0.08 60.4 61.3 0.08
141%1 507 10  0.029 0.08 0.08 40 40.2 0.04
15050 443 8  0.026 0.08 0.08 45.1 45.89 0.05
161%1 473 8.9 0.029 0.08 0.08 42.7 42.9 0.05
17151 3.93 6.665 0.049 0.08 0.08 50.7 51.3 0.06
39051 296 9.195 0.038 - 71 71 -
40M%1 318 10 0.039 0.039 - 66.5 66.5 -
411%1 287 8.9 0.048 0.046 - 73 72.7 -
4511 319 9.15 0.046 0.043 - 72.9 72.8 -
78l 34 9.2 0.045 0.045 - 72.4 72.6 .

Seismic provisions slenderness limits for the used steel material: A, = 17.56, A\, = 8.78 and Ap; = 6.93

Table 3 shows that seismically compact long links,
with intermediate stiffeners at a distance of 1.5bf, can
tolerate large rotation angles. However, rotation en-
hancement decreases with increasing the length ratio.
Therefore, according to the data in Table 3, it is
concluded that to seismically compact long links with a
length ratio less than 4, and by using just one stiffener
at a distance of 1.5b¢ at the end of the link, the rotation
capacity can be increased up to 0.05 rad.

The results show that placing an additional stiff-
ener at a distance of 0.75b; in the two ends, delays
the occurrence of flange local buckling increasing the
rotation capacity. This is true for links whose flange
width is about half of the section depth, such as
specimens 13-17. However, at the sections whose flange
width is about the depth of the section, as specimens
39, 40, 41, 45 and specimen 7 Arce, these new stiffeners
are not effective. This may be due to the fact that
increasing the amount of by (flange width), enhances
the distance of the intermediate stiffeners from the link
ends. Therefore, bending plastic hinges are formed
next to the link ends, and these stiffeners cannot be
effective in preventing local buckling. Placing more
stiffeners at two ends of the link (e.g. at a distance of
0.375by) shifts local buckling to the brace connection
panels, S0, it is not recommended.

As clear in Table 3, by modeling the brace
connection panel, in sections which were not seismically
compact like specimens 14, 15 and 16, local buckling
was observed out of link (column 9) at a rotation
of less than 0.08 rad. But, specimen 13, which was
seismically compact, tolerated up to 0.08 rad with no
local buckling out of the link. Despite the observed
local buckling out of the link at the top flange in
rotations of less than 0.08 rad, this local buckling led

to no reduction in rotation capacity, and the links that
had an additional stiffener at 0.75b, even though not
a compact section, sustained a rotation of 0.08 rad
(column 6).

For the long link specimen 17, despite having a
seismically compact section, local buckling has been
observed out of the link in a rotation of 0.06 rad.
However, the ultimate shear capacity in the hysteresis
loops did not dropped below 0.8 V, in this specimen
too.

Therefore, according to the results, it can be
concluded that by using one additional stiffener at a
distance of 0.75b; at two ends of long links (with a
relative length less than 3.5) at one side, whose flange
width is about half of the section depth and which are
seismically compact, a rotation capacity of 0.08 rad
can be achieved (specimen 13), and specimens with
too much relative length, and even with compact and
non compact sections, can achieve more than 0.04
(specimens 14-17). Tt is also recommended that to
delay the brace connection panel local buckling in these
specimens, one partial depth stiffener with a 0.75 height
of section depth should be welded to the top fange in
a width of 0.75b; of the brace connection panels

However, it should be mentioned that these ro-
tations might not be considered as the actual rotation
capacity of long link beams. This is because the finite
element models do not predict material failure and
fracture, which generally occur in laboratory tests,
causing loss of strength and consequently low rotation
capacity. Therefore, the obtained rotation capacities
should be validated through some experimental tests
on long links.

Figure 4 shows the von Mises stress contour of
specimen 13 with modeling of the brace connection
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Figure 4. Von misses stress couture of specimen 13 at
rotation 0.08 rad with modeling the brace connection
panels.

panels at a rotation of 0.08 rad. As seen in Figure 4,
because this specimen is seismically compact and has
the proper relative length, no local buckling has oc-
curred at the brace connection panels. However, it
should be mentioned that the yielding observed in this
place does not weaken the performance of the link.
Popov and Engelhardt [5] have mentioned that this
yielding, not local buckling, was, in fact, beneficial,
as it contributed energy dissipation and reduced link
inelastic deformation demands. In addition, it should
be mentioned that maximum rotation applied to all
specimens with and without additional stiffeners was
0.08 rad. So, it is obvious that the seismically compact
specimen 13, with and without additional stiffeners,
tolerates a rotation capacity of 0.08 rad.

4.2. The use of diagonal stiffeners

In the second pattern, the impact on rotation capacity
when using two diagonal stiffeners at link ends (as
shown in Figure 5(a)) was investigated. As can be seen,
these stiffeners are embedded at a distance of 1.50 at
two ends of the link on one side and welded to the end
stiffeners at a height of 1/3 of the section depth. In this
section, to investigate the behavior of long links with
this type of stiffener, all specimens considered in the
above section are analyzed, with and without modeling
the brace connection panels having diagonal stiffeners.
The results of this modeling are listed in Table 4. To
prevent penetration of the local buckling into the brace
connection panel, the diagonal stiffeners are also placed
in brace connection panels symmetrically with the same
dimensions. Figure 5(b) shows a long link with two
brace connection panels that has diagonal stiffeners in
and out of the link. It should be mentioned that the
thickness of the stiffeners are considered the same as
the thickness of the internal stiffeners.

According to the results listed in Table 4, it was
observed in the long links, in which flange width was
about half of the section depth (e.g. specimens 13 to
17), in spite of their compactness or relative length
limitations, using diagonal stiffeners would increase
rotation capacity to 0.08 rad. Figure 6 shows specimen
14 with and without the diagonal stiffeners. In spite
of its large length and non-compactness, by the use
of diagonal stiffeners, the specimen could tolerate a
rotation capacity of 0.08 rad with the ultimate shear
capacity of more than 0.8V},.

Figure 5. Using diagonal stiffeners at (a) link ends, and
(b) link ends and brace connection panels.
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Table 4. Results of long links with diagonal stiffeners.

1 2 3 4 5 6 7 8 9
¥p (rad) V. (kips) v (rad)
Yp cr ¥r (rad) & o .
No p b/2t (with diagonal . (with diagonal (start of buckling
(rad) ) (diagonal comb) (kips) . .
stiffener) stiffener) out of link)
13%% 322 5.06 0.08 0.08 0.08 60.4 62.6 N/A
148% 507 10 0.029 0.08 0.08 40 41.9 N/A
150% 443 8 0.026 0.08 0.08 45.1 47.5 N/A
161° 473 8.9 0.029 0.08 0.08 42.7 44 N/A
170%1 3.93 6.665 0.047 0.08 0.08 50.7 52.5 N/A
39111 2,96 9.195 0.038 0.062 0.076 71 72.9 N/A
40091 318 10 0.039 0.064 0.068 66.5 69 N/A
41091 287 89  0.048 0.074 0.077 73 75.1 N/A
4511 319 9.15  0.046 0.063 0.067 72.9 75.6 N/A
708340 9.2 0.045 0.63 0.08 72.4 75.7 N/A

Seismic provisions slenderness limits for the used steel material:

Ar = 17.56, A\, = 8.78 and \p; = 6.93

For investigation of the possibility of the trans-
ference of local buckling from the link to the brace
connection panels, like the previous section, again, by
modeling the brace connection panels at two ends of the
link, all specimens were analyzed. Diagonal stiffeners
were placed in brace connection panels symmetrical
to internal diagonal stiffeners. Like Table 3, at
Table 4, column 9 was considered for recording the
rotations of the onset of local buckling in the brace
connection panels. However, as can be seen in Table 4,
using the diagonal stiffeners in the brace connection
panels prevents the occurrence of local buckling in
this region. Therefore, it is proposed that by using
this type of stiffener at the long links, in which the
flange width is half the section depth, without any
limitations, a rotation capacity of 0.08 rad could be
achieved.

Results presented in column 5 in Table 4 show
that the use of diagonal stiffeners in the links whose
flange width is about the section depth, like specimens
39 to 45 and 7 Arce, causes an increase in rotation
until 0.06 rad. Although, according to the results in
column 9 in Table 4, by modeling the brace connection
panels, no buckling occurs in that region, the occur-
rence of local buckling at a distance of 1.50 at two
ends of the link led to a drop in the ultimate shear
capacity in the hysteresis loops and a restriction of
rotation capacities to the amounts listed in column 6.
Therefore, it is proposed that using these types of
stiffener in long links and brace connection panels, the
wide flange sections, without sensitivity to the flange
width-thickness ratio, could tolerate until 0.06 rad.
As seen in Tables 3 and 4, these proposed stiffeners
cause no significant increase in ultimate shear capacity
and, thereby, in overstrength. Hence, for the design

of EBF’s using this kind of stiffener, a conventional
overstrength factor can be used.

For investigation of when not placing diagonal
stiffeners in the brace connection panels, specimen 15,
with brace connection panels, was modeled one time
with two stiffeners at the top and bottom flanges at
the brace connection panels, one time with only one
stiffener at the top flanges and one time without any
stiffener. As seen in Figure 7, if those two stiffeners
were placed at the top and bottom flanges in the
brace connection panel (Figure 7(a)), no local buckling
occurred in the brace connection panels; even if one
stiffener was placed in the top flange (Figure 7(b)),
local buckling occurred. Therefore, in this type of
stiffener, the brace under the bottom flange could not
prevent local buckling, and a diagonal stiffener must be
placed at the top and bottom flanges.

5. Conclusions

In this study, the nonlinear inelastic analysis of long
links constructed of built up sections was studied using
the finite element method. The main aim was to
investigate the possibility of increasing the rotation
capacity of long links and also to investigate the
behavior of this type of link beam when increasing
the numbers and changing the type of intermediate
stiffener. It was found that the rotation capacity
proposed by AISC2005 is not proper for all long links,
and some links, according to the flange width-thickness
ratio and relative length, could have more rotation
capacity. Also, it was observed, by considering the
number of stiffeners, the relative length, the flange
width-thickness ratio and changing the type of stiffener,
much rotation capacity could be achieved. However,
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Figure 7. Combination of specimen 15 and brace
connection panels: (a) with to stiffeners at top and
bottom flange; and (b) with one stiffener at the top flange;
and (c) without stiffener at brace connection panels.

owing to ignoring the effect of material failure in finite
element modeling, observed high rotation capacities are
not yet conclusive, and further experiment and study
must be carried out to validate the results.
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Nomenclature

Ay Section web area

e Link beam length

F, Yield stress of steel

F, Ultimate stress of steel

M, Section plastic moment capacity= F,Z
Z Plastic section modulus

Va Section nominal shear capacity

=V, = 0.6F,A,

Section maximum shear capacity

=S

Total link rotation angle (ratio of the
relative displacement of one ends of
the link to the link length)

Vp Link inelastic rotation capacity

Ye Link elastic rotation capacity
Q Strain hardening overstrength
R, Material overstrength
P Length ratio
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