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ABSTRACT

Past experimental research on EBF indicated that the link overstrength, particularly that for short (i.e., shear) links, could be much higher 
than that specified in the AISC Seismic Provisions, thus potentially leading to an unsafe design of beams, columns, and gusset connec-
tions per the capacity design requirements. This study aims to identify key factors contributing to the high overstrength and to derive an 
expression to predict the overstrength of short links. Available experimental data were first collected, and main parameters affecting the 
overstrength were identified from the database and used for a multi-variate regression analysis. It was found that the following two param-
eters affect the link overstrength the most: (1) the Fu/Fy ratio between the actual tensile strength and yield stress and (2) Kw, a factor that 
represents the contribution of localized bending of link flanges. The link length, to a lesser extent, also affects the overstrength. A predictive 
overstrength equation based on these three parameters was proposed for capacity design of EBF with short links.

KEYWORDS:  eccentrically braced frames, cyclic tests, link overstrength, seismic design.

INTRODUCTION

E ccentrically braced frames (EBFs) combine the advan-
tages of the high ductility of special moment frames 

and the high elastic lateral stiffness approaching that of 
concentrically braced frames (Roeder and Popov, 1978; 
Popov and Engelhardt, 1988; Bruneau et al., 2011). A typi-
cal EBF consists of links, braces, beams outside the links, 
columns, and connections. According to the AISC Seismic 
Provisions, ANSI/AISC 341 (AISC 2016, 2022a), hereafter 
referred to as AISC 341, links are designed to dissipate seis-
mic energy, while structural components other than beams 
outside the link are designed to remain essentially elastic 
in a seismic event. (Because beams outside the link and the 
link itself are continuous and have the same section, it is 
difficult to keep the beams elastic without stiffening. Thus, 
AISC 341 allows these beams to experience limited flex-
ural yielding.) Observed performance of actual EBF build-
ings in earthquakes is very limited in the United States. 
But experience from the 2010 and 2011 Christchurch, New 
Zealand, earthquakes did show good overall performance 
(Bruneau et al., 2010; Clifton et al., 2011).

The link rotation angle, γp, defined as the inelastic (or 
plastic) angle between the link and the beam outside of the 
link, is used to describe the inelastic deformation capac-
ity of a link. The rotation angle is a function of the link 
length, e, which in turn dictates if it will yield primarily 
in shear, flexure, or a combination of the two (Roeder and 
Popov, 1978; Malley and Popov, 1984; Kasai and Popov, 
1986; Okazaki and Engelhardt, 2007). Define the normal-
ized link length, ρ, as

	
= e

Mp Vp
ρ

�
(1)

where Mp is the plastic moment and Vp is the plastic shear 
strength. When ρ ≤ 1.6 (i.e., short or shear links), AISC 341 
specifies that a properly stiffened shear-yielding link has a 
link rotation angle capacity of at least 0.08 rad.

For capacity design of diagonal braces and brace con-
nections, beams outside the link, and columns, the nominal 
shear strength of a link needs to be adjusted to reflect two 
effects: (1) actual yield strength of the steel and (2) other 
factors, including strain hardening and flange contribution 
under cyclic loading. AISC 341 uses an adjustment factor 
Ry to account for the first effect. For shear-yielding links, 
the second effect is quantified by defining an overstrength 
factor, Ωl, in this study:

	
l =

Vu
Vpa

Ω
�

(2)

where Vu represents the maximum shear strength measured 
in experimental testing (which is equivalent to the required 
shear strength in design) and Vpa is the plastic shear strength:

	 Vpa = 0.6Fya (d 2t f )tw� (3)
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In Equation 3, d, tf, and tw are the overall depth, flange 
thickness, and web thickness, respectively, and Fya is the 
measured yield stress of the web. To avoid confusion, Fy 
and Fu refer to the minimum specified yield stress and ten-
sile strength, respectively, in AISC 341, while the measured 
(or actual) yield stress and tensile strength are referred to 
as Fya and Fua in this study. If Fy were used in Equation 3, 
the computed Ωl value from Equation 2 would include both 
effects mentioned earlier. Because this study investigates 
the second effect (i.e., link overstrength), the measured 
yield stress, Fya, from tensile coupon testing is used in 
Equation 3.

Based on test results of rolled wide-flange links of 
ASTM A36 steel in the 1980s, an overstrength factor of 1.5 
for strain hardening was recommended (Popov and Engel-
hardt, 1988). Testing that was conducted after the 1994 
Northridge, California, earthquake on rolled wide-flange 
links of ASTM A992 steel showed that the overstrength 
factor ranges from 1.05 to 1.62, with an overall average of 
1.35 (Okazaki and Engelhardt, 2007). For short links domi-
nated by shear yielding, the overstrength tends to be some-
what higher (1.25 to 1.62, with an average of 1.41). Note that 
all ASTM A36 or A992 steel links tested were rolled wide-
flange shapes, and member sizes were small and not heavy; 
for example, W10×19, W10×33, W16×36, and W18×40 of 
ASTM A992 steel were tested by Okazaki and Engelhardt 
(2007).

To achieve an economical EBF design, AISC 341 has 
been specifying a lower overstrength factor (1.25) for 
I-shaped links for capacity design of columns, diagonal 
braces, and their connections. That is, the required seismic 
forces for these components are based on the assumption 
that the member forces at the ends of the link correspond to 
a link shear of 1.25 times the expected shear strength, RyVn. 
According to the Commentary in the 1997 edition of the 
AISC Seismic Provisions, this lower value was justified on 
the basis that, for brace design, the nominal yield strength 
and a resistance factor are used in sizing the braces; assum-
ing that Ry is equal to 1.1 and the resistance factor is 0.9, the 
effective overstrength of the link is 1.25 × 1.1/0.9 = 1.53. 
The link overstrength factor is further relaxed from 1.25 to 
1.1 for the design of beams outside the link because (1) beam 
strength will be enhanced by the presence of a composite 
slab, and (2) limited yielding in the beams is judged to be 
non-detrimental to the EBF performance (Commentary to 
AISC 341, 2016).

The discussion on link overstrength presented earlier 
applies to hot-rolled W-shape links. For I-shaped built-up 
links, however, available experimental data indicated that 
the overstrength factor can be significantly higher than that 
specified in AISC 341. For example, McDaniel et al. (2003) 
conducted cyclic tests of two large-size built-up shear links 
of ASTM A709 Gr. 50 steel to evaluate the link performance 

for bridge applications; the reported values of the over-
strength factor were 1.83 and 1.94, respectively. Itani et al. 
(2003) reported that the overstrength factor was about 1.80 
based on cyclic testing of two built-up links of A709 Gr. 
50 steel. Based on finite element simulation, Barecchia et 
al. (2006) proposed a formula to evaluate the overstrength 
factor of short and intermediate links with European hot-
rolled shapes. The study found that the overstrength factor 
would increase with a reduced ρ and an increased bf/d ratio, 
where bf is the flange width. Ji et al. (2016) tested very short 
hybrid steel links, where the yield stresses of the web (33 
to 41 ksi) are lower than that of the flanges, and the over-
strength factor reached 1.9. The authors attributed this large 
overstrength to the contribution of link flanges and cyclic 
hardening of the web steel. Two large-size built-up shear 
links with ASTM A709 Gr. 50 steel were tested for building 
construction and, again, large overstrength was observed 
(Sim and Uang, 2011; Gulec et al., 2012).

Based on Richards and Uang (2006), the AISC 341 
Commentary (AISC, 2016) states that designers should 
consider a high overstrength factor for large built-up links 
with very thick flanges and very short lengths (e < Mp/Vp 
or ρ < 1.0). Azad and Topkaya (2017) provided a summary 
of past research, both analytical and experimental, on the 
overstrength factor of links and found it inconclusive that 
thick flanges are the main contributing factor for very high 
overstrength.

OBJECTIVE AND SCOPE

There is no consensus on the cause and main contributing 
factors for the “unusual” high overstrength observed from 
testing of some short links. Because this would potentially 
produce an unsafe capacity design and AISC 341 does not 
provide any design guidelines, the goal of this study is to 
identify key contributing factors and to derive an expression 
to predict the overstrength of short links.

EXPERIMENTAL DATABASE

The following criteria were used to establish the experi-
mental database (see Table 1). First, only short links were 
selected because links that showed large overstrength in 
testing were classified per AISC 341 as short links. There-
fore, only data with ρ no greater than 1.6 were considered. 
Table 1 shows that most of the specimens collected had ρ 
less than 1.1. Second, links with both rolled wide-flange 
and built-up I-shape sections were included. Third, only 
specimens that were tested after the 1994 Northridge, Cali-
fornia, earthquake were considered because 36  ksi steel 
is much less likely to be used for new construction in the 
future. For rolled shapes, therefore, it means that only A992 
steel was considered, and A36 steel was excluded in the 
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Group 4 includes two links reported by Itani et al. (2003). 
These two built-up links used A709 Gr. 50 steel. Relative to 
the web thickness, the flanges were the thickest among all 
specimens in the database (tf/tw = 4.0 and 3.0, respectively).

Group 5 consists of two large-size built-up links (depth = 
37.4 in.) with A709 Gr. 50 steel (McDaniel et al., 2003). The 
tf/tw ratio (= 1.61) falls in the normal range of rolled shapes 
(e.g., see Group  1). Group  6 also includes two large-size 
links (depth = 40 in.) with the same grade of steel (Gulec et 
al., 2012). But the tf/tw ratio (= 2.25) is higher.

Three link specimens in Group 7 were tested to verify 
the cyclic performance of a coupled moment-resisting 
frame system, where vertical links were installed between 
two girders in a frame (Chi and Uang, 2000). A572 Gr. 50 
steel was specified for the built-up links. The tf/tw ratio var-
ies from 2.67 to 3.0.

Figure 1 shows the distribution of the link overstrength, 
Ωl, with respect to the normalized link length, ρ. The data is 
scattered within the range considered (ρ ≤ 1.6). But a trend 
does indicate that the link overstrength increases when ρ 
is reduced. Data points with rolled-shape links are circled; 
they show a lower overstrength (Ωl < 1.6). Figure 2 shows 
similar plots with respect to the width-to-thickness ratios 
of the flanges and web. No clear trend can be observed 
between Ωl and these two width-thickness ratios.

AISC 341 Commentary (AISC, 2016) provides a reminder 
to the designers that a much higher overstrength may exist 
in built-up links with very thick flanges and very short 
lengths (ρ < 1.0). To examine this effect, Figure 3 shows 
the distribution of Ωl with respect to two parameters: the 
ratio between the flange thickness and web thickness, tf/tw,  
and the ratio between the flange area and web area, with 
the latter being computed as (d − 2tf)tw. Contrary to that 
described in AISC 341, Figure 3 does not support the claim 
that thicker flange or larger flange area would necessarily 
produce a high overstrength factor.

study. (Rolled wide-flange shapes of A36 steel are practi-
cally unavailable in the United States after the Northridge 
earthquake.) For built-up links, only A572 Gr. 50 steel and 
A709 Gr. 50 steel were considered. Note in Table 1 that h 
for computing h/tw is defined in AISC 341: (1)  the clear 
distance between flanges less the fillet or corner radius for 
rolled shapes or (2) the clear distance between flanges for 
welded built-up sections.

Okazaki and Engelhardt (2007) reported test results 
of 37  link specimens of A992 steel with five different 
W-shapes and varying lengths. One objective of the study 
was to investigate the effect of using different test loading 
protocols. Group 1 in Table 1 contains five short specimens 
with ρ < 1.5 that were tested with the loading protocol 
consistent with that specified in the 2016 edition of AISC 
341. (The majority of the specimens were tested with more 
severe loading sequences, which would potentially affect 
the failure mode and the associated overstrength, and thus 
they were excluded from the database.)

Group 2  includes 2 of 13 specimens reported by Man-
sour et al. (2011) in a study to develop replaceable links. 
Nine specimens that were excluded from the database were 
composed of back-to-back double channels that were bolted 
at both ends. The remaining four specimens used W-shape 
links with welded end plates at both ends. But tensile cou-
pon tests were not conducted on two specimens, and there-
fore, they were excluded from the database because the 
actual overstrength could not be calculated.

Group 3 contains one of five specimens reported by 
Dusicka et al. (2010); three specimens that were excluded 
explored the potential of using low-yield steel and without 
intermediate stiffeners. A709 steel was specified for the 
remaining two specimens, one with Gr. 50 and another with 
Gr. 70 steel. Because the minimum specified yield stress 
of Gr. 70 steel violates the maximum value permitted in 
AISC 341, only one specimen (C345) was included in the 
database.

Fig. 1.  Distribution of Ωl with respect to ρ.



ENGINEERING JOURNAL / FIRST QUARTER / 2023 / 25

frame and shear links in an EBF undergo large shear defor-
mations, it was speculated that the link overstrength may 
also be related to Kw. When applying Equations 4 and 5 to 
the link, dc, bcf, tcf, tw, and db are the depth, flange width, 
flange thickness, web thickness, and length of the link, 
respectively. Note that Kw can be rewritten as

	
Kw =

12Z f

vw �
(6)

where Zf is the plastic section modulus of one flange,

	
Z f =

bf t f
2

4 �
(7a)

and vw is the overall volume of the link web,

	 vw = edctw� (7b)

Equations 6 and 7 show that not only a larger flange, but 
also a reduced web area, dctw, and a shorter link length, e, 
will increase the value of Kw. Figure 4 shows the distribution 

A shear link under large inelastic deformations will 
cause flanges to kink at both ends of the link, a behavior 
that is analogous to the panel zone shear deformation in 
special moment frames. AISC Specification, ANSI/AISC 
360 (AISC, 2022b), hereafter referred to as AISC 360, 
Section J10.6 provides an equation to compute the nomi-
nal shear strength of the panel zone in a beam-to-column 
moment connection. The equation is written in a slightly 
different form:

	 Vn = 0.60Fydctw(1+ Kw)� (4)

where

	
Kw =

3bcf tcf
2

dbdctw �
(5)

The Kw factor represents the contribution from localized 
bending (i.e., kinking) of the column flanges when the shear 
deformation reaches four times the shear yield strain of the 
panel zone. Because both panel zones in a special moment 

  
	 (a)  Flange	 (b)  Web

Fig. 2.  Distribution of Ωl with respect to section width-thickness ratios.

  
	 (a)  Thickness ratio	 (b)  Area ratio

Fig. 3.  Distribution of Ωl with respect to flange-to-web thickness and area ratios.
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of the test data in the (1 + Kw) versus Ωl domain. Although 
the data is scattered, it appears to show that a larger con-
tribution of the flanges due to kinking tends to produce a 
higher link overstrength. For the data collected, the figure 
also shows that built-up links tend to have a larger (1 + Kw) 
value.

Figure 5 uses the Fua/Fya ratio of the web for the plot, 
where Fya and Fua are the measured yield stress and tensile 
strength, respectively. Unlike all the previous parameters 
examined, this material strength ratio does show a stron-
ger correlation with the link overstrength. This figure also 
shows that built-up links in the database have higher Fua/Fya  
ratios than those of rolled-shape links.

As mentioned in the literature review, finite element 
simulation by Barecchia et al. (2006) indicated that the 
overstrength factor would increase with an increase of 
the bf/d ratio. Figure  6 shows the distribution of the link 
overstrength with respect to bf/d. No clear trend can be 
observed. The observations from figures presented earlier 
are then used to guide the regression analysis.

REGRESSION ANALYSIS

Parameters listed in Table  1 were considered in a multi-
variate regression analysis to establish an expression for 
predicting the link overstrength, Ωl. A sensitivity study 
showed that Fua/Fya of the web and (1 + Kw) have the most 
significant influence. Note that Ωl is based on the measured 
yield stress of the web (see Equation 3), yet (1 + Kw) mea-
sures the increase of link shear strength due to the contribu-
tion from flanges. The (1 + Kw) term needs to be adjusted 
to (1 + Kw)(Fyfa/Fywa) in regression to account for the dif-
ference of measured yield stresses between the web and 
flanges.

A regression results in the following expression with a 
coefficient of determination, R2, of 0.781:

	
l = 1.402 1+ Kw( ) Fyfa

Fywa

1.144
Fua
Fya

0.414

Ω
⎛
⎝⎜

⎞
⎠⎟

⎡

⎣
⎢

⎤

⎦
⎥

�
(8)

Fig. 4.  Distribution of Ωl with respect to (1 + Kw).

Fig. 5.  Distribution of Ωl with respect to web Fua/Fya ratio.
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Table  2 lists the contribution of each of the last two 
terms on the right-hand side of Equation 8. Taking Speci-
men TYPE 3, for example, which is a large-size, full-scale 
built-up specimen with an overall link depth of 37.4  in. 
and \a larger overstrength (1.94) from testing, each of these 
two terms (1.15 vs. 1.18) contribute comparably to the 

overstrength. Specimen SPEC. 2, which is another large-
size, full-scale built-up specimen with an overall link depth 
of 40 in. and a flange thickness of 24 in., has a larger con-
tribution (1.24) from the Fua/Fya term, and the contribution 
from flange kinking is less (1.09). The small-size rolled-
shape W16×36 link specimen 8-RLP also shows a large 

Fig. 6.  Distribution of Ωl with respect to bf/d ratio.

Table 2.  Components of ΩΩl

Group No.
Specimen 

Designation
1+Kw( ) Fyfa

Fywa
Fua
Fya

0.5⎛

⎝
⎜

⎞

⎠
⎟

ΩΩl

Equation 9 Test

1 
Okazaki and 

Engelhardt (2007)

4A-RLP 1.00 1.15 1.57 1.45 

12-RLP 0.93 1.16 1.47 1.44 

8-RLP 0.94 1.20 1.55 1.37 

10-RLP 0.87 1.15 1.36 1.47 

S9 1.01 1.15 1.59 1.43 

2 
Mansour et al. 

(2011)

UT-3A 0.92 1.11 1.40 1.41 

UT-3B 0.92 1.11 1.40 1.42 

3 
Dusicka et al. 

(2010)
C345 1.13 1.17 1.81 1.90 

4 
Itani et al. (2003)

BU16 1.05 1.19 1.71 1.82 

BU30 0.99 1.19 1.61 1.79 

5 
McDaniel et al. 

(2003)

TYPE 1 1.12 1.18 1.82 1.83 

TYPE 3 1.15 1.18 1.86 1.94 

6 
Gulec et al. (2012)

SPEC. 1 1.08 1.24 1.83 1.77 

SPEC. 2 1.09 1.24 1.86 1.87 

7 
Chi and Uang 

(2000)

SDE-1 1.10 1.17 1.76 1.75 

SDE-2 1.07 1.17 1.72 1.71 

SDE-3 1.06 1.17 1.69 1.65 
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contribution (1.20) from the Fua/Fya term, but the contribu-
tion from the flange kinking is small (0.94), resulting in a 
smaller overall link overstrength. (The reason for a value 
of 0.94, which is smaller than 1.0, is because the measured 
yield stress of the flanges is smaller than that for the web.)

Equation 8 can be adjusted by rounding the exponents as 
follows (R2 = 0.775):

	
l = 1.37 1+ Kw( ) Fyfa

Fywa

Fua
Fya

0.5

Ω
⎛
⎝⎜

⎞
⎠⎟

⎡

⎣
⎢

⎤

⎦
⎥

�
(9)

A comparison of the experimental and predicted over-
strengths based on Equation 9 is shown in Figure 7(a). For 
code implementation in AISC 341, Fya and Fua for the web 
in Equation 9 can be replaced by RyFy and RtFu. Assuming 
that, for design, the expected yield stresses of the flange and 
webs are the same, Equation 9 becomes

	
l = 1.37 1+ Kw( ) RtFu

RyFy
Ω

�
(10)

where Kw is calculated using Equation 6, and Fy and Fu are 
the specified minimum yield and tensile strength of the 
web, respectively.

The Ωl expressions presented here are the link over-
strength normalized by using the plastic shear strength 
defined in Equation 3; this strength is based on a web area 
of (d − 2tf)tw as defined in AISC 341. Because a web area 
of dtw is used in AICS 360 (AISC, 2022b) instead, it is 
worthwhile to examine if using the following plastic shear 
strength to define the link overstrength would reduce the 
scatter of the data:

	 Vpa = 0.6Fyadtw� (11)

Another regression results in the following with R2 = 0.826:

	
l = 1.3 1+ Kw( ) Fyfa

Fywa

1.165
Fua
Fya

0.314
⎡

⎣
⎢

⎤

⎦
⎥Ω

⎛
⎝⎜

⎞
⎠⎟ �

(12)

Note that using Equation  11 to compute the link over-
strength does reduce the scatter of the data somewhat. 
After simplification, the following expression can be used  
(R2 = 0.814):

	
l = 1.23 1+ Kw( ) Fyfa

Fywa

Fua
Fya

0.5

Ω
⎛
⎝⎜

⎞
⎠⎟

⎡

⎣
⎢

⎤

⎦
⎥

�
(13)

Figure 7(b) shows the correlation with the test data. From 
Equation 13, the form suitable for design is:

	
l = 1.23 1+ Kw( ) RtFu

RyFy
Ω

�
(14)

SUMMARY AND CONCLUSIONS

Eccentrically braced frames with short (or shear) I-shaped 
links are expected to perform better in a seismic event due to 
their high ductility capacity. But testing of short links in the 
past two decades showed that some links—especially those 
with built-up sections—exhibited a shear overstrength close 
to 2.0, significantly larger than the 1.5 observed in testing 
of rolled-shape links. For capacity design, such unusually 

  
	 (a)  Based on Equation 9	 (b)  Based on Equation 13

Fig. 7.  Comparison of predicted and experimental overstrength factor.
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high overstrength is also much larger than (1)  the 1.25 
factor for design of braces, columns, and gusset connec-
tions and (2) the 1.1 factor for design of beams outside the 
links stipulated in AISC 341, thus potentially leading to a 
mode of behavior inconsistent with the basis of EBF design. 
Although attempts have been made by some researchers in 
the past, no consensus could be reached on the main causes 
for the much higher overstrength. AISC 341 Commentary 
reminds designers to consider a high overstrength factor for 
large built-up links with very thick flanges and very short 
links. Still, no specific design guidance is provided.

This study addresses shear links only. An available 
experimental database for short links with both rolled and 
built-up sections and with Gr. 50 steel was assembled. A 
statistical evaluation was then conducted to identify key fac-
tors that contribute to high overstrength. It was found that a 
thick flange alone could not explain the high overstrength 
observed from testing. A multi-variate regression analysis 
was then conducted, and, for use in practical design, an 
equation (Equation 10) was proposed to evaluate the over-
strength factor for shear links. The equation contains two 
contributing factors. The ratio between the expected ten-
sile strength and expected yield stress of the web plays a 
more important role. The Kw term in Equation  10, which 
is defined in Equation  6, reflects the localized bending 
(or kinking) contribution of the flanges at link ends to the 
link shear strength; this effect is analogous to the column 
flange contribution of panel zone design strength in special 
moment frames.
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