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Impact of Recent Research Findings on 
Eccentrically Braced Frame Design
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Steel eccentrically braced frames (EBF) remain a popular 
alternative to moment resisting and concentrically braced 

frames. The successful performance of EBFs under seismic 
loading depends on stable inelastic rotation of the links and 
the ability of other frame members to facilitate these link 
rotations. Figure 1 illustrates two typical EBF confi gurations 
with link length, e, and link rotation, γ, indicated. 

Design provisions (AISC, 2005a) specify maximum al-
lowable design rotations for links according to the non-
dimensional link length, e/(Mp /Vp). Links with e/(Mp /Vp)
< 1.6 yield primarily in shear and are called short links. 
These links can be designed for 0.08-radian inelastic rotation 
(Figure 2). Links with e/(Mp /Vp) > 2.6 experience fl exural 
yielding at the ends similar to a moment frame beam and 
are called long links. Long links can be designed for 0.02- 
radian inelastic rotation (less than the 0.03-radian inelastic 
rotation permitted for moment frames). Links with e/(Mp /Vp) 
between 1.6 and 2.6 are called intermediate links and experi-
ence both fl exural yielding of the fl anges and shear yielding 
of the web. The maximum inelastic rotation for intermediate 
links is interpolated between 0.08 and 0.02 radian, depending 
on e/(Mp /Vp) (Figure 2). 

Web stiffeners are required in links to delay local buck-
ling. Kasai and Popov (1986b) developed a relationship be-
tween inelastic web buckling and stiffener spacing for links 
which yield in shear. This relationship, combined with an 
experimental study of long links by Engelhardt and Popov 
(1989), form the basis for stiffener spacing requirements in 
the 2005 AISC Seismic Provisions for Structural Steel Build-
ings (AISC, 2005a), hereafter referred to as the AISC Seis-
mic Provisions.
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Fig. 1. Deformed geometry of typical EBFs.

Fig. 2. Maximum design rotations (AISC, 2005a).
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The previous editions of the AISC Seismic Provisions 
(AISC, 1997, 2002) require EBF links to comply with the 
same slenderness requirements as those for beams in spe-
cial moment frames. Very few wide fl ange shapes violated 
the requirements when made of ASTM A36 steel. However, 
now that ASTM A992 has replaced A36 as the standard for 
steel beams, 20% of wide fl ange sections are disqualifi ed 
for use as links by the fl ange width-thickness limit of 
bf /2tf < 0.30 E Fys  (AISC, 1997, 2002). 

Effi cient EBF design becomes increasingly diffi cult with 
limited permissible link sections. Designers often fi nd it nec-
essary to increase link sizes to satisfy the fl ange width-thick-
ness requirement (AISC, 1997, 2002), resulting in heavier 
columns and braces to resist the full capacity of the links. 
The fl ange width-thickness requirement for links now has 
signifi cant economic impact on EBF design. It is unclear 
from previous studies if such a strict fl ange width-thickness 
requirement is necessary, particularly for short links, since 
these links yield primarily in the web and may not be af-
fected by fl ange buckling. 

Under earthquake loads, yielding in EBFs is intended to 
occur primarily within the links. To ensure that braces, col-
umns, and the beam segments outside of the links remain 
essentially elastic, the maximum forces that can develop in 
the links must be known. The premise of current provisions 

is that links will have an overstrength factor of approximate-
ly 1.5 [Commentary of AISC Seismic Provisions (AISC, 
2005a)].

Since 1997 there have been some experiments with links 
built-up from steel plates (as opposed to links made from 
rolled shapes such as were tested at UCB in the 1980s or 
UTA recently). These links were not for typical EBF frames, 
but were intended for bridge towers (Itani, 1997; Itani, 2002; 
McDaniel, Uang, and Seible, 2002) or a unique building 
project (Chi and Uang, 2000). These links exhibited remark-
ably large overstrengths, some approaching 2. These results 
challenge the appropriateness of the 1.5 overstrength factor, 
which is the basis of the AISC Seismic Provisions. 

The American Institute of Steel Construction (AISC) 
sponsored research to investigate the impact of fl ange slen-
derness on link rotation capacity and other EBF link design 
issues related to the modern, higher strength steel. Experi-
mental work was performed at the University of Texas at 
Austin (UTA) and analytical work was performed at the Uni-
versity of California, San Diego (UCSD). 

EXPERIMENTAL TESTING

The UTA test set-up, illustrated in Figure 3, simulated the 
force and deformation environment expected in an EBF link 
with one of its ends attached to a column (see Figure 1, left 

Fig. 3. University of Texas Austin (UTA) experimental set-up (Okazaki et al., 2005).
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Table 1. UTA Test Specimens

Specimen Section
bf / 2tf

Link Length, e (in.) e/(Mp/Vp) Intermediate Stiffeners
Loading 
ProtocolNominal Actual

1C W10x19 5.09 5.22 23.0 1.73 3 @ 5w in. Old AISC

2 W10x19 5.09 5.22 30.0 2.25 4 @ 6 in. Old AISC

3 W10x19 5.09 5.22 48.0 3.61 6 in. from each end Old AISC

4A W10x33 9.15 9.20 23.0 1.04 3 @ 5w in. Old AISC

4B W10x33 9.15 9.20 23.0 1.04 3 @ 5w in. Old AISC

4C W10x33 9.15 9.20 23.0 1.04 3 @ 5w in. Old AISC

5 W10x33 9.15 9.20 36.6 1.65 5 @ 618 in. Old AISC

6B W10x33 9.15 9.20 48.0 2.16 4 @ 9s in. Old AISC

7 W10x33 9.15 9.20 73.0 3.29 12 in. from each end Old AISC

8 W16x36 8.12 7.15 36.6 1.49 6 @ 54 in. Old AISC

9 W16x36 8.12 7.15 48.0 1.95 5 @8 in. Old AISC

10 W10x68 6.58 6.64 36.6 1.25 2 @12 in. Old AISC

11 W10x68 6.58 6.64 48.0 1.64 3 @12 in. Old AISC

12 W18x40 5.73 6.09 23.0 1.02 3 @5w in. Old AISC

4A-RLP W10x33 9.15 9.20 23.0 1.04 3 @5w in. Revised

4C-RLP W10x33 9.15 9.20 23.0 1.04 3 @5w in. Revised

8-RLP W16x36 8.12 7.15 36.6 1.49 6 @54 in. Revised

9-RLP W16x36 8.12 7.15 48.0 1.95 5 @8 in. Revised

10-RLP W10x68 6.58 6.64 36.6 1.25 2 @12 in. Revised

11-RLP W10x68 6.58 6.64 48.0 1.64 3 @12 in. Revised

12-RLP W18x40 5.73 6.09 23.0 1.02 3 @5w in. Revised

Specimens 1A, 1B, and 6A experienced end plate failures and are not shown here.

frame). ASTM A992 links with various lengths were fab-
ricated using W10�19, W10�33, W10�68, W16�36 and 
W18�40 sections. Table 1 summarizes characteristics of 
the various links. The W16�36 links had measured width-
thickness ratios of 7.15, just under the seismically compact 
limit of 0.30 E Fy  = 7.22. The W10�33 links had fl anges 
near the compact (AISC, 2005b) limit of 0.38 E Fy  = 9.15. 
The remaining three sections had fl ange width-thickness ra-
tios less than the seismically compact limit.

Details for selected specimens are shown in Figure 4. Web 
stiffeners were provided according to current requirements. 
As indicated in Figure 4(a), stiffener details were altered be-
tween selected specimens. 

Two different loading protocols, shown in Figure 5, were 
used in the tests. The loading protocols specifi ed the sequence 
of link rotation angle imposed during testing. Link rotation 
angle was computed as the relative displacement between 
the two ends of the link divided by the link length. Discus-
sion of the two loading protocols will be provided later.

Results of the UTA tests are summarized in Table 2. The 
inelastic rotation evaluated from the test is shown in the sec-
ond column. This inelastic rotation capacity was based on 
the last complete loading cycle that sustained the nominal 
link shear strength defi ned in the 2005 AISC Seismic Provi-
sions. For comparison, the design inelastic rotation is given 
in the third column. Overstrength values and brief descrip-
tions of observed failure modes are provided in the fourth 
and fi fth columns. Test results will be discussed in the con-
text of specifi c EBF issues. A more detailed description of 
individual test results is found in Arce (2002) and Okazaki, 
Arce, Ryu, and Engelhardt (2005). 

FINITE ELEMENT MODELS

Finite element models of isolated links were developed us-
ing the commercial software ABAQUS (HKS, 2002). Shell 
elements were used for the fl anges, web, and stiffeners. A 
typical link model is illustrated in Figure 6(b). Link rotation 
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Table 2. UTA Test Results

Specimen
γp (rad)

Overstrength Observed Failure Mode
Test Design

1C 0.081 0.072 1.23 Flange and web buckling followed by fracture in web

2 0.070 0.041 1.24 Flange and web buckling followed by fracture in flange near link end

3 0.041 0.020 1.25 Flange and web buckling followed by fracture in flange near link end

4A 0.061 0.080 1.39 Fracture of web at stiffener weld

4B 0.071 0.080 1.42 Fracture of web at stiffener weld

4C 0.080 0.080 1.41 Fracture of web at stiffener weld

5 0.067 0.077 1.34 Fracture of web at stiffener weld

6B 0.059 0.046 1.21 Flange and web buckling followed by fracture in web

7 0.037 0.020 1.28 Flange, web, and lateral-torsional buckling

8 0.077 0.080 1.35 Flange and web buckling followed by fracture in web at stiffener weld

9 0.048 0.059 1.12 Flange and web buckling

10 0.073 0.080 1.44 Fracture of web at stiffener weld

11 0.068 0.078 1.42 Fracture of web at stiffener weld

12 0.091 0.080 1.40 Fracture of web at stiffener weld accompanied by web buckling

4A-RLP 0.120 0.080 1.45 Fracture of web at stiffener weld

4C-RLP 0.119 0.080 1.48 Fracture of web at stiffener weld

8-RLP 0.117 0.080 1.37 Flange and web buckling followed by fracture in web at stiffener weld

9-RLP 0.058 0.059 1.05 Flange and web buckling

10-RLP 0.113 0.080 1.47 Fracture of web at stiffener weld

11-RLP 0.087 0.078 1.42 Fracture of web at stiffener weld; link rotation limited by ram stroke

12-RLP 0.119 0.080 1.44 Fracture of web at stiffener weld accompanied by web buckling

Fig. 4. Details of selected link specimens (Okazaki et al., 2005).
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(a) Old AISC                                                                                                           (b) Revised

Fig. 5. Experimental loading histories for links.

(a) Test                                                                                 (b) Model

Fig. 6. Deformed geometry and shear versus inelastic rotation hysteresis for UTA Specimen 9.

was applied by imposing vertical displacements on the nodes 
at one end of the model links, while restraining vertical dis-
placement of the nodes at the other end. Nodes at the other 
end were permitted to translate horizontally but were con-
strained to all have the same horizontal translation. Loading 
in this manner resulted in constant shear along the length of the 
link with equal end moments and no axial forces. Links were 

loaded cyclically according to the protocol in the 1997 and 
2002 AISC Seismic Provisions, which will be discussed here. 

Plastic material response was defi ned using a nonlinear 
kinematic hardening law. Data from cyclic coupon testing 
performed by Kaufmann, Metrovich, and Pense (2001) were 
used to determine appropriate values for the parameters in 
the plasticity model. By including large displacement effects 
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in the analysis, local buckling could be captured, and the 
post-buckling behavior of the link could be simulated. 

The primary modeling objective was to accurately predict 
the rotation where unacceptable strength degradation result-
ing from severe local buckling occurs. Strength degradation 
associated with material failure or fracture was beyond the 
scope of the study. Unacceptable degradation was defi ned as 
strength loss below 80% of the maximum shear. 

Models corresponding to the UTA specimens were used 
for a verifi cation study. Figure 6 illustrates sample results 
from that study for UTA Specimen 9. The models were 
found to reasonably predict fl ange and web buckling and as-
sociated strength degradation. With verifi ed modeling tech-
niques, 112 unique links were analyzed under cyclic loading 
providing continuous data for short, intermediate, and long 
links with a complete range of fl ange width-thickness ratios. 
More detailed descriptions of modeling techniques and veri-
fi cation are found in Richards and Uang (2002). 

LINK FAILURE MODES

Short links tested at UTA exhibited a failure mode not typi-
cally observed in previous link testing. The majority of the 
UTA short links failed due to low cycle fatigue tears in the 
web originating at the termination of the stiffener to web 
weld and propagating away from the stiffeners parallel to 
the fl anges [Figure 7(a)]. In contrast, a typical failure mode 
for UCB links was web buckling followed by tearing in the 
buckled region [Figure 7(b)].

The failure mode observed in the UTA short links may 
be related to stiffener spacing. The stiffener spacing require-

ments found in past and present design provisions were de-
veloped at the end of the UCB link testing programs. The 
intent of code provisions has been to prevent web buckling 
in short links until they have reached 0.08-radian inelastic 
rotation. Since a large number of the UCB link tests in the 
1980s were conducted to investigate stiffener design crite-
ria, the majority actually did not satisfy the stiffener design 
guidelines that were eventually developed. The fact that 
few links were tested in the 1980s that satisfi ed the current 
stiffener spacing requirements may explain why this failure 
mode was not observed prior to the UTA tests. 

An analytical investigation (Richards and Uang, 2002) 
found that preventing web buckling in short links results in 
an inelastic strain distribution in the web, where the maxi-
mum cumulative strains occur in zones running parallel to 
the link fl anges with the greatest values at the link midspan 
(Figure 8). In addition, material tests of the tested links in-
dicated less ductile material near the k-area of the sections 
(Arce, 2002). The severe cyclic inelastic strain demand and 
the degraded material properties at the location of fracture 
suggest that the failure mode illustrated in Figure 7(a) is what 
may be reasonably expected for typical short links in EBFs. 
Experiments and models indicate that short links will exceed 
design inelastic rotations before experiencing such failures. 
As will be discussed later, care must be taken in interpreting 
the inelastic rotations listed in Table 2 since the loading pro-
tocol can substantially affect the inelastic rotation capacity 
obtained from experiments. Link studies, including the most 
recent, indicate closer stiffener spacing improves rotation 
capacity. While preventing web buckling changes the failure 
mode, it typically increases rotation capacity. 

        

 (a) Web Fractures Originating at Termination of (b) Severe Buckling, UCB 20
 Stiffener Welds, UTA, 4A (Arce, 2002) (Malley and Popov, 1984)

Fig. 7. Short link failure modes.
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The web fracture induced by low cycle fatigue, as ob-
served in short links, was absent in intermediate and long 
links. Instead, these links experienced strength degradation 
associated with severe buckling [see Figure 6(a)] much like 
the long links tested by Engelhardt and Popov (1989). As il-
lustrated in Figure 6(b), this failure mode was simulated by 
the fi nite element models with reasonable accuracy. Factors 
that contribute to severe buckling will be discussed shortly.

EFFECT OF EXPERIMENTAL LOADING 
PROTOCOL ON LINK ROTATION CAPACITY

Somewhat arbitrary and varying cyclic loading protocols 
were used for link testing at UCB in the 1980s. A standard-
ized loading protocol for links fi rst appeared in Supplement 
No. 2 to the 1997 AISC Seismic Provisions (AISC, 2000) 
[Figure 5(a)]. Initial UTA links were tested using this pro-
tocol (designated as “old AISC” in Figure 5 and Table 1). 
This protocol was a modifi ed version of the SAC moment 

frame protocol and was not based on a study of EBF frames. 
The AISC protocol used in the initial UTA tests was more 
demanding than any of the protocols used for link testing 
at UCB, in that it required more inelastic cycles (Figure 9) 
and step increments. A large number of short links tested at 
UTA with this protocol did not reach the rotations observed 
in UCB links and did not reach rotations specifi ed by the 
provisions (Table 2). The initial UTA tests brought attention 
to the fact that link rotation capacity is a function of the load-
ing protocol used in testing, and a rational protocol must be 
used to establish link rotation capacities for design. 

Since the old AISC protocol was a modifi ed moment 
frame protocol and not based on EBF analysis, further work 
was performed at UCSD to establish a reasonable load-
ing protocol for link testing. Time history analyses were 
performed for several EBF frames under a suite of design 
earthquakes (Richards and Uang, 2003). The loading proto-
col study determined that the 1997 AISC Seismic Provisions 
loading protocol was extremely conservative for short links, 

Fig. 8. Cumulative inelastic strains (PEEQ) at 0.08 radian in a link where web buckling is prevented 
[model of UTA 4C, Richards and Uang (2002)].

Fig. 9. Number of inelastic cycles to reach 0.08-radian inelastic rotation with various loading protocols.
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somewhat conservative for intermediate links, and reason-
able for long links (which are more similar to moment frame 
beams). A new loading protocol for testing EBF links was 
developed using the methodology employed by Krawinkler, 
Gupta, Medina, and Luco (2000) to develop the SAC load-
ing protocol for testing beam-to-column connections in steel 
moment frames (AISC, 2002, 2005a). Full details of the 
procedure to develop the new EBF loading protocol can be 
found in Richards and Uang (2003). Figure 5 compares the 
old AISC protocol with the new, “revised” protocol for test-
ing EBF links. Since the revised protocol is based on EBF 
analysis, it is believed to be more representative of demands 
arising from earthquake ground motion than the 1997 AISC 
Seismic Provisions protocol.

Five short links and two intermediate links tested with the 
1997 AISC Seismic Provisions loading protocol were du-
plicated and retested with the new protocol (designated as 
Revised in Table 1) at UTA. When originally tested with the 
old AISC loading protocol, these specimens failed or only 
barely achieved the design inelastic rotation of 0.08 radian. 
Of the seven specimens retested with the revised protocol, 
all but one specimen, 9-RLP, exceeded design inelastic ro-
tations. Figure 10 shows the shear versus inelastic rotation 
response of two nominally identical links tested with the dif-
ferent protocols. While the mode of failure was the same for 
both links, the link tested with the revised protocol, Speci-
men 4A-RLP, completed a cycle at 0.12-radian inelastic 
rotation, while the one tested with the old AISC protocol, 
Specimen 4A, failed after a cycle at 0.061 radian. 

On the other hand, one intermediate link specimen, 9-RLP, 
did not exceed the required rotation level by an appreciable 
margin. Similar to its counterpart Specimen 9, the shear re-
sistance of this specimen started to drop shortly after rising 
above the shear strength of the section, due to severe fl ange 
and web buckling. However, since Specimen 9-RLP retained 
a shear strength of 120% of its nominal shear strength at 

γp = ±0.058 radian, and the following strength degradation 
was rather gradual, the performance of this specimen was 
suffi cient to meet the rotation requirement of γp = ±0.059 
radian.

Links tested with the revised loading protocol achieved 
inelastic rotations that were from 19% to 97% greater than 
links tested with the old AISC loading protocol. The aver-
age increase in inelastic rotation using the revised loading 
protocol was 48%. Overall, the loading protocol study found 
that the protocols used in the UCB short link tests in the 
1980s were reasonably conservative. The design rotation of 
0.08-radian inelastic rotation for short links specifi ed in the 
provisions, which is based on those results, is also reason-
ably conservative. 

DESIGN ISSUES

Data from the UCSD models and UTA experimental links 
have been used to address several EBF design issues. Findings 
pertaining to four specifi c areas are discussed next: (1) im-
pact of fl ange width-thickness ratio on link rotation capacity, 
(2) impact of stiffener spacing on intermediate link rotation 
capacity, (3) impact of stiffener detailing on rotation capacity, 
and (4) impact of link section geometry on link overstrength. 
Findings in each of these areas will be summarized. 

Impact of Flange Width-Thickness Ratio on 
Rotation Capacity 

The W10�33 UTA experimental specimens had fl anges at 
the compact width-thickness limit, bf /2tf of 0.38 E Fy  = 9.15 
(Table 1). Previously, EBF link sections were required to meet 
the seismically compact limit of 0.30 E Fy  = 7.22 (AISC, 
2002). The performance of the W10�33 link specimens 
was used to evaluate the consequences of using a link with 
slender fl anges. The longer W10�33 specimens (Specimens 
6B and 7) performed very well. These specimens exhibited 

(a) UTA Specimen 4A                                                 (b) UTA Specimen 4A-RLP

Fig. 10. Response of nominally identical links tested with different loading protocols.
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fl ange buckling but signifi cantly exceeded the design rota-
tion levels before link strength dropped below the defi ned 
failure threshold (Table 2). The shorter W10�33 specimens 
tested using the old AISC loading protocol (Specimens 4A 
to 4C and 5) did not achieve their required rotations due 
to premature web fractures, as discussed earlier. However, 
when retested using the more realistic revised loading proto-
col, they signifi cantly exceeded their required rotation levels. 
Therefore, data from the W10�33 test specimens support 
the adoption of the compactness limit, which is less stringent 
than the seismically compact limit, for the link fl anges.

The W16�36 specimens had a fl ange width-thickness ra-
tio right at the seismically compact limit and also provide 
useful data on fl ange slenderness effects. Of particular in-
terest were Specimens 9 [Table 2, Figure 6(a)] and 9-RLP, 
which were W16�36 links with a length of 2.0Mp /Vp. Even 
Specimen 9-RLP, which was tested using the revised loading 
protocol, only barely achieved the design inelastic rotation 
angle. These specimens failed due to strength degradation 
associated with severe combined fl ange and web buckling 
in the link end panels. Neither Specimen 9 nor 9-RLP ex-
perienced fractures in the web, so strength degradation was 
entirely due to local buckling. The strength degradation in 
the W16�36 links appeared to result from fl ange-web lo-
cal buckling interaction. The experimental results combined 
with results from previous studies (Kasai and Popov, 1986a) 
provide strong and consistent evidence that the compactness 
limit is adequate for fl anges of short links. The questionable 
performance of intermediate links with fairly slender fl anges 
(Specimens 9 and 9-RLP) will be discussed further. 

Similar to the experimental observation discussed earlier, 
a fi nite element model for Specimen 9 also experienced 
unacceptable strength degradation due to severe local 

buckling prior to reaching the design rotation [Figure 6(b)]. 
To investigate the extent and cause of this type of perfor-
mance, a large number of fi nite element link models with 
e/(Mp /Vp) between 1.6 and 2.6 with varying fl ange width-
thickness were investigated (along with many short and long 
links). Figure 11 shows results from the UCSD parameter 
study. Short links are indicated by squares, intermediate 
links by triangles, and long links by circles. Solid shapes 
indicate models with fl ange width thickness ratios that sat-
isfy current requirements. Open shapes indicate those that 
violate the current fl ange width-thickness ratio requirement. 

In Figure 12 the link fl ange width-thickness ratio is plot-
ted against a normalized link rotation capacity. A normalized 
rotation equal to or greater than one indicates the link met or 
exceeded the design rotation capacity indicated by the AISC 
Seismic Provisions (AISC, 2005a). Figure 12 does not sug-
gest a signifi cant relationship between fl ange width-thick-
ness ratio and link rotation capacity for the links consid-
ered. A number of links (short, intermediate, and long) with 
extremely slender fl anges achieved design rotations, while 
a number of intermediate links with width-thickness ratio 
smaller than the seismically compact limit failed to reach 
the design rotation. As with the experimental data, these re-
sults justify relaxation of the fl ange width-thickness ratio for 
short links and long links. Figure 12 suggests the question-
able performance of some intermediate links is independent 
of the fl ange slenderness. It will be shown in the next section 
that the issue is related to web stiffener spacing. 

Impact of Stiffener Spacing on Rotation Capacity

Figure 13(a) shows the surfaces that defi ne the link design 
rotation in the AISC Seismic Provisions (AISC, 2005a). 

Fig. 11. Inelastic rotation capacity versus link length for fi nite 
element model links (Richards and Uang, 2005).

Fig. 12. Normalized inelastic rotation versus fl ange 
width-thickness ratio for model links (Richards and Uang, 2005).

041-054_Richards_Okazaki_2007_1Q.indd   49041-054_Richards_Okazaki_2007_1Q.indd   49 3/29/07   5:18:08 PM3/29/07   5:18:08 PM



50 / ENGINEERING JOURNAL / FIRST QUARTER / 2007

Seismic Provisions Reference

Design rotation is indicated on the vertical axis. The nor-
malized link length, e/(Mp /Vp), and the normalized stiffener 
spacing parameter, CB, are indicated on the horizontal axes, 
where 

 C
a

t

d

tB
w w

= +
⎛

⎝
⎜

⎛

⎝
⎜

⎞

⎠
⎟

⎞

⎠
⎟

1

5
 (1)

where
a =  stiffener spacing 
tw =  web thickness
d =  beam depth

Design rotations in regions A1, A2, and A3 are given by the 
provision requirement that the design rotation shall not ex-
ceed 0.08 radian for short links, 0.02 radian for long links, 
and a linearly interpolated value for intermediate links. The 
surface in region B is implied by the requirement that in-
termediate stiffener spacing should not exceed (30 5t dw − ) 
for a link rotation angle of 0.08 radian, (5 52t dw − ) for link 
rotation angle of 0.02 radian, and a linearly interpolated 
value for link rotation angles between 0.08 and 0.02 radian.

Figure 13(b) shows a two-dimensional plot of the design 
space, with link length indicated on the horizontal axis and 
normalized stiffener spacing indicated on the vertical axis. 
Dashed lines indicate the boundaries of the surfaces shown 
in Figure 13(a). The data points in Figure 13(b) show the 
locations of the model links from this study in the design 
space. All of the model links that did not achieve design ro-
tation fell in the region of the design space that is shaded in 
Figure 13(b). Regardless of fl ange width-thickness ratio, the 
links in this region did not achieve the design rotation while 
the links outside the region did. 

The failure of those model intermediate links and UTA 
Specimens 9 and 9-RLP to reach the design rotation may be 

explained by the relationship between web stiffener spac-
ing and design rotation which is assumed by the provisions 
[region B in Figure 13(a)]. This relationship is based on 
work done by Kasai and Popov for short links (Kasai and 
Popov, 1986b); Kasai and Popov extended elastic buckling 
theory for a plate in shear to the plastic case. The relation-
ship showed very good correlation with experimental links 
that yielded primarily in shear. Extension of this relationship 
to the case of intermediate links was supported by limited 
available data (Engelhardt and Popov, 1989).

The web panels at both ends of intermediate links may 
have signifi cant fl exure-shear interaction, making them sub-
stantially more susceptible to web buckling than panels un-
der pure shear. Figure 6 illustrates how the outside panels 
of an intermediate link buckle due to combined shear and 
fl exural stresses in the web and the middle panels with the 
same shear stress experience no buckling. The results of this 
analytical study and the performance of experimental UTA 
Specimen 9 and 9-RLP indicate that extending the use of 
Kasai and Popovs’ relationship to intermediate links results 
in somewhat unconservative design rotations for some inter-
mediate links. It should also be noted that link models in the 
questionable region still achieved at least 89% of the design 
rotation. It is recommended, however, that conservative stiff-
ener spacing be used for intermediate links, particularly in 
the end panels.

Impact of Stiffener Detailing on Rotation Capacity

The fi rst UTA specimen to exhibit a horizontal web fracture 
initiating at the termination of the stiffener weld was Specimen 
4A. After this failure, and based on the recommendations of 
McDaniel et al. (2003), the stiffener-to-link web welds were 
terminated at a larger distance from the fl ange in the subse-
quently tested Specimens 4B and 4C [Figure 4(a)]. In going 

 (a) Design Rotation Surfaces (b) Location of Model Links in Design Space

Fig. 13. Understanding intermediate link failures (Richards and Uang, 2005).
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from Specimens 4A to 4B, and then to 4C, the termination of 
the stiffener weld was moved progressively further from the 
fl ange. In Specimen 4C, the stiffener welds were terminated 
a distance of approximately fi ve times the web thickness 
from the k-line of the section (see Figure 4). 

The test results (see Table 2) show that larger inelastic 
rotations were achieved as the stiffener welds were moved 
further from the k-line (compare 4A with 4C). However, 
while moving the stiffener welds further from the k-line was 
benefi cial in increasing rotation capacity, it did not change 
the failure mode. For all specimens tested after Specimens 
4A to 4C, the stiffener welds were terminated a distance of 
fi ve times the web thickness from the k-line, but many still 
exhibited fractures initiating at the stiffener ends. The effect 
of the stiffener weld termination was not seen as clearly in 
the comparison between Specimens 4A-RLP and 4C-RLP. 
Nonetheless, based on observations from Specimens 4A, 
4B, and 4C, and an analytical study by McDaniel et al. 
(2003), it is recommended that stiffener welds be terminated 
a distance of fi ve times the web thickness from the k-line 
(Okazaki et al., 2005). 

Impact of Section Geometry on Link Overstrenth

Experimental tests of links made from built-up shapes (Itani, 
1997; Itani, 2002; McDaniel et al., 2003) raised concern 
about possible high overstrengths in links made of rolled 

shapes with large fl ange-to-web area ratios. W10�68 links 
were tested specifi cally to address this issue. This section 
had a ratio of fl ange to web area near the upper bound 
for rolled wide fl ange shapes likely to be used as links. 
These specimens did not show unusually large values 
of overstrength compared to other short link specimens. 
Overall, the link specimens tested at UTA exhibited similar 
overstrength values as previous tests (Figure 14) (Okazaki 
et al., 2005). 

Several fi nite element models with very thick fl anges 
and low e/(Mp /Vp) were able to achieve large overstrengths 
such as those reported for the built-up links. This was due 
to shear carried by the link fl anges after web yielding. Sig-
nifi cant fl ange participation can occur only in links with 
e/(Mp /Vp) < 1 and need not be accounted for in typical EBF 
links (Richards, 2004). Figure 14 also indicates that the 
overstrength factor of 1.5 may be especially conservative for 
intermediate links of length near e/(Mp /Vp) = 2. This is likely 
a result of neglecting the signifi cant shear-moment interac-
tion in this length range in evaluating the nominal shear, Vn 
(Engelhardt and Popov, 1989).

SUMMARY AND CONCLUSIONS

Recent experimental work performed at the University of 
Texas at Austin and analytical work performed at the Uni-
versity of California, San Diego address EBF design issues. 

Fig. 14. Link overstrength (Okazaki et al., 2005).
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From these studies, the following conclusions can be made: 

• Failure of short links constructed of A992 steel and 
designed according to current provisions is likely domi-
nated by web fractures that initiate at the stiffener weld 
termination points. Short link failures due to severe web 
buckling, as observed in past tests, was not observed 
in recent tests. Despite the change in failure mode, the 
short links were found to satisfy the inelastic rotation 
requirements. 

• Link rotation capacity can be improved by terminating 
welds connecting intermediate stiffeners to the link web 
at a distance of fi ve times the web thickness away from 
the k-line of the link section. Commentary in the 2005 
AISC Seismic Provisions recommends avoiding welding 
in the k-area. 

• The experimental and analytical studies reported herein 
as well as results from previous tests consistently support 
that the fl ange width-thickness limit of 0.38 E Fy  (com-
pactness limit) is adequate to control fl ange buckling in 
short links. However, it is not clear whether the relaxed 
fl ange width-thickness limit is justifi ed for intermediate 
and long links. The 2005 AISC Seismic Provisions per-
mit the use of the compactness limit for short links. 

• Intermediate links are susceptible to strength degrada-
tion associated with combined fl ange and web buckling. 

• Link rotation capacity is dependent on the loading pro-
tocol used for testing. The EBF protocol in the 1997 and 
2002 AISC Seismic Provisions was overly conservative. 
The revised protocol developed in this program is more 
reasonable to represent demands arising from actual 
earthquake ground motions. The link loading protocol 
in the 2005 AISC Seismic Provisions is based on the 
revised protocol. 

• ASTM A992 links have similar overstrength to A36 links 
tested in the past. The fl anges of links with e/(Mp /Vp) < 1 
may carry shear forces that should be accounted for in 
computing ultimate shear strength. 

Further details of the studies reported herein are provided 
in the references and other forthcoming publications.
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