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1. SUMMARY

Design specifications for Eccentrically Braced Frames (EBFs) provided by both the current
AISC and Eurocode (EC) 8 seismic provisions are primarily based on physical tests
conducted in the early 1980s. The tests investigated the behavior of, mostly short, EBF links
that featured an ASTM A36 steel grade (i.c., nominal f, = 250 MPa). This paper first
presents a thorough review of the ECS stiffener spacing requirements. Finally, we propose
new stiffener spacing requirements for short and intermediate length links by formulating
and solving analytically the classic plastic plate buckling problem of idealized EBF web
plates. The proposed limits are validated via continuum finite element studies. A summary
of these studies is presented.



2.  INTRODUCTION

Eccentrically braced frames (EBFs) concentrate inelastic deformations in a specific portion
of the beam, referred to as the “/ink” hereinafter. Due to their large potential for
prefabrication and accelerated construction, interest in implementing EBFs in practice was
noticed after the 2010-2011 earthquake series in New Zealand [1]. Since then, further
research on EBFs has been carried out, particularly on replaceable links [2-6].

Depending on the employed design and detailing criteria, the maximum inelastic rotation
angle, Ypmax, Of the EBF link should meet pre-established plastic deformation capacity
limits. Referring to Fig. 1a, ¥p max 1s defined as the maximum inelastic rotation angle at
which the EBF link sustains at least one full cycle of loading before its shear resistance drops
to 80% of the maximum recorded shear demand, V;,,,4. Moreover, the design of the adjacent
non-dissipative structural elements, is based on capacity design principles that mobilize the
associated overstrength, (), which is defined as the ratio of the maximum developed shear
force over the expected shear strength, 1, = max [Vp ;2My/ e] where e is the link’s length,
M, is its plastic flexural resistance, and V}, is its plastic shear resistance. The definitions of
Ypmax and € are provided schematically in Fig. la. The geometric parameters used
hereinafter are defined in Fig. 1b.
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Figure 1a: Definitions of overstrength and Figure 1b: Definitions of geometric parameters

inelastic shear distortions at 20% loss of the peak for EBF links.
strength of links.

Links are classified as short, intermediate, and long based on the developed plastic
mechanism. The three categories are defined in Fig. 2 according to AISC-341-16 [7] and
EN1998-1 [8]. There is a difference between EN1998-1 and AISC-341-16 regarding the
upper bound of intermediate length links. According to AISC-341-16, a link is considered
to be intermediate when 1.6 < e/ (Mp / Vi,) < 2.6. Engelhardt and Popov [14] tested A36
links close to 2.6 My, /V, and noticed a strong influence of the inelastic shear deformation on
the link behavior. As such, they suggested that the transition length range from shear-
dominated to flexural-dominated behavior be taken as 1.6 < e/ (Mp / Vp) < 3.0. EN1998-1
followed this suggestion. Hereinafter the EN1998-1 bounds are considered. Fig. 2 shows
that the vast majority of the tested EBF links are in the short length range, whereas, to date,
limited experimental data are found for intermediate (1.6 < e/ (Mp / l/i,) < 3.0) and long



length links (e/ (Mp / Vp) > 3.0). The maximum permitted design inelastic rotation angles
per EN1998-1for the design of EBF links is given as follows:
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Fig. 2 Attained inelastic rotation angles of 224 tested links along with the classification of links
based on their dimensionless length.

In this paper, we propose limits of stiffener spacing requirements for short and intermediate
length EBF steel links within the framework of EN1998-1. The proposed limits have been
developed on the basis of a numerical solution of the inelastic plate buckling problem and
have been verified and refined by means of numerical simulations through continuum finite
element (CFE) analyses of characteristic link geometries. Links designed according to the
proposed stiffener spacing requirements can attain the ypq max of the respective length.

3.  BACKGROUND ON INTERMEDIATE STIFFENER REQUIREMENTS
USED IN EN1998-1

For short links (i.e., e < 1.60M,,/V},), inelastic shear buckling of the web and ultra-low-cycle
fatigue are the most governing failure modes. Transverse web stiffeners are used to control
inelastic web buckling in short links, thereby enhancing their ability to dissipate hysteretic
energy during seismic events. Semi-analytical and experimental studies on isolated links
were carried out in 1980s [9-14]. These resulted in the first design procedures for EBFs.
Malley and Popov [10] first proposed stiffener spacing requirements for links. Kasai and
Popov [12] employed the classical problem of inelastic plate buckling theory with a semi-
empirical method [15] and revised the above requirements. The simple rule proposed by
Kasai and Popov [12] was incorporated in EN1998-1 for short links in the following form:

dpaner < min|[52 — 366.7(ypq — 0.02) ; 52]t,, — h/5 )

where ypq is the targeted design inelastic rotation angle, which shall not be greater than
Ypd,max- During 2002 to 2005, a series of EBF tests were conducted at the University of

Texas at Austin [16], i.e., the UTA tests. This study suggested that the established stiffener
spacing requirements at that time may be conservative. These findings were further
substantiated by more recent studies [17].



In long links, failure mechanisms typically involve coupled web and flange local buckling,
and/or lateral torsional buckling. Engelhardt and Popov [14] studied intermediate and long
links that featured A36 (i.e., nominal f,, = 250 MPa) steel cross sections. They found that
locating stiffeners near the ends of long links delays lateral torsional buckling. Also, they
noticed that the onset of flange local buckling is not substantially delayed, although the
initiation of flange buckling in a stiffened long link is not concerning. Furthermore, they
proposed that placing stiffeners too close to the link ends may be disadvantageous by
constraining flange buckles within a small region. As such, they proposed a design rule and
located transverse stiffeners at a distance 1.5b; away from the link ends. Conversely, for
intermediate length links, since shear buckling of the web can occur along with flange
buckling and/or lateral torsional buckling, they suggested the use of stiffener spacing
requirements for long links along with the stiffening of the web within the remaining central
portion. Moreover, they noted that the use of stiffener spacing criteria for the remaining
central portion of short links appears to be conservative. The above recommendations, which
were not meant to be final, were only based on limited test data [18]. However, placing
stiffeners at dggfwl = 1.5b; while the remaining part of the link is ‘stiffener-free’ was
adopted by EN 1998-1 for long links. The same seismic provisions require that the web
stiffener spacing of intermediate length links should meet the requirements of short and long
links.

Richards and Uang [19] found that many intermediate links did not achieve the targeted
Ypdmax- They attributed this behavior to the associated web stiffener spacing. They also
stated that (a) it seems somewhat nonconservative to extend the web stiffener spacing
developed for short links to intermediate length links; and (b) the flexure—shear interaction
may be appreciable at the web end panels, thereby triggering web buckling. Daneshmand
and Hashemi [20] reported that some intermediate links did not meet the required inelastic
rotation capacities as per AISC-341-16 [7]. They also reported that: (a) the use of double-
sided web stiffeners significantly increased the rotation capacity of intermediate length links
relative to their one-sided web stiffener counterparts; (b) narrowly spaced stiffeners would
increase the rotation capacities of intermediate links; and (c) the ¥, max becomes sensitive to
the web slenderness ratio. More recently, Skretas et. al [21] showed through CFE analysis
that many intermediate links designed for the maximum permitted inelastic rotation angle
per AISC-341-16 did not achieve the required design rotation.

4. PROPOSED NEW STIFFENER SPACING LIMITS FOR EBF LINKS

The proposed limits for the intermediate stiffener spacing are described by the following
design equation:

1541/(hw/tw)? *
dpanel < Apanelmax — \/|,J.*—1155/(hw/tw)2 ’ hW/tW > (hW/tW) (3)
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The above design equation has been developed via a rigorous numerical solution of the
inelastic plate buckling of a rectangular plate. The deformation theory of plasticity [22]
based on (a) small strain approximation; and (b) first-order shear deformation theory [23]
for the plastic buckling analysis of a plate subjected to pure shear were adopted. The
Ramberg—Osgood constitutive relationship was used for the steel plate material [24]. The



w', x* and (hy,/t,)" coefficients are defined in [25] using the parameters T.,/0.6f; and
Ap,cr Where @p, o = Opena/0cr and f, the nominal yield stress.

In short links, the parameters are constant with @, =0 and 7../0.6f, = 1.30. An
additional constraint for short links is that the end panels shall have a width less or equal to
the 80% of the inner panels (d°"%,, < 0.80 d™1e") [26].

panel = panel

In intermediate links the 7., /0.6f,, is defined as follows:

1.15 — 0.25[e/(M,/V,) — 2.00], 1.60 < e/(M,/V,) < 2.00

T /0.6f, = - )
/00y =039 4 152[e/(Mp/%)] e/(M,/V,) > 2.00

while 0,.,4 and o, are estimated by the following equations:

Gbend/fy = 0338/(Mpévb) _

Ocr/fy = —3.26 + 4.2545°%7 — 0.092, (5)
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A basic difference between short and intermediate links is that in the former the inner
stiffeners shall be equally spaced while in the latter Eq. (3) is applied to every panel. For the
inner panels of intermediate links 6,,,4 is reduced by the following equation:

e—Zi-__l 2d i
_ j=0 panel,j
Gbend,i — Obend (6)

e
where i > 0. Subscript 0 on 6,4, corresponds to end stiffeners, 1 to the next ones to the
end stiffeners and so on. d,qne ; are the applied panel widths for each panel, i.e., dygnero
are the applied dpqne; to the end stiffeners and so on. Applied stiffener spacings have to be
symmetric around the center of a link. An additional constrain for intermediate links is that
@y, o parameter is upper bounded by the value of 0.75.
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Figure 3a: Achieved shear distortion of short links Figure 3b: Achieved shear distortion of
designed according to the proposed rule. intermediate links designed according to the

proposed rule.



The proposed rules for short and intermediate links were verified through CFE analyses [25,
26]. The considered simulation cases featured short links with 12.0 < h,, /t,, < 53.5 and
5.2 < by [ty < 9.2 [26], whereas intermediate length links featured 16.7 < h,, /t,, < 54.7
and 5.9 < by /ty < 8.5. The results are depicted in Fig. 3. All 18 short links attain the
maximum permitted inelastic rotation of 0.08 rad (Fig. 3a). On the other hand, nine out of
78 intermediate length links did not attain the maximum permitted inelastic rotation angle
as per EN1998-1. Links with h,,/t,, > 50 and/or bs/2t; > 8.4 exhibited unacceptable
cyclic performance.
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5.  CONCLUSIONS

In the present study we proposed new stiffener spacing requirements for both short and
intermediate length links in the design framework of EN1998-1 [8]. The stiffener distances
that were examined correspond to the maximum permitted inelastic rotation angle as per
EN1998-1. The proposed rules have been developed based on a rigorous numerical solution
of the inelastic plate buckling problem and were verified through finite element analyses
[25, 26]. All short links achieved the inelastic rotation angle of 0.08 rad while some
intermediate links failed to achieve the required rotation angle. The proposed rules should
be further examined via complementary experimental studies both at the material and
member level.
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IHEPIAHYH

O mpoduaypaég yo Toug cuVoEsovG e kkevepa mAaicia (EBF) mov mapéyoviot 1060 amd
TG TPEYOVOEG GEICUIKES d1oTaEEIS TOL Apepikavikov kavoviopob AISC-341-16 660 kot amd
tov Evpokddika 8 Bacilovtol o€ TEPAUOTIKEG SOKIUEG TTOV TPAYLLOTOTOMONKAY OTIG apyEg
¢ dekoetiog tov 1980. Ou dokipég depehvnoav TN GLUTEPLPOP, Kupimg PBpoyiwv,
ovvdéopwv EBF mov and moiomra ydAvfo ASTM A36 (dniaon ovopactiky f, = 250
MPa) kot Apepikavikeg Ol0TORES. XTnV  TOPOLGO  dnUocicvor mapovcstaletal o
AENTOUEPNG OVOCKOTNOY TOV OTOUTGEMV Yo TIG £YKAPOLES vevpdoelg tov EC8. Télog,
TPOTEIVOVE VEEG ATALTIGELS Y10 TIS OTOGTACELS TV VELPDOGEWV Yo Ppayeic GVVIEGHOVG
KOl GUVOEGHOVG €VOLAUESOL UNKOLS. Ta Opla AVTE EMKLPOVOVTOL HEGHD UM YPOUUKOV
AVOADGE®V [LE GLVEYT TEMEPACUEVO GTOLYELD.



