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Abstract

This report describes an experimental investigation and associated studies on the behavior of

long, flexural yielding links in seismic-resistant Eccentrically Braced Frames (EBFs). EBFs pro

vide ductile behavior under severe earthquake loads by restricting yielding to beam segments

called "links". Short, shear yielding links are preferred because of their demonstrated excellent

plastic rotation and energy dissipation capacities. Longer, flexural yielding links, however, can

offer important architectural advantages and have been used on a number of recently constructed

EBFs. Little experimental data has been available on the behavior of long links under cyclic load

mg.

The central focus of this report is an experimental investigation on fourteen 2/3 scale

subassemblages subject to cyclic loads. The subassemblages model a portion of a single-diagonal

EBF with the links attached to the columns. The testing program showed that the dominant

failure mode for long links attached to columns is fracture of the link flange at the link-ta-column

connection. Based on this experimental program, the recommendation is made that long links

attached to columns not be used in EBFs. The test results suggest, however, that long links

located between two braces can provide acceptable performance, although short links are still pre

ferred for best overall performance.

Because of the very high axial force and bending moment typically carried by the beam seg

ment outside of the link, this member can buckle before link inelastic rotation is fully developed,

with a consequent loss in the overall system performance. Problems with the beam can be avoided

by adhering to capacity design principles. A preliminary design procedure based on capacity

design concepts is developed for the beams and braces of an EBF.

Based on the findings of this investigation, combined with the results of previous EBF

research, preliminary design recommendations are provided for the use of long links not attached

to columns. Included are recommendations on the design yield strength, ultimate strength, plastic

rotation capacity and stiffening requirements for long links. The testing program has also demon

strated the suitability of selected brace-to-link connection details for use in EBFs with long or short

links.
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1. INTRODUCTION

1.1 GENERAL

Seismic resistant eccentrically braced frames (EBFs) are a lateral load resisting system for

steel buildings that are capable of combining high stiffness in the elastic range with good ductility

and energy dissipation capacity in the inelastic range. EBFs can be viewed as a hybrid between

conventional concentrically braced frames (CBFs) and conventional moment resisting frames

(MRFs), attempting to combine the individual advantages of each system (the stiffness of CBFs

and the ductility of MRFs) while minimizing their respective disadvantages (the poor ductility of

CBFs and the sometimes inadequate elastic stiffness of MRFs). The distinguishing characteristic

of an EBF is that at least one end of every brace is located so as to isolate a segment of beam

called a link. Figure 1.1 illustrates some common EBFs, with the link lengths identified by the

letter e.

Although eccentric bracing is not a new concept for wind bracing, its application to seismic

resistant construction is very recent. Extensive research on seismic resistant EBFs began only in

the mid 1970's [1,2] while the first major buildings incorporating EBFs as part of their seismic

lateral resisting systems were constructed in the early 1980's [3,4]. Since then, application of EBFs

in practice has developed rapidly. Requirements covering design and detailing of EBFs have also

only recently been put into code format. Detailed provisions covering EBFs have been included in

the most recent update of the Structural Engineers Association of California's (SEAOC) Recom

mended Lateral Force Requirements [5], which with minor revisions has been adopted by the 1988

Uniform Building Code [6]. In its most recent update of the NEHRP (National Earthquake Hazard

Reduction Program) Recommended Provisions for the Development of Seismic Regulations for New

Buildings [7], the Building Seismic Safety Council (BSSC) moved EBF requirements from the

appendix to its main body as a fully recognized and approved structural system. The American

Institute of Steel Construction (AISe) has also recently drafted tentative seismic provisions for steel

buildings [8], including detailed provisions for EBFs.

The viability of eccentric bracing for seismic resistant construction is based largely on the

system's stable and predictable inelastic behavior under cyclic lateral load. In a well designed

EBF, inelastic activity under severe cyclic loading is restricted primarily to the links, which are

designed and detailed to sustain large inelastic deformations without loss of strength. The links

act as a ductile fuse, dissipating energy through stable hysteretic behavior, while limiting the forces

transmitted to the braces, columns, and beam segments outside of the links. The design goal of

restricting yielding to the links is implemented through the application of "Capacity Design" con

cepts. With this approach, the links are sized for code specified seismic lateral loads. All other

frame members, however, are not designed for code level seismic forces, but rather for the forces

generated by the fully yielded and strain hardened links. That is, all other members are designed
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for the capacity of the links. By making the link the weakest element of the frame, the designer

can force the yielding to occur in the ductile link elements while preventing non-ductile failure

modes such as brace buckling.

Clearly, the link is a critical element affecting the inelastic behavior of EBFs. In turn, a criti

cal factor affecting the inelastic behavior of the link is its length. The link's yielding mechanism,

energy dissipation capacity, and ultimate failure modes are all closely tied to its length. For very

short links, shear dominates inelastic link behavior, whereas for very long links, flexure dom

inates. Within an intermediate length range, both shear and flexural yielding significantly affect

link behavior.

Previous research on EBFs has included tests on isolated links [9,10,11,12] and on model

frames and subassemblages tested pseudo-statically [1,13,14,15,16], on a full-scale six story build

ing tested pseudo-dynamically [17], and on two reduced scale buildings tested dynamically on an

earthquake simulator [18,51]. The great majority of EBF research to-date, both experimental and

analytical, has been concerned with the short shear yielding links. Previous researchers have

pointed out the advantages of short links in stiffness, strength, and energy dissipation capacity

[1,9,14], and have recommended the exclusive use of short links in EBFs.

Objective • The seismic resistant EBF system, as conceived and developed over the last

decade, is based on the use of short shear yielding links. Nonetheless, a number of recently con

structed tall steel buildings have incorporated EBFs with long links, well beyond the range of pre

vious experimental research. Further, the recently developed EBF model codes noted earlier per

mit the use of long links, despite the lack of experimental research in this length range.

A sometimes important benefit of eccentric over concentric bracing is the greater architectural

freedom permitted with EBFs. The offset braces in EBFs provide spaces for doors, windows, or

other openings in the frame. By using short shear yielding links, the space made available by the

link is not always sufficient to accommodate the needed architectural openings. In such instances,

long links offer an important advantage. Architectural and functional constraints calling for large

openings in braced bays are the primary incentive for long links in EBFs. As discussed later,

varying link length may permit a designer to manipulate frame stiffness within a limited extent.

This provides additional potential incentives for long links.

The apparent need for long links in EBFs in certain applications coupled with the lack of

experimental data in this length range provides the motivation for this study. Although previous

research has demonstrated the superior performance of short links, longer links may still provide

acceptable performance in a limited range of EBF applications. The overall objectives of the study

described in this report are to provide an assessment of the key issues affecting the use of long

links in EBFs, to identify the potential range of applicability of long link EBF systems and to

develop preliminary design recommendations for EBFs with long links.
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In the remainder of this chapter, some basic characteristics of EBFs are briefly reviewed.

Some of the key issues affecting the use of long links are then identified. Finally, the complete

scope of this study is described.

1.2 BASIC CHARACTERISTICS OF EBFS

This section reviews some basic characteristics of EBF behavior, with an emphasis on the

effects of link length to span length ratio, elL, on overall frame behavior. The kinematics of a

plastically deformed EBF are reviewed to demonstrate the important effect of the elL ratio on link

plastic rotation demand. Static equilibrium of an isolated link is then considered to clarify the

concept of a short versus a long link.

Frame Stiffness

Previous research on EBFs has identified the important effects of the elL ratio on global

frame stiffness and strength. Hjelmstad and Popov [9] demonstrated the effect of the elL ratio on

the elastic stiffness of two simple EBFs, as shown in Fig. 1.2. The plots demonstrate the full range

of possible lateral frame stiffnesses, from a moment resisting frame at elL = 1.0, to a concentri

cally braced frame at elL = O. Clearly, to obtain the maximum benefit from the bracing, elL

must be kept small. However, as discussed later, elL cannot be made too small because the plastic

rotation demand on the link becomes excessive.

Figure 1.2 suggests the interesting possibility of using link length for manipulating, to a lim

ited extent, the stiffness of a building. For example, in a dual EBF-MRF system, it may be possi

ble to achieve a more equitable sharing of lateral load between the two systems by "tuning" the

stiffness of the EBF to be closer to that of the MRF. This same concept could presumably be used

to move to fundamental period of vibration of a structure away from a peak in the response spec

trum for a particular site. It must be recognized however that the actual variation of stiffness with

elL will typically be considerably less than illustrated in Fig. 1.2, as code imposed drift limitations

will require a minimum elastic stiffness.

Frame Strength

In addition to influencing elastic stiffness, the elL ratio also has an important effect on the

strength of an EBF under lateral load. Kasai and Popov [14] computed frame strength as a func

tion of elL, based on simple plastic theory (no strain hardening and no moment-shear interaction)

and based on the assumption that plastic hinges occur only in the links. The result, in slightly

modified form, is shown in Fig. 1.3. Frame capacity is normalized by the quantity 2Mp lh which

represents the strength of an MRF. Frame strength rapidly increases with decreasing elL, until it

is limited by the fully plastic shear capacity of the links. This region of frame behavior is

represented by the horizontal lines in Fig. 1.3. The value of elL at which link shear capacity
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controls frame strength depends on the ratio of (2Mp lVp )IL. As discussed later, e = 2Mp lVp

represents the dividing line between a shear yielding and a flexural yielding link for simple plastic

theory. Mp = ZFy is the fully plastic moment of the W section and Vp = .55Fy dtw is the fully plas

tic shear capacity. Fy is the steel yield strength, Z is the plastic modulus, d is the overall beam

depth, and tw is the web thickness.

It is evident from Figs. 1.2 and 1.3 that for a given span length L, a small elL ratio is

advantageous for maximizing both stiffness and strength of the frame. However, it must be recog

nized that the effects of elL illustrated in Figs. 1.2 and 1.3 represent idealized situations for small

frames, assuming constant member sizes as elL is varied. The actual effects will depend on many

factors, including building height and code imposed drift limitations. However, these figures are

representative of the significant trends in behavior as elL is varied.

Energy Dissipation Mechanisms

In EBF design, it is necessary to estimate the plastic rotation demand on the links. This

number is then compared to an estimate of the plastic rotation that the links can supply. From a

design point of view, a simple but useful technique for estimating link plastic rotation demand is

by the use of Energy Dissipation Mechanisms (EDMs), constructed by assuming rigid-plastic

behavior of the frame members. In traditional static plastic frame analysis, such mechanisms are

usually known as Collapse Mechanisms [19], since the formation of a mechanism implies failure of

the structure. In such cases, the designers goal is to prevent the formation of a mechanism.

Under dynamic earthquake loads, however, the formation of a mechanism does not imply failure

or collapse, but rather is a means of dissipating earthquake energy input to the structure. In this

case, the designer's goal is not to prevent the formation of a mechanism, but rather to control the

location of the plastic hinges in the mechanism (through application of capacity design concepts)

and to assure that the plastic rotation demands at these hinges are not excessive. Accordingly,

Collapse Mechanism is not an appropriate term for seismic resistant design.

Figure 1.4 illustrates EDMs for an MRF and for several EBFs. In this figure, a black circu

lar dot indicates a plastic flexural hinge and the cross-hatched lines indicate a plastic shear hinge.

These mechanisms assume that plastic hinges, shear or flexural, form only in the links (with the

exception of the first story column bases). In each case, 6p represents the plastic frame drift. For

the MRF, the plastic rotation demand at the beam plastic hinges is also 6p • For the EBFs, how

ever, the plastic rotation demand on the links is much larger than 6p and can be determined from

the geometry of the mechanism as shown in Fig. 1.4. For most EBF types, the plastic rotation

demand on the links, 'Yp , can be estimated from one of the following two equations:

L
'Yp = -;-6p (l.la)

L
'Yp = 2;6p
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Equation lola is applicable to the EBF types in Figs. l.4b, c and d containing one link at each

floor level. Note that the same equation applies regardless of where the link is placed within the

span. Equation 1.1b is applicable to the EBF type in Fig. l.4c containing two links at each floor

level. The reduced link rotation demand for the same frame drift is an advantage of this EBF

type.

Based on the simple concept of EDMs, the plastic rotation demand on the link depends only

on frame geometry CEq. 1.1), and is the same whether the link yields in -shear or in flexure. The

symbol "y has typically been used to denote link rotation, reflecting the importance of shear yield

ing in supplying plastic rotation of short links. In long links, the plastic rotation is supplied pri

marily through flexural yielding and therefore the symbol "y may no longer be appropriate. Typi

cally, the symbol 6 or 6p is used to denote rotations at beam flexural hinges. However, to avoid

introducing new symbols, "y will be used to represent link rotation, regardless of link length or

yielding mechanism.

Figure 1.5 is a plot of link rotation demand, normalized by story drift, versus elL ratio for

the EBF mechanisms illustrated in Figs. l.4b, c, and d. This plot demonstrates the rapid growth

in rotation demand as elL decreases. Past research has demonstrated that large plastic rotations

can be supplied by short shear yielding links [9,11,14,16]. Links can not be made too short, how

ever, or else the rotation demand becomes excessive, even for a shear yielding link. Although

longer flexural yielding links may be unable to supply large plastic rotations, as Fig. 1.5 illustrates,

the rotation demand is also likely to be less. For example, increasing elL from 0.1 to 0.2 reduces

link rotation demand by one half.

For certain EBF configurations, particularly those with long links, the mechanisms illustrated

in Fig. 1.4 may not be achieved. Rather, a mechanism with hinges in the beams and braces, just

outside of the links, may control frame behavior in the plastic range. The implications of such a

mechanism will be considered later in this report.

Forces in Beams and Links

Typical distributions of bending moment M, shear V, and axial force P in the beams and

links of an EBF under lateral load are qualitatively illustrated in Fig. 1.6. Two common eccentric

framing arrangements are considered. From this figure, it is clear that the link is subject to high

shear force along its entire length, high end moments, and generally low axial force. The beam

segment outside of the link, on the other hand, is dominated by high axial force and a large bend

ing moment at the end nearest the link.

Forces acting on an isolated link, and the relationship between shear force and bending

moment in the link based on static equilibrium are illustrated in Fig. 1.7. In the case where link

end moments are equal, then Ma = Mb = M, and the equation of statics reduces to V e = 2M. If

one now assumes simple plastic theory, i.e., no strain hardening and no M -V interaction, it is
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simple to derive that a link length of e = 2Mp lVp is the theoretical dividing line between a link

that yields in shear and one that yields in flexure. Thus, based on simple plastic theory, if

e < 2 MplVp , the link shear will reach Vp before both end moments reach Mp , and the link will

yield in shear, forming a shear hinge. On the other hand, if e > 2MplVp , the link end moments

will reach Mp , fonning flexural hinges at both ends, before the link shear reaches Vp '

Real behavior of links, however, cannot be adequately characterized by simple plastic theory.

Experiments clearly show the importance of strain hardening in links, with ultimate shear strengths

on the order of 1.5 Vp expected for short stiffened links [9,11,13,16]. One implication of this

strain hardening is that there is no clear dividing line between a shear yielding and a flexural

yielding link. Instead, both shear and flexural yielding occur over a broad range of link lengths.

Another important implication of strain hardening is that bending moments considerably in excess

of Mp can be developed at the link ends. In order to assure that link behavior is controlled by the

more desirable shear yielding mechanism, Kasai and Popov [13] recommend that link length com

ply with the following equation:

(1.2)

This equation is based on the requirement that link end moments should be limited to 1.2Mp to

avoid high bending strains that may lead to severe flange buckling or to failure of link flange to

column welds. Thus, from the statics of Fig. 1.7, if the link end moments are limited to 1.2Mp

and the link shear is assumed to reach 1.5 Vp , then the limiting link length is

e = 2(1.2Mp )/1.5Vp = 1.6Mp1Vp . At present, Eq. 1.2 represents the recommended basis for link

lengths in EBFs. For the purposes of this report, any link satisfying Eq. 1.2 will be called a short

link, whereas any link exceeding this limit will be called a long link.

To summarize, it is apparent from the above discussion that short links, or more accurately

small elL ratios, have the advantage of providing high frame stiffness and strength. Small elL

ratios incur very high link rotation demands, but the ability of short links to supply these high

plastic rotations through shear yielding is well established. Larger elL ratios, while providing less

stiffness and strength, also incur smaller link rotation demands. Finally, it must be recognized

that a small elL ratio does not necessarily imply a short link. The length criteria of Eq. 1.2

depends on beam section properties, whereas the elL ratio does not. A long link with a small elL

ratio is therefore possible, and thus for certain W sections and span lengths, a long link with a

very high rotation demand is possible.



7

1.3 KEY ISSUES AFFECTING THE USE OF LONG LINKS

In this section, some of the important issues affecting the use of long links in EBFs are iden

tified and briefly discussed. The emphasis is primarily on those issues considered in this study.

Yielding and Failure Mechanisms in Long Links

Before considering the use of long links in EBFs, it is important to recognize the completely

different yielding and failure mechanisms in long and short links. In a very short link where little

or no flexural yielding occurs, say e = Mp/Vp , link post yield behavior is dominated by develop

ment of large inelastic shear strains in the link web. Because the shear force is constant over the

length of the link (Fig. 1.6), these inelastic shear strains are expected to be fairly uniformly distri

buted over the length of the link. Further, the occurrence of shear yielding limits the magnitude

of the link end moments and precludes the development of high bending strains at the link ends.

On the other hand, in a very long link where little or no shear yielding occurs, say e = 3 MplVp ,

link post yield behavior is dominated by large, non-uniformly distributed inelastic bending strains

concentrated at the link ends, with the remainder of the link staying elastic. There is, of course,

an intermediate range of link lengths, perhaps in the area of 1.6Mp/Vp to 3 Mp/Vp , where both

shear and flexural yielding significantly affect link behavior. This length range can be considered

a transition from the shear dominated to the flexurally dominated ranges of behavior.

Because of the completely different yielding mechanisms, one would anticipate that the

strength and plastic rotation capacity of short and long links will be limited ultimately by different

failure modes. For short links, inelastic shear buckling of the web has been typically observed as

the controlling failure mode. Web shear buckling can be substantially delayed by stiffening the

web of the link, and much of the past EBF research has been directed towards developing stiffener

spacing criteria for short links [20]. For long links, failure mechanisms typically associated with

large flexural deformations are anticipated, i.e., some combination of flange buckling, compres

sion web buckling, and/or lateral torsional buckling. In addition, because of the very high bend

ing strains developed at the ends of long links, the possibility of fracture at welded connections at

the link ends must be considered as a potential failure mode. An important goal of link design

and detailing is to delay various failure modes until sufficient plastic rotation is developed. It is

therefore important to recognize the different controlling failure modes in short versus long links.

Again, one would expect a transition range of link lengths where both shear and flexural failure

modes, perhaps with some interaction, are possible.

Plastic Rotation Capacity of Long Links

The ability of a link to sustain large plastic rotations without loss of strength is a primary

requirement of a seismic resistant EBF. As noted above, plastic rotation demands on links can be

estimated by the use of EDMs, as in Figs. 1.4 and 1.5, and may be as much as 5 to 10 times

greater than the plastic rotation demand on a beam in an MRF. Supplying these large plastic
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rotations is a critical issue for EBFs.

The plastic rotation capacity of short links (Eq. 1.2) is well established. Numerous experi

ments have demonstrated that a properly stiffened short link can sustain plastic rotations up to

'Yp = ± .10 rad. under cyclic load or up to 'Yp = .20 rad. under monotonic load [9,11,14,16].

Furthermore, this rotation capacity can be accurately and reliably predicted [20].

The plastic rotation capacity of long links, on the other hand, is a very poorly understood

problem. Because of the completely different yielding and failure mechanisms in long links, it is

apparent that the large rotations typical of short links cannot be expected of long links. Further,

there is little experimental data available for long links. A review of past EBF research indicates

that of approximately 80 links tested to-date, either as isolated links or as part subassemblages or

frames, only six links have exceeded the length criteria of Eq. 1.2. These six were tested by

Hjelmstad and Popov [9] as isolated links under conditions of equal end moments. The longest

link in this group was a W12x 22 section, 36 inches in length (nominal e = 2.15Mp IVp ). Even

these six links were therefore in the length range still heavily influenced by shear deformations.

No previous experimental data are available in the length range dominated by flexural yielding

(e > 3 MplVp ).

The limited experimental data available for cyclically loaded beams for MRF applications

may be considered to provide some guidance on the plastic rotation capacity of long links. For

example, cyclic tests on beam-column subassemblages by Popov and Stephen [21] showed plastic

rotations on the order of ± .015 rad. up to about ± .03 rad., with the higher values being

achieved with all welded beam-to-column connections. This may suggest that similar rotations are

possible in long links, since both long links and beams in MRFs supply plastic rotation by flexural

yielding. However, such tests for MRF applications are conducted under conditions of much

lower moment gradient than is typical of links, and therefore these data are not directly applicable

to the problem of long link rotation capacity.

It is instructive to consider the significance of moment gradient in the problem of flexural

rotation capacity by the simple example illustrated in Fig. 1.8. Two simple end loaded cantilevers

are considered, one being three times the length of the other. The 20 inch cantilever may be

viewed as one-half of a long link, whereas the 60 inch cantilever is perhaps more typical of a beam

in an MRF. Each cantilever in Fig. 1.8 is loaded so as to produce a flexural plastic rotation angle

of .02 rad., based on the simple bi-linear moment-curvature relationship of Fig. 1.8a. Plastic rota

tions are computed as the area under the inelastic portion of the curvature diagrams (the cross

hatched areas). This simple example demonstrates a very important point. That is, as the beam

length is decreased (and moment gradient is increased), yielding is confined to a smaller region at

the end of the beam, resulting in the need for higher curvatures and therefore higher bending

strains to supply the same plastic rotation. For this particular example, the maximum curvature
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developed in the 20 inch cantilever (the "long link") is nearly double that in the 60 inch cantilever

(the "MRF beam") for the same plastic flexural rotation of .02 rad. Note that the length of the

yielded zone in the 20 inch cantilever is only about half of that in the 60 inch cantilever.

As beam length decreases, ever higher bending strains are required to develop the same flex

ural plastic rotations. An important consequence of these higher bending strains is the increased

possibility of fracture at welded connections at the member ends. Further, the reduced length of

the yielded zone affects the problems of flange buckling and lateral torsional buckling in flexural

yielding members. Because of these higher bending strains and shorter yielded lengths, flexural

yielding links must be considered as significantly different from flexural yielding beams in MRFs.

Rotation capacity predictions based on MRF beam tests cannot be directly applied to long links.

Note that at some point as beam length is decreased, shear yielding will commence and will contri

bute plastic rotations through inelastic shear straining. After this point, any further reduction in

member length will reduce bending strains by limiting the member end moments.

To summarize, the mechanisms for supplying plastic rotations in long links differs both from

that in short links as well as from that in MRF beams. Developing a reasonable estimate of long

link plastic rotation capacity based on experiments accurately simulating long link conditions is a

central issue affecting long link use in EBFs.

Long Link Stiffening Requirements

As noted earlier, short links typically fail by inelastic shear buckling of the web. This failure

mode, first noted in EBF tests by Manheim [15], was a subject of several subsequent experimental

investigations on short links [9,11,14]. This work culminated in the development of definitive stif

fener spacing criteria by Kasai and Popov [20]. Combining classical plastic plate buckling theory

with all available experimental data, a remarkably simple and accurate rule was developed relating

stiffener spacing to the available plastic rotation up to the onset of web inelastic shear buckling:

d
a = 29tw - '5 for 'Yp = ± .09 roo (1.3a)

d
a =38t -w 5

da =56t -w 5

for 'Yp = ± .06 roo

for 'Yp = ± .03 roo or less

(1.3b)

(1.3c)

In these equations, a is the distance between equally spaced stiffeners, d is the beam depth, and tw

is the web thickness. For intermediate values of 'Yp' it is appropriate to interpolate. These equa

tions correlate very closely with the available experimental data for short links [20].

Based on the earlier work on short links by Hjelmstad and Popov [9] and Malley and Popov

[11], it was observed that stiffeners on only one side of the web are adequate for links of moderate

depth. It was also observed that partial depth stiffeners, welded to the web but not to the flanges,
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were nearly as effective as full depth stiffeners. The model EBF codes [5,7,8] incorporated the

first observation by permitting one sided stiffeners for links less than 24 inches in depth. Deeper

sections require two sided stiffeners. The model codes also require that full depth stiffeners,

welded to the web and both flanges, be used in all cases. Though the primary function of the stif

feners in a short link is to reinforce the web, full depth stiffeners provide additional restraint

against flange buckling and lateral torsional buckling of the link.

Whereas stiffening requirements are now well established for short links, considerably less is

known about stiffening long links. Since different forms of local instability are expected for long

links, different stiffening criteria are also likely needed. In the very long, purely flexural yielding

length range, web shear yielding is not anticipated and therefore stiffening of the web may not be

needed. The predominant forms of local instability expected in such long links are flange buck

ling and lateral torsional buckling, and stiffeners must be located to delay these failure modes.

Limited experimental data indicates that proper stiffening may be eff~ctive in delaying local

instability of long links. In the previously mentioned test by Hjelmstad and Popov [9] on a long

W12x22 link, the addition of stiffeners near the link ends nearly doubled rotation capacity.

Recent monotonic tests by Kemp [22] on simply supported beams showed that stiffeners increased

rotation capacity by two to four times. Stiffeners in flexural yielding members, in addition to res

training flange buckling, also significantly increase the torsional stiffness of a W section [24] and

thereby inhibit lateral torsional buckling. Clearly, such stiffeners must be full depth to be fully

effective.

It may be postulated that the most effective location for stiffeners in long links is near the

half-wavelength point of the flange buckle. Based on Lay's well known theory on flange buckling

[25], the half-wavelength for most W sections is approximately equal to the flange width, hi' of

the section. Therefore, as a first estimate, stiffeners located at about hi from each end of the link

may be appropriate. However, as noted earlier, the significantly shorter yielded length of flange

in flexural yielding links as compared to flexural yielding beams changes the nature of the flange

buckling problem. Consequently, locating stiffeners at hi from the link ends can only be con

sidered a starting point in the investigation of long link stiffening requirements.

In the transition range of link lengths of about 1.6 to 3Mp/Vp , both shear and flexural failure

modes are anticipated to varying extents. In this length range, a combination of equally spaced

web stiffeners along with flange stiffeners near the link ends are likely needed.

Link Ultimate Strength

The basic philosophy of EBF design requires that inelastic frame activity be confined pri

marily to the links, which are then designed and detailed to provide the needed strength and plas

tic rotation capacity. Inherent in this philosophy is the requirement that the remainder of the

frame possess adequate strength to permit link strength and rotation capacity to be fully developed.
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More specifically, the braces, columns, and beam segments outside of the links must be designed

for the maximum forces generated by the fully yielded and strain hardened links, Le., according

to capacity design principles. EBF design therefore requires a reasonable upper bound estimate of

link strength, that is the ultimate shear force and end moments that can be achieved by the link.

Numerous experiments on short links have typically shown ultimate shear strengths signifi

cantly greater than Vp ' This overstrength can be attributed to:

• strain hardening

• effects of composite floor systems

• actual yield strength of steel greater than specified yield strength, particularly in the web of

the link.

The actual observed ultimate shear strength of links is frequently 40 to 50 percent greater than Vp ,

and sometimes in excess of 2 times greater [1,9,14,18].

For design purposes, a value of 1.5 Vp has been recommended as a reasonable estimate of the

ultimate shear force of a short link [1]. The model EBF codes [7,8] have adopted this recommen

dation and have extended it to links of any length. That is, the model codes recommend that the

ultimate strength of a link be taken as 1.5 times its strength based on simple plastic theory. Fol

lowing this recommendation, the ultimate shear force and end moments in a link can be estimated

as follows:

M
For e ::52 vP

: Vult = 1.5Vp (1.4a)
p

e Vult
(l.4b)Mult = -2-

M 2MultFor e ~2 -p-: Vul =-- (1.5a)
Vp

t e

Mult = 1.5Mp (1.5b)

These equations are based on the following assumptions:

(1) Link end moments will be equal when the link achieves its ultimate strength. (Kasai and

Popov [14] have shown that this equalization does not occur for links of length e < 1.3Mp lVp

attached to columns, and have developed estimates of ultimate link end moments for this

situation).

(2) The strength of short links is achieved when the shear force reaches 1.5 Vp (Eq. 1.4a). The

corresponding end moments are determined from statics (Eq. l.4b).

(3) The strength of very long links is achieved when the end moments both reach 1.5Mp (Eq.

1.5b). The corresponding shear force is determined by statics (Eq. 1.5a).
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(4) There is no interaction between shear and bending at the ultimate limit state. Thus,

e = 2Mp /Vp is the dividing line between shear and flexure controlled ultimate strength.

There is insufficient experimental data to judge whether the above assumptions are reason

able for long links. Because of the importance of link ultimate strength in controlling the capacity

design of the beams, braces, and columns, developing a reasonable estimate of long link strength

must be considered an important issue affecting long link use in EBFs.

Behavior of Beam and Brace Outside Link

As noted above, the basic design philosophy for EBFs requires that the braces, columns, and

beam segments outside of the links remain essentially elastic under the forces generated by the

fully yielded and strain hardened links. Following this design philosophy, however, may some

times not be possible for EBFs with long links, and in some cases, even for EBFs with short links.

The problem occurs with the beam segment outside of the link. As illustrated in Fig. 1.6,

the beam segment outside of the link typically carries a large axial force when link ultimate

strength is fully developed. It is important to recognize the magnitude that this axial force can

attain. As an example, Fig. 1.9 illustrates the axial force in the beam of an EBF with a W21 x 50

beam and link, when the link shear is at 1.5 Vp- Plotted on the vertical axis is P IPy in the beam,

where P is the beam axial force and Py = AFy is the fully yielded axial force for the beam. The

horizontal axis is the angle between the brace and the beam, a critical factor affecting axial force

levels in the beam. For frame geometries with very flat braces, say with a brace-beam angle of 30

to 35 degrees, the beam axial force will reach as high as .8 Py for this frame! In addition to this

extraordinarily large axial force, the beam must also carry significant bending moments transferred

to it from the end of the link. The magnitude of this bending moment increases as link length

increases. In some cases, this combination of high axial force and bending moment may result in

yielding or instability of the beam before link ultimate strength is fully developed. This, in turn,

may result in a redistribution of bending moment from the beam to the brace, possibly causing

yielding or instability in the brace. In such cases, the desired EBF mechanisms illustrated in Fig.

1.4 will not be the controlling mechanism. Rather, a mechanism with hinges in the beams and/or

braces will control inelastic frame behavior. Examples of such mechanisms are illustrated in Fig.

1.10. For these mechanisms, significant plastic rotation demands may be imposed on the beam

and brace, and the ability of these members to supply these demands must be investigated.

Because both the beam and brace typically carry large axial forces, their ability to supply large

plastic rotations is doubtful.

Link-to-Column Connection Details

At present, the connection of a short link to a column is required by the model EBF codes

[5,7,8] to be all welded. That is, both the flanges and the web of the link must be welded to the

column. This requirement is based largely on tests by Malley and Popov [11] in which various end
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connection details were investigated for short links. Those connections with welded flanges and a

welded web showed excellent performance. However, in those specimens with welded flanges and

a bolted web, premature flange failures were observed. Apparently, the large shear forces induced

bolt slippage in the web connection which then redistributed large forces to the flanges, resulting in

sudden flange failures.

Similarly, cyclic tests on flexural yielding beams for MRF applications [21,23] with conven

tional MRF connection details (full penetration welds at the flanges and a bolted web) frequently

show that a primary failure mode is fracture of the beam flange near the flange to column weld.

These tests also typically show improved performance when a welded web connection is used in

lieu of the more conventional bolted web connection.

As discussed earlier, significantly higher bending strains are anticipated in long links than in

either short links or MRF beams. Further, the ultimate shear force in a long link, though not as

large as in a short link, is still much larger than in an MRF beam. Consequently, it is apparent

that all welded connections are appropriate for attaching long links to columns. However, due to

the high bending strains anticipated at the ends of long links, it is not apparent whether or not

even an all welded connection will be satisfactory. It is clear, however, that link-to-column con

nection details are likely to be a critical factor affecting the performance of long links in EBFs.

An additional issue of concern is the behavior of link-to-column web connections. Tests on

such connections for MRF applications have often shown poor performance [23,26,27], with frac

ture occurring in the beam flange or in the flange to column connection plate at rather low values

of plastic rotation. For EBFs, only a single test has been conducted to-date on a short link to

column web connection [11]. This connection showed satisfactory performance, possibly due to

the lower levels of flange strain in short links as compared to MRF beams.

The model EBF codes limit the use of link-to-column web connections to those cases where

the plastic rotation demand is less than .015 rad. This low limit reflects the uncertain reliability of

these connections. Additional data on link-to-column web connections are needed to determine if

an increase in allowable rotation is warranted.

Brace-to-Link Connections

The importance of brace-to-link connections was demonstrated during the testing of a full

scale six story building with eccentric braces in Tsukuba Japan in 1984 [17]. This short link EBF

was of the type illustrated in Fig. LIb, and used tube braces with a gusseted brace-to-link connec

tion detail. A sketch of this detail is shown in Fig. 1.11. The building was subjected to a simu

lated major earthquake, using the 1952 Taft earthquake accelerogram scaled to a peak ground

acceleration of O.5g. Pseudo-dynamic test methods were used. The building survived this simu

lated earthquake in excellent condition with relatively little visible damage. Since the damage was

so slight, the test was extended to produce larger frame displacements and to reveal the frames
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final failure mechanism. During the extended tests, the gusset plates connecting the braces at the

2nd and 3rd floor links buckled severely in the region shown in Fig 1.11. Negative bending

moments in the beam producing large compressive stresses along the free edge of the gusset

between the brace and the link may be postulated as the cause of this buckling.

The Tsukuba tests demonstrated that brace connections in EBFs are subject to a significantly

different stress environment than brace connections in CBFs. These tests also showed that the

proper design of brace connections must be considered an important issue in any EBF design. It

is particularly important in long link EBFs where a combination of large axial forces and poten

tially large bending moments in the brace result in particularly severe requirements on the brace

connection.

1.4 SCOPE

This report documents an experimental investigation and associated studies on the behavior

of long links in EBFs. Chapter 2 describes the experimental subassemblage as well as modelling

and design considerations for the test specimens. Link and connection details are also presented

for each of fourteen test specimens in this chapter. The performance, observed damage and

failure mechanisms, and overall hysteretic response of each specimen are described in detail in

Chapter 3. Some important design implications of the test observations are also discussed in this

chapter. Further detailed analyses of the experimental data is conducted in Chapter 4. This

includes analysis of the initial yield and ultimate forces developed by the links, comparison of

specimen performance based on energy dissipation considerations, detailed studies on beam and

brace response, and investigation of the out-of-plane forces developed at the link end lateral sup

ports. Design implications for each of these items are also discussed. Techniques of close range

photogrammetry were used to collect data on deformations and strains in the link region of five of

the fourteen test specimens. The methods used to collect and reduce this data, and the results of

the photogrammetric analyses are presented in Chapter 5. In Chapter 6, preliminary design

recommendations are developed for the ultimate strength, plastic rotation capacity and stiffening

requirements for long links. Finally, Chapter 7 provides a summary of the key findings of this

investigation.
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2. EXPERIMENTAL SETUP

2.1 OBJECTIVES

Based on consideration of the issues affecting long link use in EBFs discussed in Chapter 1,

an experimental program was designed to investigate a number of important aspects of long link

behavior. The objectives of this experimental program were as follows:

(1) develop an improved understanding of the yielding mechanisms and controlling failure

modes in long links

(2) collect experimental data on the plastic rotation capacity and ultimate strength of long

links

(3) investigate the effectiveness of stiffeners for delaying various failure modes in long links

(4) assess the performance of link-to-column connections, including connections to the

column web

(5) investigate the effects of yielding outside of the link on overall strength and rotation

capacity

(6) verify selected brace connection details

In order to collect meaningful data on each of the above items, a number of important vari

ables required consideration. The major experimental parameters investigated in this study were

as follows:

• link length

• beam section properties

• location of stiffeners

• brace-beam angle

• brace flexural stiffness

• beam lateral support spacing

• link-to-column connection details

• brace-ta-link connection details

Because of the rather large number of variables considered in this program, no single variable

could be exhaustively investigated. Consequently, it must be recognized that this experimental

program only begins to address some of the important issues related to long links. Nonetheless,

this program was expected to provide useful data on a rather broad range of potential long link

problems as well as provide a basis for preliminary design recommendations for long link EBF sys

tems.
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2.2 DESCRIPTION OF SUBASSEMBLAGE

The subassemblage chosen for this experimental program models a portion of a single diago

nal EBF (Fig. 1.1a). The location of the subassemblage within the frame is illustrated by the bold

lines in Fig. 2.1. An EBF with the links attached to the columns was chosen as the prototype

since the behavior of link to column connections was identified as a potentially serious problem for

long link EBFs. Portions of the beam and brace outside of the link were also included since the

effect of yielding outside of the link was of interest. Boundaries of the subassemblage were chosen

to approximately coincide with points of inflection in the frame.

A schematic representation of the testing arrangement is shown in Fig. 2.2, with a more

detailed view of the setup shown in Fig. 2.3. As indicated by Fig. 2.2, the brace and the beam

are essentially held in place, while the column segment is cycled back and forth. By comparing

Fig. 2.2 with Figs. l.4c or 1.10a, it is apparent that the rigid-plastic kinematics of the subassem

blage are identical to that of a single diagonal EBF. The additional linkage between the end of

the brace and the end of the beam generates the correct level of axial force in the beam. Two test

setups with different overall lengths were used. These are indicated as setup "A" and ''B'' in Fig.

2.3. This permitted a wide range of link lengths and brace-beam angles to be investigated. A

photograph of the test setup is shown in Fig. 2.4.

The dimensions of subassemblage were chosen to model a full size frame at approximately

2/3 scale. The length of the column segments in the subassemblage are based on a nominal 12 ft.

prototype story height, with assumed points of inflection at column mid-height. The actual loca

tion of points of inflection in columns varies during an earthquake [28]. This is an important

issue for column design, but should have little effect on link behavior. The brace segment in the

subassemblage corresponds to one-half of the brace in the prototype, with an assumed point of

inflection at mid-length. This was a necessary constraint in order to make use of existing test facil

ities and equipment. In the prototype, brace inflection points are typically located at about 0.6 to

0.8 times the length of the brace from the link. Thus, in order to maintain approximately the

correct relative flexural stiffness between the beam and the brace, the point of inflection in the

beam was also moved closer to the link. This was accomplished in the subassemblage by introduc

ing a small eccentricity at the beam end connection.

The dimensions of the individual test specimens were not chosen to model specific prototype

frames, but rather were chosen to investigate the various geometric parameters of interest, specifi

cally link length and brace-beam angle. However, for each test specimen, a corresponding proto

type span length can be determined for the chosen link length and brace beam angle and from the

assumed 12 ft. prototype story height. These prototype frame dimensions corresponding to each

test specimen are listed in Table 2.1. Note that the prototype span lengths cover a wide range,

varying from about 14 ft. to 27 ft.
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The testing arrangement was chosen to accurately simulate particular force relationships in

the prototype. Those relationships considered specifically in the modelling were as follows:

• the ratio of initial elastic end moments in the link

• the ratio of axial force in the beam to shear force in the link

• the ratio of axial force in the brace to shear force in the link

• the initial elastic distribution of link end bending moment to the beam and brace

Comparison of elastic analyses of the prototype frames to elastic analyses of the subassemblages

indicated that the above quantities were accurately simulated in the subassemblages.

Limitations of Subassemblage

The subassemblage chosen for this experimental program has several important limitations

which must be considered when interpreting the results of the experiment. These are discussed

below.

(1) Composite Floor Deck

A composite floor deck may significantly influence the behavior of an EBF with long links,

both in the behavior of the link as well as in the behavior of the beam segment outside of the link.

An experimental study by Ricles and Popov [16] indicated that a composite deck had little influ

ence on the ultimate strength and rotation capacity of short links. Because of the completely dif

ferent deformations and forces generated in a long link, there is no reason to assume that this con

clusion necessarily applies to long links. A composite floor deck may also have an important

effect on the strength and stability of the beam segment outside of the link.

A composite floor deck was not included within the scope of this experimental program for

several reasons. First, an understanding of bare steel behavior of long link EBF systems is needed

before composite behavior can be properly understood. The present investigation will help to

identify those EBF configurations, if any, where bare steel behavior is unacceptable due to exces

sive yielding outside of the link. This will provide useful input to future studies where composite

decks are included. Further, a composite deck is not always present. For example, EBFs around

the elevator core of a building may have little or no decking. In addition, industrial structures

often have no floor systems. Bare steel behavior is therefore directly applicable to these cases.

(2) Link Axial Force

No axial loads are applied to the links in this experimental program. Experiments by Kasai

and Popov [14] on short links indicate a loss in link strength and plastic rotation capacity due to

the application of large axial forces to the link. Further, the observed detrimental effects of link

axial force increased as link length increased. It is therefore anticipated that long links would

suffer significant loss of strength and plastic rotation capacity in the presence of high axial loads.

This is not a significant limitation though, since EBF framing can generally be chosen to preclude
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large link axial forces.

(3) Brace Buckling

Since the subassemblage models only one half of the full brace length, it is apparent that the

possibility of brace buckling cannot be investigated in this test program. A basic premise of EBFs

is that braces are designed not to buckle, regardless of the magnitude or distribution of lateral

loads on the frame. It is assumed that this premise is adhered to in the prototypes. The possibility

of brace buckling has therefore been eliminated as a variable in this experimental program. Note

that the subassemblage does properly represent the forces generated in the brace by the link as well

as those generated by the effects of beam yielding or instability. In order to properly design a

brace to preclude buckling, a realistic estimate of the brace forces are needed. The subassemblage

properly models these forces.

2.3 THE TEST SPECIMENS

Fig. 2.5 illustrates a typical test specimen. Each specimen was bolted into the test setup

through end plate connections at the brace, beam, and column as shown. A total of 14 tests were

conducted in this experimental program. Table 2.2 lists the key dimensions and the beam and

brace sections for each specimen. The original testing program called for 12 test specimens. Speci

men 11, however, after initial testing was repaired, retested, repaired again, and retested again.

The repaired versions of Specimen 11 were designated Specimens llRl and llR2 ("R" for

repaired). Link details for each specimen, including stiffener locations and brace connection

details are illustrated in Figs. 2.6 to 2.18. Link-column connection details are shown in Figs. 2.19

to 2.27.

Section and Material Properties

Tables 2.3 to 2.5 provide a listing of the nominal section dimensions and properties for the W

sections and rectangular tube sections used for the beams and braces of the test specimens. All W

sections were of A36 steel, whereas all tubes were of A500 Grade B steel (nominal Fy = 46 ksi).

These tube sections are cold-formed and contain a welded seam running the length of the member.

Prior to each test, the actual section dimensions of the beam and brace were measured in a

number of locations along the members. The average value of these measured dimensions are

listed in Tables 2.6 and 2.7.

After the completion of each test, standard plate type tensile coupons were prepared from

portions of the members that were not yielded or damaged. Web coupons for W sections were

taken from mid-depth of the member. Coupons for the tube sections were taken from the central

portion of the tube walls, well away from the corners.
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A typical stress-strain diagram from a W section coupon is shown in Fig. 2.28 and that from

a tube section is shown in Fig. 2.29. All of the stress-strain diagrams from the W sections

displayed a well defined yield point and yield plateau as in Fig. 2.28. On the other hand, no

yield plateau or clearly defined yield point were observed in the tube section coupons. These

stress-strain diagrams apparently reflect the work hardening of the steel resulting from the cold

forming process. Other investigators [29] have noted that the yield strength of cold formed tubes

is typically significantly higher in the corner regions than in the central portions of the walls, due

to the greater degree of work hardening in the corners. The yield strengths determined from the

tube walls must therefore be considered a lower bound on the actual average yield strength of the

tube.

Various parameters measured in the testing of the tensile coupons are listed in Tables 2.8 and

2.9. Some observations on these tables:

• The yield strength of all of the A36 W sections (Table 2.8) significantly exceeded 36 ksi.

The average yield strength of the web coupons was 51.4 ksi (1.43 times nominal

strength) and that of the flange coupons was 45.6 ksi (1.27 times nominal strength)

• The average W section web yield strength was 1.13 times the average flange yield

strength. The greater degree of overstrength in the web as compared to the flange is

significant since it will delay the onset of shear yielding with a consequent increase in

the degree of flexural yielding experienced by the link.

• The average ultimate tensile strengths of the W section webs and flanges were 65 ksi

and 67.7 ksi, respectively. This is within the specified 58 to 80 ksi tensile strength

range for A36

• For the rectangular tube sections (Table 2.9), the average yield strength was 56.9 ksi

(1.24 times nominal strength). There was little difference between the average yield

strengths of the web and flange coupons. This is expected since the tube is formed from

a single plate of uniform thickness. As noted above, the actual average yield strength

of the tubes may be somewhat higher than indicated by Table 2.9 due to the anticipated

higher yield strength at the tube corners.

Based on the actual measured section dimensions combined with the tensile coupon data,

actual section properties were estimated for the W sections and tube sections. These are listed in

Tables 2.10 and 2.11. These values can only be considered an estimate of the actual section pro

perties since they are based on a limited sampling of section dimensions and tensile coupon data

for each member. The estimated properties of the tube sections are likely less accurate than those

of W sections because of the difficulty in establishing a representative yield stress value for the

tubes.
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Finally, Table 2.12 lists the link lengths non-dimensionalized by the factor MplVp for each

specimen. Due to the difference in flange and web-yield strengths, the actual values of MplVp

differ significantly from the nominal values. As a result, the actual non-dimensionalized link

lengths are on the order of 10 to 20 percent greater than the nominal values. Thus, the difference

in flange and web yield strengths effectively "lengthens" the links and can have the effect of

transforming a nominally short link into a long link.

2.4 TEST SPECIMEN DESIGN CONSIDERATIONS

This section discusses some general aspects of the design basis for the test specimens. Addi

tional remarks concerning specific design issues are included in the discussion of test specimen per

formance in Chapter 3 of this report.

Link Length

The link lengths were chosen to provide data in the transition zone where both shear and

flexural yielding are significant (Specimens 1-4, 7, 8 and 11) as well as in the zone where flexural

yielding alone dominates (Specimens 5, 6, and 12). Specimens 9 and 10 were provided with short

links in order to study the behavior of short link to column web connections. Based on the

estimated actual values of MplVp , link lengths varied from 1.4MplVp up to 4.25Mp1Vp (Table

2.12).

Beam Sections

Of the beam section properties that may affect long link behavior, the width-thickness ratio

of the flange is likely to be the most important, since flange buckling is expected to be an impor

tant failure mode in long links. Accordingly, two sections were chosen for the beams of the test

specimens: W12x 16 and W12x22. These sections represent reasonable upper and lower bounds

for flange width-thickness ratio, hf 12tf (Table 2.3). The W12x 16 is representative of sections

with relatively slender flanges whereas the W12x 22 has relatively stocky flanges. At the same

time, the web slenderness ratio, dltw , for these sections are typical of many common larger beam

sections. The W 12 x 16 and W 12x 22 were not chosen to model any particular larger beam sec

tions. Nonetheless, at 2/3 scale, the W12x16 approximately models a W18x35, and the W12x22

approximately models a W18x46.

Stiffeners

Stiffener locations were chosen for each specimen as the testing program proceeded, based on

the observed failure patterns in the earlier specimens. Every specimen, however, was provided

with full depth, two-sided stiffeners above the brace at the link end, as well as above the other end

of the brace connection. All other stiffeners were provided on only one side of the beam. The

location and size of stiffeners for each specimen are shown in Figs. 2.6 to 2.18.
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Brace-Beam Angle

As noted in Chapter 1, the angle between the brace and the beam in an EBF is an important

factor controlling the level of axial force in the beam segment outside of the link. As this angle is

decreased, the axial force level in the beam and consequently the potential for beam yielding and

instability increases rapidly. The test specimens were designed with brace beam angles varying

from about 28 deg. to 51 deg. (Table 2.2). The specimens with particularly small brace-beam

angles (Specimens 7, 8, and 11) represent a very severe case of potential beam damage. However,

a review of several actual recent EBF designs indicated that brace-beam angles as low as 28 deg.

are being used in practice.

Brace Sections

For most of the test specimens, the braces were sized using the beam-column strength and

stability equations in Part 2 of the 1978 AISC Specification (Eqs. 2.4-2 and 2.4-3 in Ref. 30).

These equations were checked using the estimated axial force and bending moment generated in

the brace by the ultimate link shear force and end moment. For this purpose, the ultimate link

strength was estimated as follows:

(1) For the nominally short links (Specimens 9, 10, and 11), an ultimate link shear of

1.5 Vp was assumed. Ultimate link end moments were computed from link statics,

assuming end moment equalization (2M = eV).

(2) For the very long links (Specimens 5, 6 and 12), ultimate end moments of 1.5Mp were

assumed, with ultimate link shear determined from statics.

(3) For link lengths in the intermediate range of about 2Mp /Vp (Specimens 1, 2, 3, 4, 7,

and 8) an ultimate link shear of 1.25 Vp and ultimate end moments of 1.25 Mp were

assumed.

The first two assumptions above are consistent with the code recommended values of ultimate link

strength (Eqs. 1.4 and 1.5). For the intermediate length links, however, following the code

recommended ultimate strengths resulted in the need for excessively large brace sections. Further,

preliminary analyses of long links [35] indicated that the code specified ultimate link strengths may

be too large in the intermediate link length range. Consequently, for these test specimens, a

reduced overstrength factor of 1.25 was used for both shear force and bending moment.

The axial force generated in the brace by the ultimate link forces were estimated from the

statics of the link-beam-brace connection. The portion of the ultimate link end moment

transferred to the brace was then estimated from an elastic analysis. If the analysis of the beam

segment outside of the link indicated the likelihood of the beam yielding, the design moment for

the brace was increased so that the combined flexural strength of the beam and brace exceeded the

assumed ultimate link end moment. The listing of the brace sections in Table 2.2 indicates many
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of the test specimens used very heavy brace sections. Those heavy brace sections are primarily a

consequence of the large bending moments generated in the braces when long links are used.

For Specimens 7, 8 and 11, the above design procedure was not used for the braces. For

these specimens, the braces were sized only for axial force, ignoring the bending moment gen

erated in the brace by the link. These braces were therefore sized in the same way as a brace in

an CBF. Consequently, brace sections were chosen that provide high compressive axial strength

but only very little bending strength. For these specimens, the combined flexural strength of the

brace and beam (reduced for axial force in the members) was generally less than 50% of the

assumed ultimate link end moment. Thus, by virtue of these light brace sections combined with

very low brace-beam angles, Specimens 7, 8 and 11 were designed to incur severe yielding outside

of the link. The intent of these specimens was to determine if yielding in the beam and/or brace

could provide a stable energy dissipation mechanism for EBFs.

Specimen Lateral Support System

The lateral support system used for the test specimens is illustrated in Fig. 2.30. Simple

teflon coated supports were provided at two locations on the column and also at the end of the

brace primarily to support the weight of the subassemblage.

For the link end as well as for the beam segment outside of the link, a somewhat more ela

borate lateral support system was devised, as illustrated in Fig. 2.30. This system, which used

teflon coatings on all moving surfaces, restrained lateral displacements as well as rotations about

the longitudinal axis of the beam. The lateral support at the link end was equipped with a series

of four load cells that permitted measurement of the out-of-plane forces developed at the link end

support.

The spacing of lateral supports along the link and beam of each test specimen are listed in

Table 2.13. For each specimen, a lateral support was always provided at the link end. No addi

tionallateral supports were provided within the link.

The distance from the link end lateral support to the first beam lateral support was initially

set at 96(ry)~, where ry is the weak axis radius of gyration of the beam section. This is the sup

port spacing recommended by SEAOC [5] for beams in MRFs. With this spacing, the beam

column stability equation in Part 2 of the 1978 AISC Specification (Eq. 2.4-2 of Ref. 30) was

checked using an estimate of the axial force and bending moment generated in the beam by the

assumed ultimate link forces. This check showed that a spacing of 96(ry )'h did not satisfy the

AISC stability equation for some of the specimens, particularly those with very low brace-beam

angles. However, a spacing of 96(ry)~ was still used in many cases in order to avoid the use of

overconservative lateral spacing and to test the actual stability limits of the beam. This spacing

was varied for some of the later specimens based on the performance of the earlier test specimens.
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The distance to the next beam lateral support for most specimens was controlled by the end

of the subassemblage. Only for Specimen llR2 was an additional lateral support provided

. between the first beam lateral support and the end of the subassemblage.

Column Section

The stiffness of the column section has an important effect on the initial distribution of elastic

bending moments in the link. Very stiff columns result in much higher elastic moments at the

column end of the link relative to the brace end of the link. Experiments by Kasai [14] demon

strated that initially unequal end moments have little effect on the ultimate strength and rotation

capacity of a short link. The present experiment permitted a similar investigation of the effect of

initially unequal end moments in long links and the manner of subsequent moment redistribution

within the link. A review of several actual EBF designs, including a 12 story and a 40 story build

ing, indicated that column sections were typically on the order of 1 to 6 times stiffer than the link

sections, depending on location within the frame. Based on this range, a W lOx 77 column section

was chosen for the test specimens, providing relative column to link moments of inertia of 4.4 and

2.9 for the W12x16 and W12x22 links, respectively. Use of the W10x77 column therefore

resulted in a realistic range of column to link stiffnesses. The same column size was used for all

specimens to reduce the number of variables in the test and to simplify the testing apparatus.

Elastic analyses of the subassemblages indicated that the initial elastic bending moment at the

column end of the link varied from 1.7 to 4.3 times the moment at the brace end of the link.

Link-to-Column Connections

At present, the connection of a short link to a column is required to be all welded [5]. That

is, both the flanges and web of the link must be welded to the column. Based on the discussion in

Chapter 1, a similar practice is appropriate for long links, due to high shear forces and very high

bending strains anticipated at the link end. A fully welded link-to-column connection was there

fore used for all test specimens. Details of the link-to-column connections are shown in Figs. 2.19

to 2.27.

With the exception of Specimen 12, all specimens were provided with full penetration welds

at the link flanges. Web connections consisted of either a fully welded shear tab or a full penetra

tion weld between the link web and the column. For Specimen 12, an all-around fillet weld was

used to connect the link flanges and web to the column flange. Specimens 9 and 10 were provided

with link-ta-column web connections. All other connections were to the column flange. For con

nections to the column flange, no continuity plates were provided opposite the link flanges. The

SEAOC criteria for MRF connections (Section 4.F.4 of ref. 5) indicated that continuity plates were

not required.

For some of the specimens, the link-column connection was reinforced either with "ribs"

(Specimens 4, 6, 7 and 8) or with cover plates (Specimens llR1 and llR2). The design of these
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connections is described in greater detail in Chapter 3.

Brace-Link Connections

Three different types of brace connections were used for the test specimens:

• a direct welded connection for W section braces,

• a direct welded connection for tube section braces,

• a stiffened gusset plate connection for tube section braces.

Details of the brace connection for each specimen are illustrated in Figs. 2.6 to 2.18. Factors

influencing the choice of these details are discussed below.

Analysis of the test specimens indicated that high brace end moments were anticipated for all

specimens. These high end moments, combined with very high axial forces, indicated the need

for fully rigid brace connections capable of developing the strength of the brace under combined

bending and axial force. Discussions with a fabricator experienced in EBF construction indicated

that direct connections are generally more economical than connections involving a number of

splice plates. Therefore, for a number of the test specimens, the braces were welded directly to the

beams.

For specimens with W section braces (Specimens 1, 2, 5, 6 and 12), full penetration welds

were used at the brace flanges. The brace webs were connected by either a fully welded shear tab

or by means of a full penetration weld directly between the brace web and beam flange. Welded

web connections were used because it was found that the brace web strength could not be

developed by a bolted web connection. Stiffeners were provided above the brace flanges and were

designed according to sect. 1.15.5 of the 1978 AISC Specification [30].

For specimens with tube braces connected directly to the beam (Specimens 3, 4, and 8), the

tube was welded all around using the detail shown in Fig. 2.8. For these Specimens, in addition

to providing vertical stiffeners above the tube flanges, stiffener plates were also provided above the

brace webs as shown in Fig. 2.8. The purpose of these stiffeners was to permit full development of

brace web strength without causing excessive "flexing" of the beam flange. It was believed that

such flexing may cause an early failure of the brace web weld by causing a highly nonuniform dis

tribution of stress along this weld.

An additional design constraint imposed on the brace connection was the requirement that

the intersection of the brace and beam centerlines must fall either at the end of the link or inside

the link, but not outside of the link. Analysis of EBFs with the brace-beam centerline intersection

inside the link indicated that this eccentricity in the connection produced a moment that was oppo

site in sign to the link end moment. This produced the desirable effect of reducing the bending

moment generated in the beam and brace. On the other hand, when the intersection falls outside

of the link, the bending moment generated in the beam and brace is increased. This undesirable
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effect was avoided by requiring that the intersection always occur inside the link.

For braces with direct connections to the beam, the above requirement effectively limited the

depth of the brace section as follows:

dbrace ::5 d beam COSa. (2.1)

Where dbrace and d beam are the depth of the brace and beam section, and 0: is the angle between

the beam and brace. For example, for Specimen 1 with a 12 inch beam depth and a brace~beam

angle of 48 deg., the permissible brace depth was limited to about 8 inches. This imposed a signi

ficant constraint on the choice of brace sections. In order to satisfy the strength and stability

requirements for the brace as well as satisfy the above geometric constraint resulted in W section

braces with a flange width greater than the width of the beam. For Specimens 1 and 2, the brace

flange was tapered to match the beam flange width at the connection. For the remaining W sec

tion braces, the brace flange was not tapered. For tube section braces with direct connections, in

addition to the above constraint on brace depth, the brace width was of course limited to the width

of the beam.

As discussed in Chapter 1, a gussetted tube brace to link connection (Fig. 1.11) failed in the

Tsukuba tests. Based on an analysis of the failed connection, an improved detail was developed.

The edge of the gusset nearest the link was stiffened and the brace end was cut parallel to the

beam and located as close to the beam as practical. Both of these measures were intended to

reduce the likelihood of gusset buckling. This improved detail was used for Specimens 7, 9, 10

and 11 in order to verify the performance of the connection.

2.5 TEST SPECIMEN FABRICATION

The test specimens were constructed by a commercial steel fabricator in San Francisco, Cali

fornia. The test specimens were fabricated in three stages; first Specimens 1-6, then Specimens 7

9, and then finally Specimens 10-12. This permitted design changes in the later specimens based

on the observed performance in the earlier tests. It also permitted reuse of the the W lOX 77

column sections. Each column section was used two times, with the link connected to a different

face of the column for each use. Some fabrication was also performed by in-house personnel at

the University of California Structural Engineering Laboratory. This included welding stiffeners to

the links for Specimens 2-5, welding the "ribs" at the link-column connection for Specimens 4 and

6, and performing the repairs and modifications to the link-column connection for Specimen

llRI.

The fabricator was required to weld the link~column and brace-beam connections with the

column in an upright position and the test specimen oriented with the brace beneath the beam.

This was intended to simulate field welding positions. All welding on the test specimens was by
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the Shielded Metal Arc ("stick welding") processes using E7018 electrodes. Only visual inspection

was provided for the welds. Discussions with a weld inspection specialist indicated that ultrasonic

testing would be ineffective for the material thicknesses used in the test specimens.

Several undesirable features were noted in the welding of the first six test specimens that were

corrected in the last six specimens. Full penetration welds tended to be "overwelded", with some

what excessive amounts of weld metal extending above the plate. In addition, web copes made to

accommodate the full penetration welds were flame cut and appeared very rough and jagged.

Further, back-up strips for the full penetration welds were attached using fillet weld tacks on the

side of the strip opposite the weld groove. For the last six specimens, each of these undesirable

features were eliminated. Full penetration welds were not permitted to extend more than 1/8 inch

above the plate. Grinding was required at flame cut web copes. Back-up strips were permitted to

be tacked only within the groove, as recommended by AISC (see Fig. 2.19 in Ref. 31).

2.6 INSTRUMENTATION

As shown in Fig. 2.3, load cells were installed at a number of locations throughout the

subassemblage. These load cells permitted determination of axial force, shear force, and bending

moment at points within the subassemblage by statics. Also, as shown in Fig. 2.30, load cells were

provided at the link end lateral support to measure out-of-plane forces. Based on the calibration

data and the observed performance of the load cells, the accuracy of the load cells is estimated as

follows:

50 kip cells:

125 kip cell:

200 kip cells:

300 kip cell:

7 kip cells:

± .2 kip ± .5% of load

± .2 kip ± .5% of load

± 1.5 kip ± 1% of load

± 1 kip ± 1% of load

±.1 kip ± 2% of load

A variety of displacement transducers were used to monitor deflections and rotations at vari

ous locations of the subassemblage. The locations are shown in Fig. 2.31. Rotations were meas

ured by attaching a rigid bar at the point of interest and measuring displacements at the ends of

the bars.

For most test specimens, electrical resistance strain gages were applied at number of locations

in the link and/or brace connection area. Strain gage locations, installation, and results are dis

cussed later. Further, for Specimens 1, 4, 6, 9 and 12, techniques of close-range photogrammetry

were used to monitor deformations of grid lines drawn on the specimens. This technique and the

results are described in detail later.
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Electronic data (load cells, displacement transducers and strain gages) were recorded on an

ffiM PC/AT using a data acquisition systems developed at the University of California. For Speci

men 1, a low speed data acquisition system was used that required loading of the test specimen to

be stopped for each reading. For the remainder of the tests, a high speed system was used that

permitted readings to be taken without stopping the loading process. An average of 50 to 60 chan

nels of data were recorded for most specimens.

Subsequent data reduction and plotting was accomplished on a Digital Microvax Workstation

using a general purpose data analysis and graphics software package called "S" [32]. This software

package was also used for analysis and plotting of photogrammetric data.
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3. EXPERIMENTAL PERFORMANCE OF TEST SPECIMENS

3.1 INTRODUCTION

This chapter provides detailed descriptions of the 14 tests performed on the EBF specimens

described in Chapter 2. For each test, a brief description is provided of significant events that

occurred during the test, such as initiation of yielding, flange buckling, lateral torsional buckling,

fracture, etc.. A detailed summary of damage to the specimen is then provided. It should be

noted that the occurrence of yielding on a specimen is based on the observed flaking of whitewash

painted on the specimen. Whitewash is not always a reliable indicator of yielding and so these

observations must be interpreted with caution. More specifically, it was found that whitewash was

not effective on the tube brace members nor on any surface where the mill scale was removed by

grinding or by other means.

The overall performance of each specimen is displayed in plots of link shear versus link rota

tion angle "I, and in plots of link shear versus link plastic rotation angle 'Ypo In addition, photo

graphs of the specimens during and after testing are presented to clarify the nature and extent of

the damage incurred by each specimen. Additional experimental data collected during the tests

are presented and analyzed in later chapters.

Figure 3.1 illustrates the manner by which the link rotation angle "I is computed. The angle

"I is defined as the relative end deflection of the link divided by the link length. A positive value

of "I corresponds to an eastward displacement of the column, as shown in Fig. 3.1. The value of "I

defined in this way includes contributions from both elastic and inelastic link deformations, as well

as contributions from link end rotations at the column and brace ends of the link. The link end

rotations also include an inelastic component for those cases where yielding occurred outside of the

link.

A response parameter of greater interest than the total rotation "I is the link plastic rotation

angle "Yp ' The value of 'Yp was computed for each specimen as follows:

Vlink
"Yp = "I - -k- (3.1)

l!

In this equation, "I is the total link rotation angle as defined in Fig. 3.1, Vlink is the shear force in

the link, and ke is the ratio Vlink /"1 in the elastic range. For each specimen, ke was estimated

from the measured values of Vlink and "I in the initial elastic test cycles. The value of "Yp com

puted in this manner includes contributions of inelastic link deformations as well as inelastic link

end rotations produced by yielding or inelastic buckling outside of the link.

Figure 3.2 illustrates the sign convention adopted for forces and moments at various locations

in a test specimen. This figure also shows the terminology used for portions of a test specimen.
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Note that the term "brace connection panel" refers to the portion of the beam directly above the

brace. Also, in the description of the tests, the term "beam" refers to the portion of the member

north of the brace connection panel.

Test Procedure

All specimens were tested pseudo-statically with slowly applied (Le. no strain-rate effects)

cyclic loads. Testing was controlled by monitoring a plot of load applied to the column (load on

the column is equal in magnitude to the shear force in the link) versus column displacement. For

a typical test, the specimen was first subjected to several cycles of increasing load in the elastic

range. After significant yielding of the specimen was observed, displacements were progressively

increased. For most specimens, the cyclically imposed displacements were increased up to the

essentially complete failure of the specimen. However, for Specimens 11 and 11R1, testing was

stopped after initial failure to permit repair of the specimens.

A history of link rotation for a typical test specimen is shown in Fig. 3.3. Table 3.1 lists the

complete history of link rotation and link shear for each test. Note that the value of link shear

reported in Table 3.1 is the value at the end of each cycle, and may be less than the peak value for

that cycle.

3.2 THE TESTS

3.2.1 Specimen No. 1

Specimens 1 and 2 were of nominally identical design, except for the location of stiffeners.

The link lengths were in the intermediate length range (nominal e = 2Mp /Vp ) where significant

contributions of shear and flexural yielding are anticipated. These specimens were designed to

minimize the likelihood of significant yielding or instability of the beam or brace in order to focus

study on the behavior of the link and on the effects of stiffener location on link performance.

Link stiffeners for Specimen 1 were equally spaced to satisfy the short link stiffener spacing criteria

of Eq. 1.3b.

Test Notes - The response of Specimen 1 is shown in Fig. 3.4. Initial yielding occurred dur

ing cycles 5 and 6 with significant yielding observed in the link flanges adjacent to the column.

For most of the test specimens, initial yielding was typically observed at this location and can be

attributed to the initially high link end moment at the column end of the link. During cycle 8W,

initiation of flange buckling was noted at the southeast end of the link, and during cycle 9E, at

the southwest end of the link. Flange buckling at the northwest end of the link was first observed

in cycle lOW. During cycle 13E, a severe flange buckle developed in the east flange of the brace

connection panel outside of the link. Coincident with the formation of this flange buckle was a
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small loss of load carrying capacity of the specimen. Each of the flange buckles became more pro

nounced with each successive loading cycle, and link strength deteriorated with each cycle as is

apparent in Fig. 3.4. Even though flange buckling at the southwest, southeast and northwest ends

of the link occurred fairly early in the loading sequence, a significant deterioration in the hys

teretic loops was not observed until flange buckling occurred in the east flange of the brace con

nection panel. Flange buckling was never observed at the northeast end of the link.

During cycle 16E, a crack developed in the flange at the southeast end of the link. It

appeared that the crack initiated in the central portion of the flange near the point where the web

cope meets the flange. This crack spread rapidly across the entire width of the flange. Once the

east flange was completely fractured, the shear tab began to fracture. This fracture appeared to

initiate near the end of the fillet weld connecting the shear tab to the link web. Upon further

loading, this fracture continued along the length of the shear tab. The test was terminated at this

point. On the hysteretic loops in Fig. 3.4, a circle is drawn at point where fracture of the link

flange occurred. The response of the specimen after formation of the crack is indicated by the

dotted lines.

Summary of Damage - Photographs of Specimen 1 after testing are shown in Fig. 3.5. Yield

ing, as evidenced by flaking of whitewash painted on the back side of the specimen was apparent

in the link flanges at both ends of the link, in the east flange of the brace connection panel and

throughout the entire link web. The most severe flange buckling occurred in the east flange of the

brace connection panel (Figs. 3.5 a, b, and d). The length of this buckle extended over the entire

length of the panel (about 10 inches), with the peak occurring 2 to 3 inches from the north end of

the link. The web of the brace connection panel was also severely buckled in the region adjoining

the flange buckle.

Severe flange buckles were also present in both flanges at the south end of the link (Fig.

3.5c). These buckles extended over the full length of the link's first panel, running from the north

edge of the back-up strip at the link flange weld to the edge of the fillet weld at the first stiffener,

a length of about 5 inches. These flange buckles terminated at the first stiffener on both sides of

the link, even though stiffeners were provided on only one side. The flange buckle at the

northwest end of the link was less severe than those at the south end of the link. The length of

this buckle extended from the link end to the first stiffener. The buckle at the northwest end of

the link was symmetric, with both the top and bottom portions of the flange buckled outwards.

The flange buckles at the south end of the link and in the brace connection panel were unsym

metric, with the top and bottom portions of the flange buckled in opposite directions. As noted

earlier, no flange buckling was observed at the northeast end of the link.

No web buckling was observed within the central portion of the link. At both the north and

south ends of the link minor web distortions were present in the regions adjoining the flange
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buckles. These web distortions were apparently associated with the flange buckles. There was no

observable damage in the beam, brace or brace connection.

Ultimate failure of Specimen 1 was caused by a fracture in the east flange of the link in the

region adjoining the full penetration weld (Fig. 3.5c). The fracture appeared to start at the web

cope ("rathole"). As is apparent from Fig. 3.4, this fracture resulted in almost total loss of link

load carrying capacity. If the test had not been stopped, the link would have likely completely

separated from the column.

3.2.2 Specimen No. 2

Specimen 2 was of nominally identical design to Specimen 1, except for stiffener locations.

Within the link of Specimen 2, one stiffener was placed at about 4 inches from each end. This

spacing is equal to one flange width and was chosen to delay the onset of flange buckling at the

link ends. As noted in Chapter 1, locating stiffeners at bl from the link ends is motivated by

Lay's theory of flange buckling [25]. No additional stiffeners were provided within the link in an

attempt to determine if web stiffening is needed in the intermediate link length range. The lack of

web stiffening was also motivated by the fact that no sign of shear buckling of the link web was

observed in Specimen 1.

For Specimen 2, a partial depth stiffener was also provided at mid-length of the brace con

nection panel (Fig. 2.7). This stiffener was intended to delay the very severe flange and web

buckling observed in the brace connection panel of Specimen 1. A partial depth stiffener was used

since all of the damage was concentrated in the upper portion of the panel. The stiffener extended

about three-quarters of the beam depth in order to "anchor" the stiffener in the stable lower por

tion of the brace connection panel.

Test Notes - The response of Specimen 2 is shown in Fig. 3.6. Slight yielding was first

observed during cycles 2E and 2W in the link flanges at the south end of the link and in the east

flange of the brace connection panel opposite the partial depth stiffener. During cycle 4E, signifi

cant yielding was noted in the flange at the southwest end of the link, with slight additional yield

ing in the flange at the southeast end of the link and in the east flange of the brace connection

panel. The initiation of yielding in the flanges at the north end of the link was also observed dur

ing this cycle. In cycle 5, the formation of slight yield lines was observed in the beam's east

flange. These yield lines were consistently oriented at about 45 deg. to the longitudinal axis of

the beam. During cycle 6E, web yielding became apparent in the link end panels and also

towards the south end of the link's central panel. In cycles 7E and 7W, significant web yielding

was apparent over the full length of the link. Within the central panel of the link, the web yield

lines were consistently oriented parallel to the longitudinal axis of the link. Near the end of cycle

9E, a large web buckle formed in the central panel of the link, running diagonally across the
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panel. Coincident with the formation of this web buckle was a significant drop in link load carry

ing capacity. With each successive loading cycle, the web buckle in the central link panel became

more severe. Link hysteretic behavior also deteriorated severely as is apparent in Fig. 3.6. When

ever the direction of loading was reversed the location of the web buckle also switched between

opposite diagonal comers of the panel. During cycle 14E, a large tear developed in the central

portion of the link web. During cycle 15E, this tear continued to grow rapidly, and the test was

terminated.

Summary of Damage - Photographs of Specimen 2 after testing are shown in Fig. 3.7. Signi

ficant yielding in this specimen occurred over the entire link web, at the link ends, and in the east

flange of the brace connection panel. Slight yield lines were also apparent in the east flange of the

beam. Otherwise, there was no observable damage in the beam, brace or brace connection. The

primary failure mode for Specimen 2 was severe web buckling in the large central panel of the

link. No significant flange buckling occurred at the link ends or in the brace connection panel.

The absence of buckling in the brace connection panel however cannot necessarily be attributed to

the addition of a stiffener in the panel. The load level at which buckling initiated in the brace

connection panel of Specimen 1 was never achieved in Specimen 2.

The hysteretic behavior of Specimen 2 (Fig. 3.6) is typical of many previous tests on shorts

links subject to cyclic inelastic web-buckling [9]. Each cycle displays a peak load followed by a

drop in capacity due to formation of the web buckle. Upon continued loading, capacity once

again increases due to the formation of a tension field. Associated with formation of the tension

field is the development of flange distortions in the buckled panel (Fig. 3.7b). Load carrying

capacity degrades steadily with each cycle until tearing of the web finally occurs.

It was apparent from Specimen 2 that some degree of web stiffening is needed for links in the

intermediate length range. It is also interesting to note that a fracture did not occur in the link

flange of Specimen 2 as it did in Specimen 1. It appears that the loss of load carrying capacity due

to web buckling in Specimen 2 precluded the development of a fracture.

3.2.3 Specimen No. 3

Specimens 3 and 4 were of nominally identical design, except for the location of stiffeners

and the modification of the link-to-column connection in Specimen 4. The link lengths for these

specimens were again in the intermediate length range (nominal e = 2Mp /Vp ). As with Speci

mens 1 and 2, these specimens were designed to prevent significant damage in the beam or brace

in order to focus study on the link behavior. The W 12 x 22 sections used for Specimens 3 and 4

had much thicker flanges than the W12x 16's used for Specimens 1 and 2. Link stiffeners were

equally spaced for Specimen 3. Based on the observed performance of Specimen 1, stiffener spac

ing was increased somewhat beyond that required by Eq. 1.3b.
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Test Notes - The response of Specimen 3 is shown in Fig. 3.8. Initial yielding of this speci

men was noted during cycle 3E with slight yielding in the flanges at the south end of the link, in

the east flange of the brace connection panel opposite the stiffeners, and also in the web of the

link. Some yielding of the flange at the northwest end of the link was first noted in cycle 4E. In

cycle 5E, significant yielding was apparent in the flanges at the south end of the link as well as

some additional yielding in the link web. Slight yielding was also apparent in both flanges at the

north end of the link. During cycle 8E, the first signs of slight flange buckling were noted at the

southwest end of the link. In cycle 8W, the appearance of a very small crack was noted at the

west edge of the shear tab near the end of the fillet weld connecting the shear tab to the link web.

A slight flange buckle was first noted at the northwest end of the link in cycle lOW. During cycle

12W, a slight flange buckle was observed at the southeast end of the link. The crack in the west

end of the shear tab also appeared to grow during this cycle. During cycle l3E, the flange at the

southeast end of the link suddenly fractured. Upon reversing the loading in cycle 13W, the flange

at the southwest end of the link also suddenly fractured. On the hysteretic loops in Fig. 3.8, cir

cles are drawn at the points where the flanges fractured. The response of the specimen after for

mation of the first fracture in the east flange is indicated by dotted lines.

Summary of Damage - Photographs of Specimen 3 after testing are shown in Fig. 3.9. Signi

ficant yielding on this specimen was apparent in the link web over the entire length of the link.

The link flanges showed yielding for about 6-7 inches from each end of the link (Figs. 3.9b and

c). The east flange of the brace connection panel also showed heavy yielding, with the more

severe yielding in the south half of the panel (Fig. 3.9c). Yielding also was observed in the web of

the brace connection panel in the southeast comer of the panel (Fig. 3.9a). The upper portion of

the vertical stiffener (the portion extending beyond the horizontal stiffener above the brace) was

noticeably bent towards the link. Measurements after testing showed that the length of the brace

connection panel increased by about 3/16 in. at the east end of the panel, indicating the severity of

yielding in this area. Slight yielding was also noted in the east flange of the beam extending about

3-4 inches north of the brace connection panel (Fig. 3.9c). Other than this yielding, there was no

observable damage in the beam, brace or brace connection. No whitewash was applied to the

WlOx77 column for this specimen. However, it was noted that some mill scale in the web of the

column adjoining the link was flaked off, indicating some yielding in the column panel zone.

Also, very slight "kinks" were observed in the north flange of the column at points where the link

flanges were attached.

Flange buckling occurred at the southeast, southwest and northwest flanges of the link at the

various stages of the testing. At the end of the test, buckles remained only in the southeast and

northwest flanges, with the southwest buckle straightened in the final loading cycle. The flange

buckles were all of the typical unsymmetrical shape. Due to the thicker flanges in the W12x 22
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section, the buckles were far less severe than in the W12x 16 section of Specimen 1. No flange

buckling was observed in the northeast flange of the link or in the brace connection panel of Speci

men 3. Also, despite some flange buckling within the link of Specimen 3, no degradation of the

hysteretic loops was observed. This suggests that flange buckling, if not too severe, produces no

significant damaging effect to link performance. No web buckling was observed in this specimen.

Ultimate failure of Specimen 3 was caused by fracture of the link flanges (both east and west

flanges) in the region adjoining the full penetration welds (Fig. 3.9d). Both fractures appear to

have initiated in the central portion of the flange near the junction of the web cope and the flange.

After fracture of each flange, a fracture also immediately ran through the shear tab. The shear tab

fractures appeared to initiate at the point of termination of the fillet weld connecting the shear tab

to the link web. As with Specimen 1, if the testing had not been stopped, the link would have

completely separated from the column.

3.2.4 Specimen No. 4

From the tests completed to this point, it was becoming apparent that fracture of the link at

the link-to-column connection was the critical failure mode controlling plastic rotation capacity of

the test specimens. As a result, the link-to-column connection in Specimen 4 was reinforced in an

attempt to prevent or delay fracture of the link flanges. This was accomplished by welding 4 "ribs"

to the link and column flanges as shown in Fig. 2.20. This system of reinforcing ribs was used by

Tsai and Popov [33] in tests on moment resisting connections to column webs. The use of these

ribs proved very successful in preventing connection failure in their tests.

The intent of the ribs was to move the critical section of the link away from the full penetra

tion welds at the link-to-column connection back to the tips of the ribs. It was believed that the

heat affected zone adjacent to the full penetration welds as well as the discontinuities associated

with the flame-cut web copes contributed significantly to the flange fractures. The ribs, in effect,

were an attempt to move the yielding and largest inelastic strain demands to a portion of the

flange less damaged by welding or by web copes.

The ribs were sized somewhat arbitrarily based on the experience of Tsai & Popov [33] so

that the area of 2 ribs provided approximately 50 to 60 percent of the area of one flange. The ribs

were taped in an attempt to reduce the stress concentrations in the link flange at the rib ends. The

lower ribs were placed within the link for the practical consideration of avoiding field overhead

welding at the connection. A photograph of the reinforced link-to-column connection is shown in

Fig. 3.lla.

The locations of link stiffeners was also changed in Specimen 4. The outermost stiffeners

were moved closer to the link ends in order to delay the onset of flange buckling. The remaining

central portion of the link was divided in two 12 inch panels. This 12 inch spacing corresponds to
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that required by Eq. 1.3c.

Test Notes - The response of Specimen 4 is shown in Fig. 3.10. Initial yielding was observed

during cycles 4 and 5 in the south flanges of the link (outside of the rib area) and in the east

flange of the brace connection panel. During cycles 6E and 6W yielding became more extensive

in the south flanges of the link, with most of the yielding occurring outside of the ribs. In the

southeast flange, however, slight yielding was noted within the rib area. During cycles 7 and 8,

significant web yielding in the link was noted.

During cycle llW, the formation of a small "kink" or bend in the link's southeast flange was

observed between the end of the ribs and the first stiffener. During cycle 12E, a fracture formed

in the southeast flange of the link just beyond the ribs. The fracture appeared to initiate at the tip

of one of the ribs. The point at which this fracture occurred is indicated by a circle in the hys

teretic plots in Fig. 3.10. During this cycle, web buckles also formed in the center two panels of

the link. The buckles ran diagonally across the panels and appeared to be more severe in the

south panel. Before the fracture extended over the full width of the flange, the specimen was

unloaded and then reloaded in the other direction (west). During the next cycle of eastward load

ing (cycle 13E), the fracture in the southeast flange extended over the full width of the flange. A

fracture also developed in the link web and loading was continued until this tear extended to

about mid-depth of the link. Loading was then reversed for one final westward cycle. During this

final cycle (13W) , the specimen continued to carry significant load for large displacements.

Despite these large displacements, no fracture ever developed in the west flange of the link. Dur

ing this cycle, severe web buckling occurred in the central panel closest to the column. Most of the

link deformation was concentrated in this panel during the final cycle.

Summary of Damage - Photographs of Specimen 4 after testing are shown in Fig. 3.11. Sig

nificant yielding of this specimen was apparent throughout the link web and in the link flanges at

both ends of the link. At the south end of the link, yielding of the flanges occurred primarily

beyond the ribs, with only slight yielding between the column face and the rib ends. No signifi

cant yielding was observed on the ribs themselves. Severe yielding was again apparent in the east

flange of the brace connection panel and in 3 to 4 inches of the beam's east flange beyond the

brace connection panel. Other than this yielding, no damage was observed in the beam, brace or

brace connection. Some yielding was also apparent again in the column panel zone (Fig. 3.11d).

No flange buckling was observed at either end of the link or in the brace connection panel.

Web buckling was apparent in both of the link's central panels, with the most severe buckling

occurring the panel closer to the column (possibly due to higher bending moment at the column

end of the link).

Ultimate failure of Specimen 4 occurred by fracture of the southeast link flange just beyond

the ribs. The ribs were successful in preventing a fracture at the full penetration weld, but
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unfortunately only moved the fracture to another location. The plastic rotation developed by

Specimen 4 was, in fact, somewhat less than that for Specimen 3 indicating the ribs may have even

worsened overall link performance. It was believed that a contributing factor to the disappointing

performance of the ribs was the fact that the first stiffener may have been placed to close to the

ribs. This stiffener may have forced highly localized flange distortions to occur in a very short

length of flange. This is supported by the observation of a ''kink'' in the flange at the rib end in

the loading cycle immediately preceding the fracture. It is interesting to note that the west flange

of the link did not fracture as it did in Specimen 3. The performance of Specimen 4 in the final

westward loading cycle suggests that significant improvements in link plastic rotation capacity are

possible if connection failure can be prevented.

3.2.5 Specimen No. 5

Specimens 5 and 6 were of nominally identical design, except for the location of stiffeners

and the modification of the link-to-column connection in Specimen 6. These specimens were in

the long link range (nominal e = 3.15Mp IVp ) where flexure is expected to dominate link behavior.

W 12 X 16 sections were used for the beam and link for these specimens, the same as for Specimens

1 and 2. Consequently, Specimens 5 and 6 were intended to provide a direct comparison with

Specimens 1 and 2 on the effects of increasing link length. As with the previous tests, Specimens 5

and 6 were designed to focus study on link behavior rather than on the effects of beam yielding.

On Specimen 5, one stiffener was placed at 6 inches from each end of the link (Fig. 2.10), a

distance corresponding to 1.5 hf . These stiffeners were intended to provide restraint against local

buckling at the link ends. The spacing was increased from hf (used on Specimens 2 and 4) up to

1.5 hf in order to avoid constraining local buckles into too small of a region. No additional stif

feners were provided within the link because significant web yielding was not anticipated for this

link length.

Test Notes - The response of Specimen 5 is shown in Fig. 3.12. Initial yielding of this speci

men was observed during cycles 3E and 3W, in the south flanges of the link, in the web at the

link ends, and in the northeast flange of the link. Slight yielding was also observed in the south

flange of the brace near the brace-to-link connection. During cycle 4E and 4W, yielding was first

noted in the east flange of the brace connection panel and at the northwest end of the link. The

first signs of flange buckling were apparent at the southwest end of the link in cycle 6E and at the

southeast end in cycle 6W. During cycle 8W, a crack was observed at the west end of the shear

tab at the termination of the fillet weld between the shear tab and the link web. A similar crack

was noted at the east end of the shear tab in cycle 9E, in addition to the initiation of a slight

flange buckle at the northeast end of the link. During cycle 9W, the crack at the west end of the

shear tab grew in length. The formation of a crack was also observed in the center of the
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southwest link flange, opposite the junction of the web cope and the flange. During cycle lOW,

the crack in the southwest flange spread over nearly the full width of the flange. This point is

indicated by a circle on the hysteretic loops in Fig. 3.12. During the reverse, final loading cycle

(llE), the southeast flange of the link ruptured over the full width of the flange. This point is

indicated by the other circle on the hysteretic loops. Immediately upon fracture of the flange, a

buckle formed in the east flange of the brace connection panel. Upon continued application of

load, the crack at the east end of the shear tab began to grow along the length of the tab. The

flange buckle in the brace connection panel became more severe, and some out-of-plane displace

ment of the east flange was observed in the region of the brace connection panel. The test was

stopped at this point.

Summary of Damage - Photographs of Specimen 5 after testing are shown in Fig. 3.13.

Yielding was apparent in the link flanges, extending about 5-6 inches from each end of the link.

Significant web yielding was also present at the link ends (Fig. 3.13b and d). The pattern of this

web yielding resembled that typical of a moment hinge, i.e. extending further near the flanges

than at mid-depth of the section. No flange or web yielding was observed in the large central

panel of the link. As anticipated, general shear yielding of the link had not occurred. It was

apparent that link yielding occurred only at the very ends of the link, with the remainder of the

link staying elastic. Outside of the link, there was severe yielding in the east flange of the brace

connection panel, concentrated primarily in a 6 inch length at the south end of the panel (Fig.

3.13c). Some web yielding was also observed in the southeast corner of the brace connection panel

(Fig. 3.13b). Very slight yielding was present in the east flange of the beam, extending about 4 ft.

beyond the brace connection panel. No yielding was observed in the west flange of the brace con

nection panel or beam. Slight yielding was also present in the south flange of the W10x 26 brace,

in the region immediately adjacent to the link. No yielding was observed in the column panel

zone for this specimen.

Severe unsymmetric flange buckling occurred in both flanges at the south end of the link.

These buckles extended from the north edge of the backup strip to the edge of the fillet weld at the

first stiffener, a length of about 4 to 4.5 inches. There was also a minor buckle in the northeast

flange of the link, but only in the upper half of the flange. The downward out-of-plane displace

ment at the northeast end of the link apparently straightened out the lower portion of this buckle.

Very slight web buckles were also present at both ends of the link in the regions adjacent to the

flange buckles.

A severe flange buckle was also present in the east flange of the brace connection panel (Fig.

3.13b). This buckle extended over a length of about 10 inches at the south end of the panel. A

portion of the web adjacent to the flange buckle was also distorted. Some out-of-plane displace

ment of the specimen's east flange was also apparent in the region of the brace connection panel
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(Fig. 3.13c). The flange in the brace connection panel was deflected upwards (about 1 inch at its

peak) and the east flange at the north end of the link was deflected downwards (about .5 inches at

its peak). No out-of-plane displacement was noted in the west flange of the specimen. The flange

buckling and out-of-plane displacement in the brace connection panel were not observed until after

the southeast flange of the link ruptured. This rupture apparently caused a significant redistribu

tion of moment towards the brace end of the link, and initiated local buckling in the brace con

nection panel.

Ultimate failure of Specimen 5 was caused by the fracture of the link flanges at the south end

of the link. Both fractures appeared to initiate at mid-depth of the flange near the junction of the

web cope and the flange. Well before these flange cracks were first observed, the formation of

cracks at both the east and west ends of the shear tab were noted. These cracks appeared to ini

tiate at the termination of the shear tab to link web fillet weld. These welds terminated at the

flame cut edges of the link web copes. The discontinuities in this region combined with the stress

concentration at the end of the fillet weld likely contributed to crack initiation in the shear tabs.

The formation of the shear tab cracks may have redistributed load to the link flanges, thereby con

tributing to the flange failures. This suggests that the connection performance may be improved

by terminating the fillet weld well away from the edge of the link web or web cope.

Finally, it is interesting to compare the hysteretic loops for Specimen 5 (Fig. 3.13) with those

of Specimen 1 (Fig. 3.4). These specimens are very similar, except for link length. Specimen 1 is

in the intermediate length range where inelastic shear deformations contribute significantly to link

plastic rotation, whereas the long link of Specimen 5 must rely almost completely on flexure to sup

ply link rotation. Comparison of the loops for these specimens graphically illustrates the very large

loss in strength and plastic rotation capacity associated with increasing link length. It is also useful

to recall that if these specimens were constructed with short links, plastic rotations of ± .10rad

without loss of strength would be anticipated.

3.2.6 Specimen No. 6

Specimen 6 was of nominally identical design to Specimen 5, except for stiffener locations

and modifications to the link-to-column connection. In an attempt to delay fracture of the link

flange, the link-to-column connection in Specimen 6 was reinforced with ribs in a manner similar

to Specimen 4. However, building on the experience of Specimen 4, two changes were made in

the connection for Specimen 6. First, the taper on the ribs was increased to further reduce the

stress concentration in the link flange at the tips of the ribs. Secondly, the first stiffener was

located further from the ends of the ribs. This was intended to avoid excessively constraining

flange deformations into too small a region beyond the tips of the ribs. At the north end of the

link, a single stiffener was located 6 inches from the end of the link, the same as for Specimen 5.
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A partial depth stiffener was also provided in the brace connection panel. This stiffener was

placed 6 inches outside of the link in the region where severe flange buckling was observed in

Specimen 5. As with Specimen 2, this partial depth stiffener was intended to delay and limit the

extent of local buckling in the brace connection panel.

Test Notes - The response of Specimen 6 is shown in Fig. 3.14. Initial yielding of this speci

men was observed in cycles 3E and 3W in the south flanges of the link and in the east flange of

the brace connection panel. During cycle 4W, slight yielding was noted in the south flange of the

W10x26 brace adjacent to the link. Small localized "kinks" appeared in the south flanges of the

link near the tips of the ribs during cycles 5E and 5W. Clear signs of flange buckling in the link's

south flanges became apparent in cycles 6E and 6W. During cycle llE, a buckle appeared in the

east flange of the brace connection panel, in the region between the link end and the partial depth

stiffener. Coincident with the formation of this buckle was a noticeable drop in the specimens

load carrying capacity. The formation of small cracks in the link's southeast flange at the tips of

the ribs was also observed in this cycle. During cycle 11W, a flange buckle first appeared at the

northwest end of the link. During cycles 12, 13, and 14, the flange buckles at the link's southeast,

southwest and northwest flanges as well as in the brace connection panel continued to grow more

pronounced. The cracks in the link's southeast flange at the rib ends gradually grew in length

with each successive eastward loading cycle. During cycle 15E, the southeast flange finally rup

tured completely. This point is indicated by a circle on the hysteretic loops in Fig. 3.14. Upon

continued application of load, the link web began to tear, beginning at the flange rupture and

extending to nearly mid-depth of the link. The test was stopped at this point.

Summary of Damage - Photographs of Specimen 6 after testing are shown in Fig. 3.15. Sig

nificant yielding was apparent on this specimen at the link ends and in the brace connection panel.

The link flanges were yielded to about the first stiffener at each end of the link. At the link's

southeast end, significant yielding occurred only beyond the ribs. At the link's southwest end, on

the other hand, flange yielding began at the face of the column. At this location, the ribs are

inside the link, and so the link flange is at the section's extreme fiber. At the east end of the con

nection, the ribs are outside the link, and the ribs are at the section's extreme fiber. The west

flange of the link is therefore likely subject to higher stresses than the link's east flange in the

region immediately adjacent to the column, as evidenced by the yielding pattern. Further,

whereas yielding of the east flange begins abruptly at the rib ends, it appears to be distributed

more uniformly in the west flange, with no apparent abrupt discontinuity of the yielding pattern at

the rib ends. The rather abrupt change in the yielding pattern in the east flange at the rib ends

may have contributed to the formation of the fracture at this location.

Some yielding of the web at both ends of the link was present in a pattern similar to that of

Specimen 5. At the south end of the link, however, there was no apparent web yielding in the
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region between the face of the column and the ends of the ribs. No yielding was observed in

either the flanges or the web in the large central panel of the link.

Severe yielding was apparent in the east flange of the brace connection panel, extending from

the end of the link to about one inch north of the partial depth stiffener. There was also signifi

cant yielding in the web of the brace connection panel, in the southeast corner of the panel. As

with Specimen 5, slight yielding was also present in the south flange of the WlOx26 brace, in the

region immediately adjacent to the link, and approximately opposite the web cope in the brace.

No significant yielding was noted in the beam or in the column panel zone for this specimen.

Very severe unsymmetric flange buckles formed in the link's south flanges and in the east

flange of the brace connection panel. A somewhat less severe unsymmetric flange buckle was

present at the link's northwest end. No flange buckle ever formed at the link's northeast end.

The flange buckles at the south end of the link extended approximately from the ends of the ribs

to the first stiffener. At the southwest end of the link, the buckled portion of the flange began to

separate from the rib to flange weld (Fig. 3.15d). The buckle at the northwest end extended about

4.5 inches from the end of the link. Web buckling was also present at the link ends in the regions

adjoining the flange buckles.

The very severe buckle in the east flange of the brace connection panel extended from the

link end to the partial depth stiffener (Fig. 3.15b). The web of the panel was also severely buck

led in this region. The partial depth stiffener was apparently quite effective in limiting the extent

of local buckling in the panel. It is interesting to note that no deterioration in the hysteretic loops

was observed until the formation of the brace connection flange buckle, despite the earlier flange

buckling at the link's south end. As with Specimen 5, some out-of-plane displacement of the

specimen's east flange was present in the region of the brace connection panel (Fig. 3.15c). The

extent and severity of this out-of-plane displacement, however, was less than that observed in

Specimen 5. The partial depth stiffener may have provided additional restraint against this dis

placement.

Ultimate failure of Specimen 6 occurred by fracture of the link's southeast flange at the ends

of the ribs. Cracks first formed at the tip of each rib. These cracks gradually spread to the out

side of the flange. Complete failure finally occurred when the two cracks joined in the central por

tion of the flange. The formation of this fracture was significantly more gradual than in previous

specimens.

Comparison with Specimen 5 indicates that the ribs significantly extended the life of Speci

men 6. The fact that a fracture still ultimately occurred reflects the highly concentrated bending

strains developed at the ends of a long link.



41

3.2.7 Specimen No. 7

Specimen 7 was provided with a W12x 16 link of intermediate length (nominal

e = 2.1Mp IVp )' The link length and section of Specimen 7 were therefore nearly identical to that

of Specimens 1 and 2. The link-to-column connection of Specimen 7 was provided with reinforc

ing ribs of the same design as for Specimen 6 (Fig. 2.22). For Specimens 1 to 6, the link web was

connected to the column through a welded shear tab. For Specimen 7, as well as Specimens 8, 9,

10, and 11, the web was welded directly to the column by a full penetration weld. As with Speci

men 6, the first stiffener in the link of Specimen 7 was located well away from the rib ends to

avoid excessively constraining flange deformations. At the south end of the link, the first stiffener

was located 5 inches from the link end. This distance corresl?onds to 1.25 bf , and was chosen to

be intermediate between the spacings of bf and 1.5 bf used on previous specimens. One addi

tional stiffener was placed between the two end stiffeners to avoid the web buckling failure

observed in Specimen 2.

In the brace connection panel, a partial depth stiffener was located 5 inches from the end of

the link in order to control local buckling in this region. The 5 inch distance was chosen once

again to correspond to 1.25 bf . Because of the very long length of the brace connection panel for

this specimen, an additional partial depth stiffener was provided midway between the first partial

depth stiffener and the north end of the panel.

The most important feature of Specimen 7 was the fact that it was designed to incur severe

yielding and damage in the beam segment outside of the link. The very shallow brace-beam angle

on this specimen, about 28.4 deg., was chosen to generate very large axial forces in the beam.

Further, the brace section was sized only for the ultimate axial force generated in the brace,

assuming the brace connection behaves as a "pin" and transfers no moment to the brace. The

brace section was therefore chosen to provide high axial compressive strength with no concern for

available flexural strength or stiffness. An analysis of this specimen prior to testing showed that

because of the low flexural stiffness of the brace, approximately 95% of the link end moment

would be initially transferred to the beam. This high moment in the beam combined with high

axial force was expected to produce severe yielding in the beam. Further analysis of this specimen

showed that the combined flexural strengths of the beam and brace, reduced for the presence of

axial force in the members, was less than 50% of the estimated ultimate link end moment. Conse

quently, severe damage outside of the link was anticipated.

Test Notes - Plots of link shear force versus link rotation angle for Specimen 7 are shown in

Fig. 3.16. In the final half cycle of testing, the displacement transducer at the north end of the

link went out of range. Consequently, it was not possible to compute link rotation after this point.

The plots in Fig. 3.16 are terminated at the point where the displacement transducer went out of

range. In order to show the complete history of this specimen, a plot of link shear versus column
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displacement (= displacement of south end of link) is shown in Fig. 3.17. The plots in Fig. 3.16

are missing only the last few data readings after failure of the specimen.

Initial yielding of Specimen 7 was visible during cycle 4E in the link's southeast flange, just

beyond the ribs, and in the east flange of the beam at the north end of the brace connection panel.

During cycles 5, 6, and 7, significant yielding developed in both flanges at the south end of the

link, with moderate yielding visible in the east flange of the beam. Initiation of flange buckling at

the southeast end of the link, beyond the ribs, was noted during cycle 8W.

During cycle 9E, a flange buckle formed in the east flange of the beam at about 1 ft. north of

the brace connection panel. In addition, downwards out-of-plane displacement was clearly visible

in the east flange of the beam. The peak of the out-of-plane displacement was at about the same

point as the flange buckle. Flange buckling was also noted in the link's southwest flange during

this cycle. During cycle WE, the flange buckle and out-of-plane displacement of the beam's east

flange became significantly more pronounced. The beam's east flange was displaced downwards

about 2 inches at its peak. No displacement of the beam's west flange was visible. The specimen's

load carrying capacity began to drop during this cycle. A photograph looking towards the beam's

east flange at cycle lOE is shown in Fig. 3.18a.

During cycles 11 and 12, the out-of-plane displacement of the beam's east flange became pro

gressively more severe, and the specimen's load carrying capacity continued to degrade. During

the westward loading cycles, the beam straightened somewhat, but some residual out-of-plane dis

placement was always visible.

During cycle 13E, the formation of two cracks became visible in the link's southeast flange,

at the tips of the ribs. In this cycle, the beam's east flange was displaced downwards about 3

inches at its peak. In cycle 14E, the cracks in the link's southeast flange spread over nearly the

full width of the flange. The flange finally ruptured completely during cycle 15E. This point is

indicated by a circle on the hysteretic loops in Fig. 3.16. A tear also formed in the web of the

link, starting at the flange fracture. The test was stopped shortly after this point.

Summary of Damage - Photographs of Specimen 7 after testing are shown in Fig. 3.18.

Severe yielding was visible in both flanges at the link's south end, extending from the column face

to about the first stiffener. Unlike Specimen 6, some yielding of the southeast flange was visible

within the rib area on Specimen 7. Some yielding was also evident on the ribs themselves. The

web of the link was also severely yielded at the link's south end (Fig. 3.18d). At the north end of

the link, minor yielding was evident in the east flange, extending about 4 inches from the end of

the link. Only very slight yielding was noticeable in the west flange and in the web at the north

end of the link. In the remaining central portion of the link, no flange yielding and only very

slight web yielding was visible. Flange buckling within the link occurred only in the south flanges.

These unsymmetric buckles extended from the ends of the ribs to the edge of the fillet weld at the
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first stiffener. Slight web buckling was also apparent at the south end of the link in the regions

adjacent to the flange buckles.

Within the brace connection panel, minor yielding was evident along the entire east flange.

Very slight yielding was also noticeable in the web of the panel adjacent to the east flange. No

flange buckles formed within the brace connection panel.

Within the beam, yielding was visible in the east flange for a distance of about 70 inches

beyond the brace connection panel. The most severe yielding in the east flange was visible at

about 10 inches north of the brace connection panel (at the peak of the out-of-plane buckle) and

at the beam lateral support. These areas of severe yielding correspond to out-of-plane flexural

plastic hinges of the east flange developed during lateral torsional buckling of the beam. Some

yielding was also noticeable in the beam's west flange and in the beam web in the region of severe

out-of-plane displacement.

The most significant feature of the beam was its severe lateral torsional buckling. The most

severe twisting of the beam occurred at about 10 inches north of the brace connection panel. At

this location, after testing, the beam's east flange was deflected downwards about 5 inches and the

west flange was deflected downwards about one inch. At this same location, a flange buckle,

about 4.5 inches in length, was visible in the top half of the flange. No flange buckle was present

in the lower half of the flange. After rupture of the link's southeast flange, the lateral torsional

buckling of the beam caused the link's east flange to deflect upwards. At the point of rupture, the

link's east flange was deflected upwards about 2 inches. A view looking towards the east flange of

the specimen is shown in Fig. 3.18c.

No flaking of whitewash was observed on the brace. However, as noted earlier, the use of

whitewash did not appear to be an effective indicator of yielding on the cold formed tube

members. Upon completion of testing of Specimen 7, the tube brace member was noticeably bent

just beyond the brace connection gusset plate (Fig. 3.18e). This permanent deformation indicates

the likelihood of brace yielding beyond the gusset plate.

Some minor damage was also apparent in the brace connection. A very slight crack was

noticeable where the gusset plate meets the south flange of the brace. The weld connecting the

gusset plate to the brace was continued around the edge of the gusset. The crack formed at the

edge of this weld, and is visible in Fig. 3.18f. At the point where the gusset plate meets the north

flange of the brace, a small indentation was visible in the brace flange. This indicates that the

gusset "punched" into the brace wall. The stiffener along the south edge of the gusset plate showed

slight yielding extending for a length of about 10 inches from the link.

Although lateral torsional buckling of the beam caused severe deterioration of the specimen's

hysteretic loops, ultimate failure was once again caused by fracture of the link flange. As with

Specimen 6, cracks initiated in the link's southeast flange at the tips of the ribs, and then gradually
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spread over the width of the flange.

As noted earlier, the links for Specimens 1 and 7 were very similar. The primary difference

between these specimens was that Specimen 1 was designed to restrict yielding primarily to the link

region, whereas Specimen 7 was designed to permit significant yielding in the beam segment out

side of the link. By comparing the hysteretic loops for Specimens 1 and 7, it is apparent that a

very large loss of strength and plastic rotation capacity resulted by permitting yielding in the beam

in this case. The very large axial forces in the beam produced severe instability, and thereby

prevented the development of significant plastic rotations in the beam.

3.2.8 Specimen No. 8

Specimen 8 was designed to incur severe yielding and damage in the beam segment outside

of the link, similar to the manner in which Specimen 7 was designed. As with Specimen 7, Speci

men 8 was provided with a very shallow brace-beam angle (29 deg.). The brace was also designed

for axial force only, resulting in a brace section with rather low flexural stiffness and strength.

The W 12 x 22 link in Specimen 8 was in the intermediate length range, with nominal

e = 2.15Mp IVp- The link-to-column connection detail was similar to Specimen 7 and was pro

vided with reinforcing ribs. Stiffeners were provided at a distance of about 1.25 hI from the north

end of the link and from the rib ends at the south end of the link. The remaining central portion

of the link was stiffened to provide three equal length panels, according to the criteria of Eq. 1.3b.

No partial depth stiffener was provided in the brace connection panel since flange buckling had

not been observed in the panel of the previous W 12 x 22 specimens.

An additional interesting feature of the Specimen 8 design was that the brace and beam

centerlines intersected a distance of about 5 inches inside the link (Fig. 2.13). As noted earlier, it

was expected that this eccentricity would produce a moment that would resist the link end

moment. An elastic analysis of Specimen 8 indicated that the 5 inch eccentricity between the

centerline intersection and the link end reduced the bending moment transmitted to the beam and

brace by as much as 50 percent!

Test Notes - The response of Specimen 8 is shown in Fig. 3.19. Initial yielding of this speci

men was first visible during cycle 4E in the south flanges of the link and in the south link web

panel. In cycle 7E, some yielding of the link's north panel was first noted as well as slight yielding

of the beam's east flange. In cycle 7E, a small deformation of the southeast link flange was

observed at the tips of the ribs. This deformation had the appearance of the ribs "punching" into

the link flange. By cycle 9E, significant web yielding had propagated over the entire length of the

link. During cycle IDE, minor flange yielding was first observed at the north end of the link.

Additional yielding was also observed in the south end of the beam's east flange. During cycles

lOW and 11W, the deformations in the link's southeast flange became more pronounced and were
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closer in appearance to conventional flange buckles.

During cycle 14E, minor lateral torsional buckling of the beam was first visible, with the east

flange deflected upwards. The beam's out-of-plane displacement became progressively more severe

in cycles 15E and 16E, and the specimen's load carrying capacity began to drop. Measurements at

cycle 16E indicated that the beam's east flange was buckled upwards about 3.75 inches at its peak,

and the west flange was buckled upwards about 1.5 inches. The peak of the buckle was located

about 42 inches north of the link end. The formation of small cracks in the link's southeast flange

at the tips of the ribs was also noted during cycle 16E. During cycle 17E, a sudden drop of load

was accompanied by the sudden upwards displacement of the beam's east and west flanges. The

east flange was deflected 6 inches upwards and the west flange, 4.5 inches. The lateral torsional

buckling of the beam had become almost purely lateral buckling. Slight growth of the cracks in

the link's southeast flange was also evident. During cycle 18E, the specimen's load carrying capa

city dropped rapidly, as the beam buckle grew larger. Even though the specimen may have been

able to sustain some additional applied deformation, the test was stopped after this cycle to avoid

damaging the test equipment.

Summary of Damage - Photographs of Specimen 8 after testing are shown in Fig. 3.20. In

the link of Specimen 8, severe yielding was visible over the entire length of the link web, including

the portion in the rib area. Yielding was also apparent in the link flanges at both ends of the link.

In the southeast flange, severe yielding was concentrated in the region just beyond the ribs (Fig.

3.2Oc), although signs of flange yielding were visible up to about 12 inches from the column face.

Significant yielding was also apparent in the ribs themselves at the southeast end of the link. At

the southwest flange, yielding extended about 14 inches beyond the column face, with the most

severe yielding immediately adjacent to the column. No significant yielding was visible in the ribs

at the southwest end of the link. Yielding in the link's north flanges was only very slight, and

extended to approximately the first stiffener. Flange buckling in the link occurred only in the

southeast flange and was very minor. No other local buckling was apparent anywhere within the

link.

Within the brace connection panel, slight yielding was apparent over the full length of the

east flange and in the east half of the web. No yielding was visible in the horizontal stiffeners

above the brace or in the brace itself. No flange or web buckling was present anywhere in the

brace connection panel.

In the beam's east flange, yielding was visible at the center and ends of the buckled region.

Some yielding was also noticeable in the beam web adjacent to the brace connection panel. The

buckle in the beam, which began as a lateral torsional buckle, was an almost purely lateral buckle

by the final load cycle. The buckle extended from about the north end of the brace connection

panel to the beam lateral support, a distance of about 69 inches. The peak of the buckle was
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located at about 44 inches north of the link end. At the peak, the east flange was deflected

upwards about 6.75 inches and the west flange, about 6 inches. The shape of the buckle (Fig.

3.20b) reflects the dominating influence of axial force in the beam. Less torsional displacement

occurred in the beam of Specimen 8 than in Specimen 7 possibly because of the reduction in beam

bending moment resulting from the eccentricity between the link end and the beam-brace center

line intersection.

As with Specimens 6 and 7, cracks formed in the link's southeast flange at the ends of the

ribs (Fig. 3.20c). However, for Specimen 8, testing was stopped before the cracks spread over the

flange width.

3.2.9/10 Specimen Nos. 9 and 10

The primary objective of Specimens 9 and 10 was to obtain data on the performance of short

link-to-column web connections. As noted in Chapter 1, only a single test had previously been

conducted on such a connection. This test, by Malley and Popov [11], showed satisfactory perfor

mance. However, moment resisting connections to the column web in MRF applications have fre

quently shown poor performance [23, 26, 27]. Because of the uncertain reliability of these connec

tions and because only a single test was available for EBF applications, current codes [5, 7, 8] limit

link plastic rotations to ± .015 rad. when links are connected to the column web. The purpose of

Specimens 9 and 10 was to increase the experimental data base for short link-to-column web con

nections, and to determine whether an increase in the allowable link rotation beyond ± .015 rad.

was justifiable.

Specimen 9 was provided with a short (nominal e = 1.2Mp lVp ) W12x22 link and Specimen

10 with a short (nominal e = 1.5Mp /Vp ) W12x 16 link. The link-to-column connection details are

shown in Figs. 2.23 and 2.24. As suggested in Ref. 27, the connection plates were made some

what thicker than the beam flanges and were extended beyond the column. Further, the lower

connection plate was thicker than the upper plate. As noted in Tsai and Popov [33], this practice

promotes a sound full penetration weld by compensating for small variations in beam depth. The

link web copes at the full penetration welds were ground smooth to reduce stress concentrations.

Care was also taken to avoid "overwelding" by strictly limiting to 1/8 inch the amount by which the

full penetration welds extended above the flanges. The link webs were directly welded to the verti

cal connection plate by full penetration welds. The welding sequence required welding the flanges

before the web to limit welding residual strains in the flanges. Stiffeners in the links were equally

spaced to satisfy the short link stiffening criteria of Eq. 1.3b.

Test Notes: Specimen 9 - The response of Specimen 9 is shown in Fig. 3.21. Significant

yielding of this specimen was apparent during cycles 5 and 6 throughout the link web and in the

link's south flanges. During cycle 8E, minor bending of the link's southwest flange was visible.
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Significant yielding in the east flange of the brace connection panel was noted in cycles 8E and

8W. During cycle 9W, bending was visible in the link's southeast flange. During cycle lOE, a

small crack was visible in the link-to-column connection. The crack was located between the con

nection plate and the run-out portion of the full penetration weld on the east side of the connec

tion. The crack is visible in the photograph in Fig. 3.22a. Downward, out-of-plane displacement

of the beam's east flange was also visible in cycle tOE. During cycle lOW, the beam straightened

out. A small crack also became visible in the west end of the connection. This crack was again

located at the junction of the connection plate and the run-out portion of the full penetration weld.

During cycle llE, the crack in the east portion of the connection ran completely across the connec

tion plate. This point is indicated by the circle on the hysteretic plots in Fig. 3.21. Coincident

with the formation of this fracture, the out-of-plane displacement of the beam's east flange became

significantly more severe. Testing was stopped at this point.

Summary of Damage: Specimen 9 - Photographs of Specimen 9 after testing are shown in

Fig. 3.22. The link web was completely yielded over its entire length. The link's south flanges

were yielded for a length of 4-5 inches from the connection plates. The north flanges were yielded

for a length of about 3 inches from the link end, and the yielding did not appear to be as severe as

in the south flanges. There also appeared to be significant yielding in the east connection plate,

concentrated in the central portion of the plate adjacent to the link flange. The extent of yielding

was difficult to judge in the west connection plate, but appeared to be less severe than in the east

plate. Both flanges at the link's south end showed some distortion, extending a length of about 3

inches beyond the connection plate. Both the top and bottom portions of the flange were uni

formly bent in the same direction. This flange distortion did not have the appearance of the usual

flange buckling observed in previous tests. No other flange or web buckling was visible in the link

of Specimen 9.

In the brace connection panel, severe yielding was visible in the east flange for a length of

about 7 inches at the south end of the panel. The web was also yielded in the south half of the

panel.

No yielding was apparent in the brace. However, in the brace connection, slight yielding was

apparent in the short vertical stiffener and the long diagonal stiffener at the south edge of the

gusset plate.

Within the beam, yielding was visible in the east flange and in the web for a distance of

about 18 inches from the north end of the brace connection panel. Lateral torsional buckling of

the beam extended from the link end lateral support to the beam lateral support (Fig. 3.22c). The

peak of the buckle occurred at about 30 inches north of the link end lateral support. At this loca

tion, the beam's east flange was deflected downwards about 2.75 inches and the west flange was

deflected downwards about .5 inches. After rupture of the link-to-column connection, the lateral
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torsional buckling of the beam caused the link's east flange to deflect upwards.

Ultimate failure of Specimen 9 was caused by fracture of the east connection plate at the

link-to-column connection (Fig. 3.22d). This crack initiated at the junction of the connection

plate and the portion of the full penetration weld that extends beyond the link flange. This crack

spread quickly across the connection plate. Examination of the cracked region after testing indi

cated that incomplete penetration near one end of the full penetration weld may have contributed

to initiation of the crack. Instability of the beam may have also contributed to the connection

failure. The loss of stiffness associated with the lateral torsional buckling of the beam may have

increased the bending moment carried at the column end of the link. Also, the downwards deflec

tion of the beam's east flange would have produced additional tension in the upper portion of the

link flange at the location of crack initiation, possibly hastening the failure. However, it should

be noted that severe lateral torsional buckling of the beam was not observed until after complete

rupture of the link flange connection. This severe buckling was apparently in response to the

redistribution of bending moment towards the brace end of the link after failure of the connection.

After rupture of the flange connection occurred, the link web also fractured along the edge of

the web's full penetration weld. This fracture extended to about mid-depth of the link when test

ing was stopped.

Test Notes: Specimen 10 - The response of specimen 10 is shown in Fig. 3.23. Significant

yielding of this specimen was visible in cycles 5 and 6, throughout the web of the link and in the

link's south flanges. During cycle 7E and 7W, slight flange buckling was observed in the link's

southeast and southwest flanges. During cycle 8E, very minor out-of-plane displacement was visi

ble in the east flange of the beam. In cycle 9E, the start of a crack was noted in the link's

southeast flange. The crack appeared at the bottom of the flange, adjacent to the full penetration

weld. This crack grew in length in cycle lOE, as shown in Fig. 3.24a. The flange completely rup

tured during cycle llE. This point is indicated by the circle on the hysteretic plots in Fig. 3.23.

Upon continued application of load, a flange buckle developed in the east flange of the brace con

nection panel, and the out-of-plane displacement of the beam's east flange became significantly

more severe. Testing was stopped at this point.

Summary of Damage: Specimen 10 - Photographs of Specimen 10 after testing are shown in

Fig. 3.24. Within the link, severe yielding was visible over the entire web, and for a length of 3-4

inches in the flanges at both ends of the link. After testing, the only visible flange buckling was at

the southwest flange of the link. The flange was symmetrically bent in a pattern very similar to

that observed in Specimen 9. No signs of web buckling were visible anywhere within the link. At

the link-to-column connection, some yielding was evident in both flange connection plates, as well

as in the web connection plate.
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Within the brace connection panel, severe yielding was visible over the entire east flange and

in the southeast corner of the web. Moderate yielding was also visible in the west flange for a

length of about 3 inches at the south end of the panel. An unsymmetric flange buckle was present

in the east flange at the south end of the panel. The length of the buckle was about 7 inches.

There was an additional buckle in the east flange of the panel at about 12 inches north of the link.

Only the lower half of the flange was buckled, and appeared to be a consequence of the beam's

lateral torsional buckle.

Within the brace connection itself, severe yielding was evident in the southeast corner of the

gusset plate. Slight yielding of the gusset plate was also visible in the region adjoining the 2" wide

diagonal stiffener. Yielding was also visible in the short vertical stiffener and for about 6 inches of

the diagonal stiffener. As with Specimen 7, a small crack was present at the point where the

gusset plate meets the south flange of the brace. The slit cut into the brace flanges to accommo

date the gusset plate extended somewhat beyond the gusset. This excess slit was filled in with weld

metal, and it was at this location that the crack was visible.

In the beam, moderate yielding was apparent in the east flange for a length of about 6 inches

beyond the brace connection panel. Slight yielding was visible for the remainder of the east flange

to about 6 inches north of the beam lateral support. These yield lines were consistently oriented at

45 deg. to the beam's longitudinal axis. No significant yielding was apparent in the beam web or

west flange. Lateral torsional buckling of the beam was present from the link end lateral support

to the beam lateral support. The peak of the buckle occurred at about 12 inches north of the link

end, within the brace connection panel. At the peak, the east flange was deflected upwards about

1.5 inches, and the west flange was deflected upwards about .5 inches.

Ultimate failure of Specimen 10 was caused by fracture of the link's southeast flange. The

fracture initiated at the bottom of the flange and traveled upwards. The fracture appeared to be

completely within the base metal of the link flange, with no evidence of weld defects. After rup

ture of the flange, the link web also fractured along the edge of the web's full penetration weld.

This fracture extended to about mid-depth of the link when testing was stopped.

3.2.11 Specimen No. 11

As with Specimens 7 and 8, Specimen 11 was designed to incur severe yielding and damage

in the beam segment outside of the link. Specimen 11 was provided with a very shallow brace

beam angle (28 deg.) and with a brace section designed for ultimate axial force only. An analysis

of this specimen showed that the low flexural stiffness of the brace would cause almost the full link

end moment to be carried by the beam. This high moment combined with high axial force in the

beam was intended to produce severe yielding of the beam. Further, the combined flexural

strength of the beam and brace, reduced for the estimated ultimate axial force in these members,
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was less than 50% of the estimated ultimate link end moment. Thus, a significant loss in overall

strength due to beam yielding was expected for this specimen. The location of the beam's first

lateral support was also moved significantly doser to the link end lateral support in an attempt to

delay instability in the beam.

With a nominal e = 1.65 Mp/Vp , the link length for Specimen 11 was at the beginning of the

long link range. Link stiffeners were equally spaced according to the short link criteria of Eq.

1.3b. No additional stiffeners were provided within the brace connection panel, since no local

buckling was observed in the panel of any previous W12x 22 specimen.

Test Notes - The response of Specimen 11 is shown in Fig. 3.25. Initial yielding of this speci

men was observed in cycle 3E in the east flange of the beam, opposite the stiffener at the north

end of the brace connection panel. In cycle 3W, yielding was first noted in the south flanges of

the link. In cycle 4E, slight yielding of the link web was visible in the south half of the link.

During cycle 5E, additional significant yielding of the beam's east flange was apparent in the

region surrounding the north end of the brace connection panel, as well as at the beam lateral sup

port. Very significant web yielding was also evident in the south panel of the link. During cycle

6W, web yielding was visible over the entire length of the link. Yielding in the east flange of the

beam and brace connection panel continued to increase in severity, and very slight yielding was

first noted at the link's north flanges. Slight yielding was also observed in the diagonal stiffener

attached to the brace connection gusset plate. During cycle 8E, very mild flange buckling was

observed at the southwest end of the link. Slight upward out-of-plane displacement of the east

flange was visible near the north end of the brace connection panel. Also during cycle 8E, the

start of a crack was visible in the link's southeast flange. The crack was in the center of the

flange, adjacent to the full penetration weld. During cycle 8W, a similar small crack was observed

in the link's southwest flange. During cycle 9E, some additional out-of-plane displacement of the

beam's east flange was apparent. The crack at the link's southeast flange began to spread across

the width of the flange. This point is indicated by the circle on the hysteretic loops in Fig. 3.25.

Before the crack spread over the entire width of the flange, load was removed from the specimen,

and the test was stopped. Testing was terminated at this point to permit repair and modification

of the link-ta-column connection so that the specimen could be retested.

Summary of Damage - Photographs of Specimen 11 after testing are shown in Fig. 3.26.

Within the link, yielding was apparent over the entire web, but more severe in the south half of

the link (Fig. 3.26a). Significant yielding was also visible in the link's south flanges, extending 5

to 6 inches from the column face. Yielding in the southeast flange appeared somewhat more

severe than in the southwest flange. Only very slight yielding was visible in the link's north

flange, extending only about 1 inch inside the link. During the course of the test, very mild flange

buckling was observed only in the link's southwest flange. No local buckling was observed
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anywhere else within the link.

In the east flange of the specimen outside of the link, severe yielding was apparent in the

north half of the brace connection panel, for about 5 inches north of the brace connection panel,

and immediately above the beam lateral support. Slight yielding of the beam's east flange

extended as far as 6 ft. north of the link end. Within the brace connection, moderate yielding was

visible in the diagonal stiffener attached to the gusset plate. Slight yielding of the column panel

zone was also visible.

Slight lateral torsional buckling of the beam was evident between the link end lateral support

and the beam lateral support. The peak of the buckle appeared to be at about midway between

the supports. At the peak, the east flange of the beam was deflected upwards only about In the

specimen's tube brace member, a slight bend was visible just beyond the gusset plate, indicating

some permanent deformation in the brace.

At the end of the test, cracks had formed in both the southeast and southwest link flanges.

The cracks initiated in the center of the flanges, adjacent to the full penetration welds. The crack

in the southeast flange is visible in Fig. 3.26c. Testing was stopped before either crack spread over

the full width of the flange.

3.2.11R1 Specimen No. UR1

After completion of the testing of Specimen 11, the specimen was repaired and modified for

retesting. The repaired specimen was designated as 11RI.

The link-to-column connection of Specimen 11 was repaired and extensively modified for

Specimen 11RI. The repair and modifications are detailed in Fig. 2.26. The repair involved

completely cutting out the damaged connection, and cutting the link back to sound, undamaged

steel. This shortened the link by about .75 inches. In the new connection, the link flanges were

connected to the column by full penetration welds and reinforced by triangular cover plates. For

the web connection, a heavy shear tab was full penetration welded to the column and fillet welded

to the link web, in a manner similar to Specimens 1-6.

Repairs were accomplished while the specimen remained bolted in the test setup. This pre

cluded access from the bottom of the specimen. Consequently, the link flange full penetration

welds were both welded from the outside of the section as shown in Fig. 2.26. For the same rea

son, both cover plates were welded to the outside surface of the flanges.

Design of the modified connection was based on the observed performance of the previous

specimens. Most of the previous specimens without reinforcing ribs failed by fracture of the link

flange. These fractures typically occurred in the region adjacent to the full penetration weld,

where the section had been damaged by the heat of the full penetration weld and by the presence
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of the web cope. The intent of the reinforcing ribs (Specimens 4, 6, 7 and 8) was to move the

link's critical section away from this damaged area, back to an area of sound steel. The ribs were

very successful in preventing fracture at the full penetration weld. Unfortunately, each specimen

with ribs still developed fractures, with the cracks initiating in the link flange at the tips of the

ribs. However, it appears that the ribs were successful in delaying fracture, permitting the

development of additional plastic rotation.

In observing the development of cracks in the specimens with ribs, it appeared that the

abrupt change in the link stiffness and strength at the ends of the ribs contributed to crack initia

tion. Prior to fracture, link flange deformations were typically visible at the rib ends. These

deformations had the appearance of the ribs "punching" into the flange, producing highly localized

strains at the rib ends.

In Specimen URI, the cover plates were intended to reinforce the connection and to move

the link's critical section away from the full penetration weld and web cope. Thus, the cover

plates serve the same basic purpose as the ribs. However, the use of cover plates rather than the

vertical ribs was intended to provide a less abrupt change in stiffness and strength. The triangular

shape was expected to provide an even more gradual transition. A stress concentration was still

anticipated at the tip of the triangle. However, the tip is located directly above the web and it was

hoped that this location would provide greater resistance to fracture of the flange.

The weld connection was made through a welded shear tab. A very thick shear tab was

chosen (approximately double the web thickness) in an attempt to stiffen the web region and draw

stress away from the flanges. For the fillet welds at the top and bottom of the shear tab, care was

taken to terminate the welds well away from the web copes and the end of the link. A photograph

of the new connection is shown in Fig. 3.28a.

In addition to the repair and modification of the link-to-column connection, a full depth stif

fener was added to the brace connection panel as shown in Fig. 2.17. Some slight lateral torsional

buckling of the beam was noted towards the end of the Specimen 11 test. The stiffener was

located near the peak of the buckle to provide additional torsional stiffness to the section. It was

hoped that beam instability could be delayed, so that the modified link-to-column connection

could be thoroughly tested.

Test Notes - Prior to testing, whitewash was reapplied to the specimen. Nonetheless, the

occurrence of yielding in this specimen was difficult to judge in areas that were heavily yielded in

the previous test. In these areas, such as the link web, most of the mill scale on the surface had

flaked off in the first test, and so whitewash was not a particularly effective indicator of yielding.

However, in other areas, such as the link flanges, the whitewash appeared to be effective.

The response of Specimen llRl is shown in Fig. 3.27. During cycle 4W, some yielding was

visible in the link's south flanges, just beyond the cover plates. Very slight yielding was also noted
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within the cover plate on the east flange. During cycles 5, 6, and 7, further yielding of the south

flanges was visible, in addition to slight additional yielding within the east cover plate. During

cycle l1E, very sudden out-of-plane buckling occurred between the beam lateral support and the

lateral support at the north end of the subassemblage. The testing was stopped at this point to

once again permit repair of the specimen.

Summary of Damage - Photographs of Specimen UR1 after testing are shown in Fig. 3.28.

Within the link, the only yielding indicated by flaking of whitewash was in the south flanges. In

the southeast flange, yielding was concentrated in a region of about 5 inches beyond the triangular

cover plate. Some yielding was also visible in the cover plate itself and in the region of the flange

above and below the cover plate. From these yielding patterns, it appears that the cover plate was

quite successful in providing a gradual reduction in yielding from the tip of the cover plate

towards the column face. In the west flange, a similar pattern of yielding was visible, though

somewhat less severe than in the east flange. Photographs of these flanges after testing are shown

in Fig. 3.28b and c. Significant additional yielding was also visible in the column panel zone of

this specimen. The only other flaking of whitewash visible on the specimen was at the peak of the

beam buckle.

Failure of Specimen l1R1 was caused by buckling of the beam. The buckle was located

between the beam lateral support and the lateral support at the north end of the subassemblage. A

view of the buckled region is shown in Fig. 3.28d. The shape of the deformed beam reflected

almost purely lateral buckling. Both the east and west flanges of the beam were displaced upwards

about 3.5 inches at the peak of the buckle. The peak was located at about 40 inches north of the

beam lateral support.

Other than the buckle in the beam, little deformation was visible anywhere else in the speci

men. Consequently, the decision was made to repair the buckled region and retest the specimen.

3.2.11R2 Specimen No. llR2

After completion of the testing of Specimen llRl, the specimen was repaired and retested.

The repaired specimen was designated as 11R2.

The primary damage to Specimen l1Rl was a severe lateral buckle in the beam. The speci

men was removed from the test setup, and the beam was straightened. This was accomplished by

applying lateral force to the beam with a hydraulic jack at various locations until the beam

appeared fairly straight. Some minor out-of-plane distortions were still visible, however, upon

completion of the straightening process. The specimen was then remounted in the test setup. An

additional beam lateral support was provided at the location where the peak of the buckle was

observed in the previous test. This additional lateral support was constructed by placing a

2x3x31l6 angle above and below the beam. The angles as well as the tips of the beam flanges
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were coated with teflon to minimize friction at the support.

Test Notes - Whitewash was not reapplied to Specimen llR2 before testing. Any flaking of

the existing whitewash on this specimen therefore represents additional yielding beyond that

experienced in the previous two tests. As with Specimen llRl, the whitewash was not an effective

indicator of yielding in all areas of the specimen.

The response of Specimen llR2 is shown in Fig. 3.29. At cycle 3E for Specimen llR2, the

previous peak displacement (at the point of beam buckling) from the test of Specimen llRI was

achieved. There were no signs of beam instability at this point. However, during cycle 4E, slight

out-of-plane displacement of the beam's east flange was visible between the link end lateral support

and the first beam lateral support. Additional yielding was also apparent at the link's south

flanges in the region beyond the cover plates. During cycle 4W, additional yielding of the column

panel zone was noted, and some shear deformation of the column panel zone was visible. During

cycles 5E and 5W, very slight flange buckling was observed in the link's south flanges in the

region between the column face and the tips of the cover plates. During cycles 6E and 7E, the

out-of-plane displacements of the specimen's east flange became progressively more severe.

Between the link end support and the beam's first lateral support, the beam flange was buckled

downwards. Between the first and second beam lateral supports, the beam's east flange was buck

led upwards. During cycle 7W, a small buckle formed in the brace connection gusset plate. The

buckle was located at the free edge of the gusset, between the diagonal stiffener and the brace.

Lateral torsional buckling of the beam became even more severe in cycle 8E. During cycle 8W,

the buckle in the brace connection gusset plate also became more severe. A photograph of this

buckle is shown in Fig. 3.30a. During cycle 9E, a small crack formed on the free edge of the

gusset plate, at about one inch from the end of the diagonal stiffener. A very slight crack was also

observed in at the southeast end of the link. The crack was located in the upper portion of the tri

angular cover plate, adjacent to the full penetration weld. The lateral torsional buckling of the

beam became even more severe during this cycle. Towards the end of cycle 9E, the specimen's

load carrying capacity began to drop significantly. The link end lateral support began to fail at

this point. The load cells in this lateral support (Fig. 2.30 - Section A-A) began to buckle, indi

cating enormous out-of-plane forces at the link end. The testing was stopped at this point.

Summary of Damage - Photographs of Specimen llR2 after testing are shown in Fig. 3.30.

Within the link, additional significant yielding was apparent in the south flanges, extending a dis

tance of about 12 inches from the column face. Significant yielding was also visible in the triangu

lar cover plates, particularly at the east flange. Yielding of the southeast flange is shown in Fig.

3.3Oc. A very small crack was present in the upper portion of the east cover plate, immediately

adjacent to the full penetration weld. A slight flange buckle was visible at the southwest end of

the link, extending about 5 inches from the column face. The overall view of the link region after
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testing (Fig. 3.30b), shows remarkably little deformation within the link.

Within the brace connection panel, additional yielding was visible in the east flange and was

more severe in the upper portion of the flange at one of the peaks in the lateral torsional buckle.

Yielding was also apparent in the west flange, at the north end of the panel.

The brace-te-link connection suffered considerable damage towards the end of the test.

Yielding was apparent in the diagonal stiffener for almost its full length. The most severe yielding

in the stiffener was concentrated in the region starting about 3 inches from the link, and extending

about 9 inches in length. Yielding patterns in the gusset plate were not as clearly evident from the

whitewash. However, it appeared that yielding occurred in the portion of the gusset between the

brace and the diagonal stiffener. There appeared to be little or no yielding in the north portion of

the gusset between the brace and the beam. As noted earlier, during the final two westward load

ing cycles, a buckle formed in the edge of the gusset between the brace and the diagonal stiffener

(Fig. 3.30a). During the final eastward loading cycle, this buckle straightened out, and a small

crack formed in the gusset. The crack started at the edge of the gusset at about 1 inch from the

end of the diagonal stiffener. The crack extended approximately .5 inches into the gusset. The

buckle in the gusset indicates that this connection could be improved by moving the end of the

diagonal stiffener as close as possible to the brace, while still leaving sufficient clearance for weld

ing.

As with the other gussetted brace connections (Specimens 7, 9 and 10), a small crack was

visible in the south flange of the brace, at the junction of the gusset plate and the brace. It

appeared that the slit cut in the brace flanges to accommodate the gusset extended about 1/2 inch

beyond the end of the gusset. This excess portion of the slit was filled in with weld metal, and the

crack was visible within this filled in region. From this observation, it would appear to be advis

able not to fill in the end of the slit with weld metal.

Small fractures were also visible in the gusset plate just beyond the ends of the brace flanges.

On the far side of the specimen, the tube brace separated from the brace to gusset fillet weld (Fig.

3.30d). The separation started at the end of the brace and extended for a length of about 6

inches. Examination of this region indicated that poor quality of the fillet weld may have contri

buted to this separation.

The primary failure mode for Specimen llR2 was severe lateral torsional buckling of the

beam outside of the link (Fig. 3.30e). In the segment of beam between the link end support and

the first beam lateral support, the east flange was displaced downwards about 3.5 inches at the

peak, and the west flange was displaced downwards about 1.5 inches. The peak of this portion of

the buckle was located at about 16 inches north of the link end, within the brace connection panel.

Between the first and second beam lateral supports, the beam's east flange was displaced upwards

about 2.5 inches at the peak, and the west flange was displaced upwards about 1.5 inches. During
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the final loading cycle, both the link end lateral support as well as the second beam lateral support

(the new support added for this specimen) began to fail, indicating the development of very large

out-of-plane forces.

A major objective of Specimen llR2 was to test the modified link-to-column connection

detail. The performance of the connection indicates that the triangular cover plates were very suc

cessful in reinforcing the connection and in providing a smooth transition into the reinforced

region. Though this single test cannot be considered conclusive, it appears that the use of the tri

angular cover plates can significantly delay fracture and thereby significantly enhance the overall

connection performance.

3.2.12 Specimen No. 12

Specimen 12, with a nominal link length of 3.6 Mp/Vp , was the longest link tested in this

experimental program. At the link-to-column connection, both the link flanges and web were

directly welded to the column with continuous fillet welds (Fig. 2.27). No web copes or any other

openings were cut into the link. A similar connection tested by Tsai and Popov [23, 34] for MRF

applications showed excellent performance. The intent of this specimen was to provide an indica

tion of long link performance when fracture is not the controlling failure mode. This case is of

interest when links are located within the span, not connected to a column.

A single stiffener was located 6 inches from each end of the link. This distance was chosen

to correspond to 1.5 hi. The purpose of these stiffeners was to provide restraint against flange

buckling and lateral torsional buckling of the link. A relatively steep brace-beam angle was used

(39 deg.) to limit axial force in the beam and relatively conservative spacing of beam lateral sup

ports was provided in an attempt to delay instability of the beam.

Test Notes - The response of Specimen 12 is shown in Fig. 3.31. Initial yielding of Specimen

12 was noted in cycle 3E in the flanges at the south end of the link. Slight flange yielding was

also visible opposite all stiffeners in the link and brace connection panel. During cycle 4E, signifi

cant flange yielding was apparent at both ends of the link. Yielding was also observed in the

south flange of the W8x 21 brace, in the region immediately adjacent to the link. This yielding

was most visible in the portion of the brace flange directly opposite the web cope at the brace con

nection. Additional yielding was also noted in the east flange of the brace connection panel, pri

marily opposite the stiffeners. During cycle 6W, flange buckling was first noted at the southeast

and northwest ends of the link. After cycle 6W, flange yielding extended for a length of 9 to 10

inches from the column face at the link's south end. At the link's north end, flange yielding

extended 8 inches from the link end at the west flange and 6 inches from the link end at the east

flange. During cycle 7E, minor lateral torsional buckling was observed both in the beam and

within the link. The beam straightened during cycle 7W, but lateral torsional buckling of the link
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became more severe. The link's southeast flange was displaced upwards and its northwest flange

was displaced downwards. During cycle 8E, lateral torsional buckling of the beam became very

severe, although no significant loss in overall load carrying capacity was observed. During cycle

8W, the beam once again straightened, but the lateral torsional buckling of the link became pro

gressively more severe. With increasing displacement in cycle 8W, the overall load carrying capa

city of the specimen began to drop. Some damage to the link end lateral support was also

observed, indicating the development of very large out-of-plane forces. The test was terminated at

this point to avoid further damage to the test setup.

Summary of Damage - Photographs of Specimen 12 after testing are shown in Fig. 3.32.

After testing, yielding in the link's east flange extended for a length of about 19 inches at the

south end and 13 inches at the north end. At both ends, the yielding appeared to be more severe

in the lower half of the flange. In the link's west flange (Fig. 3.26b), yielding extended for a

length of about 13 inches at the south end and 16 inches at the north end. For the west flange,

yielding appeared more severe in the upper half of the flange. Moderate yielding of the link web

was visible at both ends of the link, extending approximately to the stiffener at each end.

Within the brace connection panel, yielding was apparent in the east flange, over the full

length of the panel. Yielding of the web was visible in approximately the eastern one-third of the

panel, with the yielding more severe adjacent to the link. The west flange of the brace connection

panel showed no signs of yielding.

On the W8x 21 brace, severe yielding was apparent in the south flange, extending approxi

mately 4 inches beyond the full penetration weld at the brace connection. No other signs of dis

tress were visible in the brace connection. Within the beam, moderate yielding was visible in the

east flange for a length of about 2 ft. beyond the brace connection panel. In the west flange, only

very slight yielding was visible for a length of about 8 inches beyond the brace connection panel.

Flange buckling was present at the northwest and southeast ends of the link. The flange

buckle at the southeast end of the link (Fig. 3.32d) was somewhat more severe than at the

northwest end, but both flange buckles were rather mild. No signs of web buckling or additional

flange buckling was apparent anywhere else in the specimen.

The primary failure modes of Specimen 12 were severe lateral torsional buckling of the link

in the west load cycles and severe lateral torsional buckling of the beam in the east load cycles.

Lateral torsional buckling of the link was also observed in the east load cycles, but was much less

severe than in the west load cycles. In the east load cycles (beam in compression), the buckling of

the beam reduced the overall load carrying capacity of the specimen (Fig. 3.31), and apparently

reduced the deformation demands on the link, resulting in less severe link buckling. For the very

severe lateral torsional buckling of the link observed in the west load cycles, the southeast and

northwest flanges (the flanges in compression) were displaced out-of-plane. The southeast flange
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was displaced upwards (Fig. 3.32c) and the northwest flange downwards (Fig. 3.32b). The peak

out-of-plane deflections occurred at about 15 to 18 inches from the link ends. It appears that the

stiffeners located at 6 inches from the link ends provided substantial restraint against lateral tor

sional displacements. Moving the stiffeners somewhat further from the link ends might have pro

vided even greater restraint.

A remarkable feature of the Specimen 12 test was the excellent performance of the fillet

welded link-to-column connection. Despite the very severe cyclic loading program, the connection

suffered no significant distress. This may be due to the lack of web copes or any other openings

in the link web as well as possibly a smaller and less severe heat affected zone in the link flanges.

Such connections may have application in cases where erection and fabrication techniques permit

the link-to-column connections to be shop welded.

3.3 DISCUSSION OF TEST RESULTS

This section summarizes and discusses the experimental performance of the 14 test specimens.

The discussion is based on the observations of specimen performance detailed in the previous sec

tion and on the link shear versus rotation hysteretic loops for each test. Further detailed data

analysis and discussion are also provided in Chapters 4 and 5.

Table 3.2 summarizes the observed failure modes for each specimen. The ultimate failure

and cause for termination of testing for each specimen is represented by the "primary" failure

modes. The "additional" failure modes listed in this table contributed to loss of strength or rota

tion capacity, but were not directly responsible for the specimen's ultimate failure.

It is apparent from this testing program that the controlling failure mode for long links

attached to columns is fracture of the link flange at the link-to-column connection. This failure

mode reflects the very high bending strains developed at the ends of long links as well as the defi

ciencies of the link-to-column connection. For the conventional link-to-column connection (full

penetration welds at the flanges with a welded web connection), the fractures occurred in the link

flange immediately adjacent to the full penetration weld. Crack initiation was usually observed at

the junction of the web cope and the flange. The web copes are needed to accommodate the full

penetration welds, but appear to be very damaging to the connection by promoting the initiation

of a crack. The flange fractures can therefore likely be attributed to the combination of very high

bending stresses, damage to the flange due to the heat of the full penetration weld, and the

damaging effects of the web copes. After initiation of a crack was first observed, the fracture typi

cally spread rapidly across the full width of the flange. After rupture of the flange, the web con

nection also then typically failed rapidly by fracture of the link web and/or shear tab. For the

specimens that failed in this manner, if the testing had not been terminated the links would have
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completely separated from the columns. In an actual structure, in addition to the loss of the link,

such a failure could also potentially lead to column instability. The fact that fracture is the con

trolling failure mode poses serious consequences for EBFs with long links attached to columns.

Such a failure mode is highly undesirable because it cannot be reliably predicted and represents a

sudden and complete failure of the link.

The addition of vertical reinforcing ribs, when properly implemented, appeared to delay frac

ture of the link flange. This is evident by comparing Specimens 5 and 6. The specimens with

ribs, however, still ultimately failed by fracture with cracks initiating in the link flange at the tips

of the ribs. After crack initiation, the fractures spread across the width of the link flange much

more gradually than in the specimens without ribs. This is possibly because the link flange steel is

less damaged by the heat of welding in the region near the rib ends as compared to the region

immediately adjacent to the full penetration weld. As demonstrated by Specimen 4, it is important

not to place a stiffener too close to the ends of the ribs. Otherwise, flange deformations are con

strained into too small of a region, thereby contributing to initiation of a crack.

In contrast to the other specimens, the link-to-column connections in Specimens 11R2 and 12

performed well under the very severe cyclic loading program. The primary feature of the connec

tion for Specimen llR2 was the addition of triangular cover plates to the link flanges. The shape

of these cover plates provided a gradual transition in stiffness and strength into the reinforced

region of the connection, providing substantial resistance against the formation and propagation of

a crack in the link flange. Although this single test cannot be considered conclusive, the use of

triangular cover plates appears to be a promising technique for significantly improving connection

ductility. In Specimen 12, the link was connected to the column by all-around fillet welds, with no

web copes or other openings cut into the link. This connection provided excellent performance,

possibly because the damaging web copes were not present. It is also possible that the fillet welds

do less damage, subjecting the steel to less heat than a full penetration weld. Such a fillet welded

connection may have useful application when fabrication and erection procedures permit shop

welding of the link-to-column connection. Further experimental verification of both of the suc

cessful connections used in Specimens llR2 and 12 would be desirable.

None of the test specimens used a bolted web connection between the link and the column.

However, it is clear from the test results that a bolted web connection is not suitable for long links.

Experiments by others [11,23,34] have clearly shown that connections with bolted webs are more

prone to flange fractures than connections with welded webs. This behavior has been attributed to

slippage of bolted web connections under large cyclic loads and the subsequent redistribution of

load to the flange, resulting in rupture of the flange. Since fracture of the flange is already the

controlling failure mode for long link-to-column connections, it is clear that a bolted web would

only hasten the failure.
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The plastic rotation capacity of each test specimen is listed in Table 3.3. This table reports

values of 'Yp, defined as the maximum plastic rotation measured from the last point of zero load.

Figure 3.35 illustrates the definition of 'Yp. The parameter 'Yp was chosen because it is believed to

represent the best overall measure of the link's inelastic deformation capacity. For symmetric

cyclic response, the plastic rotation capacity 'Yp can be estimated as one-half of 'Yp. Note, how

ever, that the response of these specimens was not always completely symmetric. Lack of sym

metry in overall response can be largely attributed to lack of symmetry in the response of the beam

segment outside of the link. The response of the beam differed depending on whether it was in

compression or tension, particularly after the initiation of instability in the beam.

Up to three values of 'Yp are tabulated for each specimen. The first is the value of 'Yp at the

limit of stable hysteretic behavior. This is the maximum rotation at which link strength begins to

deteriorate. Next is the value of 'Yp at which the link shear force drops below V yie1d(SPT)'

VYield(SPT) is defined as the lesser of V p or 2 Mp/e , and represents the value of shear force at which

the link is predicted to yield based on simple plastic theory (SPT). V yie1d (SPT) is also the code [7,8]

specified value of link shear yield design strength. Vyield(SPT) was computed using the actual

estimated values of Mp and Vp listed in Table 2.10. The final tabulated value of 'Yp is the rotation

when link failure occurred by fracture, if applicable.

In examining Table 3.3, it is useful to recall that a properly stiffened short link can supply 'Yp
of .20 rad. with stable hysteretic behavior (± .10 rad. for symmetric cyclic loading). The signifi

cantly smaller plastic rotation capacities of long links is evident from this table. However, as noted

in Chapter 1, the rotation demand may also be less on a long link than on a short link by virtue of

the kinematics of an EBF (Eq. 1.1). The very large number of specimens that failed by fracture is

also apparent from this table. It is also interesting to note that Specimens 7 and 11 never achieved

Vyield(SPT), the code specified link yield strength. This is a consequence of the large strength loss

resulting from yielding and instability of the beam segment outside of the link in these specimens.

In evaluating the plastic rotation capacities of the test specimens, the important question is

whether or not these rotations are adequate to meet the demands placed upon such a link in a real

structure subjected to a real earthquake. Answering this question is difficult since a realistic esti

mate of actual link rotation demand is required. Rotation demands on a link will depend on

many factors, including the characteristics of the structure, the location of the link within the struc

ture, and the characteristics of the ground motion. Such an estimate of link rotation demand over

a range of different structures and ground motions can best be achieved by inelastic dynamic ana

lyses with realistic modelling of long link response. Unfortunately, such analyses are not yet avail

able for EBFs with long links. Such inelastic dynamic analyses must be considered a high priority

for future research on long link EBF systems.
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In order to obtain some perspective on the adequacy of the plastic rotation capacity of the

test specimens, it is useful to examine an estimate of the plastic frame drift developed in the

corresponding prototype structures. This can be accomplished by the simple EBF kinematics

represented by Eqs. 1.1. The appropriate relationship for a single diagonal EBF is Op = 'Ypl(Lle).

Using this relationship, the maximum plastic story drift, Op, under cyclic loading for the prototype

span to link length ratios, Lie, are listed in Table 3.4. For each specimen, 6p is based on a value

of 'Yp taken as one-half of i p for stable hysteretic behavior. Thus, the values in Table 3.4 provide

an approximation of the plastic story drift which the prototypes could supply without loss of

strength.

The next difficult question to be addressed is whether or not the plastic frame drifts in Table

3.4 are acceptable. As a guide, NEHRP [7] generally limits total (elastic plus plastic) story drift to

1.5 percent. Further, in the dynamic analyses of a six-story EBF with short links designed accord

ing to the NEHRP guidelines, Ricles and Popov noted total story drifts up to nearly 1.5 percent

for the 1966 Parkfield earthquake record [28]. NEHRP also recommends a deflection amplifica

tion factor, CD' of 5 for EBFs. This factor is intended to represent the ratio of ultimate story drift

to the drift at yield. A value for CD equal to 5 implies that 80 percent of the total story drift will

be due to inelastic deformation. Based on this reasoning, a rough estimate of the required plastic

story drift may be taken as 1.2 percent (.012 rad.), i.e., 80 percent of .015 rad.

Comparing the plastic frame drifts in Table 3.4 against a required plastic drift of about 1.2

percent, it may be concluded that the performance of the test specimens ranged from clearly unac

ceptable (Specimens 2, 5, 7, 8,11 and 11Rl) up to marginally acceptable (Specimens 1, 3, 4 and

12). Overall, the inelastic deformation capacities of the specimens can be judged as being rather

poor.

As noted earlier, fracture is a highly undesirable failure mode. It cannot be reliably

predicted and results in a very sudden and complete failure. This testing program has provided

clear indication that fracture is the controlling failure mode for long links attached to columns with

conventional EBF details (full penetration weld at flanges and welded web). Further, these frac

tures occur at levels of inelastic rotation that are judged to be marginal at best. Based on this evi

dence, it is recommended that long links attached to columns not be used in EBFs. The use of an

improved link-to-column connection detail, such as that of Specimen 11R2, may represent a possi

ble exception to this recommendation. However, such connection details require further experi

mental verification before they can be used with confidence.

There is no evidence that long links cannot be used when located within a span between two

braces, as in Fig. Lib. There was no sign of fracture at the brace end of the link for any of the

test specimens, despite the presence of large welds associated with the brace connection. Further,

the majority of the test specimens could have likely supplied significantly larger plastic rotations in
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the absence link flange fracture. However, as before, a realistic estimate of link rotation demand

based on inelastic dynamic analyses would be desirable to better judge the suitability of EBFs with

long links within the span.

Apart from the dominating influence of the connection failures, a number of additional use

ful observations can be made on the behavior of long links based on these tests. The transition

from shear to flexurally controlled behavior with increasing link length is readily apparent from the

observed behavior of the test specimens. For the very long links (Specimens 5,6 and 12), the flex

urally dominated behavior was clearly evident. For the remainder of the specimens, a combina

tion of shear and flexural yielding was typically observed. There are, of course, no clear boun

daries between the various ranges of behavior. In the development of the model EBF codes

[5,7,8], the length range of 1.6 to 2.6Mp /Vp was taken as the transition from shear to flexural

yielding links. From the observed behavior of the test specimens, this appears to be a reasonable

approximation. However, several of the test specimens fairly close in length to 2.6Mp /Vp still

showed a strong influence of inelastic shear deformation. Thus, the transition to predominately

flexural behavior may occur at a length somewhat greater than 2. 6Mp/Vp .

The effects of length on link strength and rotation capacity are also evident from these tests.

The overall loss of strength and rotation capacity with increasing link length are clearly demon

strated by comparing the response of Specimens 1 and 5. The major difference between these two

specimens was the length of their links. Specimen 1 was in the transition length range with signifi

cant contributions of plastic shear deformation to link rotation. Specimen 5, on the other hand,

was in the length range of dominant flexural yielding, with little or no shear contribution. The

response of these two specimens are plotted to the same scale in Fig. 3.33. The large loss of

strength and plastic rotation capacity due to the increased link length in Specimen 5 are clearly

evident. It is also useful to again recall that with a properly stiffened short link, these same speci

mens would have been capable of supplying plastic rotations of ± .10 rad. and develop an ultimate

strength of about 110 kips (1.5 Vp )' Further, no cyclic deterioration in strength would be expected

for a short link, as was the case for Specimen 1. Clearly, there is a significant penalty in both

strength and plastic rotation capacity when long links are used.

The transition from shear to flexural behavior is clearly visible in the observed yielding pat

terns in the test specimens. Shear yielding of the web, observed in the specimens within the transi

tion length range, develops over the full length and height of the link web. Flexural yielding, on

the other hand, is highly concentrated at the link ends, primarily within the flanges. The transi

tion from shear to flexural behavior is also evident from the development of local instabilities in

the specimens, i.e., web buckling, flange buckling, and lateral torsional buckling. Specimen 2

clearly demonstrated that inelastic shear buckling of the link web is still an important failure mode

in the transition length range. Stiffening of the web is still needed within this length range,
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although stiffener spacing can likely be increased as link length increases. It is also evident that

no web stiffening is required in very long links. For these links, general shear yielding of the web

does not occur and therefore inelastic shear buckling of the web also does not occur.

The W12x 16 specimens, Le., those with slender flanges, suffered severe flange buckling dur

ing the tests. The flange buckling typically initiated in the link flanges adjacent to the column,

presumably because of the initially higher bending moment at the column end of the link. In the

more advanced stages of loading, these specimens also typically developed very severe flange buck

ling outside the link in the brace connection panel. This buckling occurred only in the flange

opposite the brace, not in the flange to which the brace was connected. The development of this

flange buckling in the brace connection panel is likely the result of interaction of bending moment

and axial force in the panel. In the flange at the top of the panel (the east flange of the test speci

mens), the bending moment generated at the link end and the axial force generated in the beam

produce direct stresses of the same sign. That is, for one direction of loading, the bending

moment and axial force both produce compression in the top flange, whereas in the other direction

of loading, they both produce tension in the top flange. In the flange at the bottom of the panel

(the west flange of the test specimens), the stresses produced by bending moment and axial force

are of opposite sign and therefore tend to cancel. The top flange of the brace connection panel is

therefore subjected to significantly higher stresses, both in tension and compression, than the bot

tom flange of the panel. The bottom flange of the brace connection panel, of course, also benefits

from the stiffening effect of the brace welded to the beam.

The flange buckle in the brace connection panel was typically more severe than flange buck

ling within the link. Even though flange buckling always occurred first within the link, a signifi

cant loss of strength was not usually observed until the development of flange buckling outside the

link in the brace connection panel. Further, flange buckling within the W12x 16 links did not

appear to initiate any significant out-of-plane displacements of the link. On the other hand,

flange buckling in the brace connection panel did appear to initiate out-of-plane displacements of

the flange, possibly due to the high axial force environment outside of the link. Thus, flange

buckling in the brace connection panel was significantly more harmful to overall performance than

flange buckling within the link.

The W 12x 22 specimens, Le., those with very stocky flanges, typically experienced only very

mild flange buckling within the link and no flange buckling outside of the link in the brace con

nection panel. Further, no deterioration of hysteretic behavior resulted from this mild flange

buckling. Rather, as demonstrated by Specimen 12, lateral torsional buckling is the dominant

form of local instability for a very long link with stocky flanges.

It is apparent that as link length increases, the forms of local instability produced in the link

change from those related to shear deformation (shear buckling of the web) to those related to
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flexural deformations (flange buckling and lateral torsional buckling). Further, the type of flex

ural local instability developed depends on the slenderness of the flange. Flange buckling is dom

inant for slender flanges whereas lateral torsional buckling is dominant for stocky flanges. A com

bination of flange and lateral torsional buckling would be anticipated for flanges of intermediate

slenderness.

For short links, proper web stiffening can successfully delay the onset of web buckling until

very large (± .10 rad.) plastic rotations are achieved. Further, the occurrence of web buckling in

a well stiffened short link is considered to define failure of the link, as tearing of the web usually

occurs soon after buckling [14]. In contrast, it is apparent from these tests that flange buckling can

not be as successfully delayed by stiffening. However, also in contrast to short links, the onset of

flange buckling within the link is not a particularly serious event. As observed in the W12x 16

specimens, flange buckling must be very severe before link strength begins to deteriorate. Even

then, flange buckling causes gradual loss in link strength rather than a large and sudden drop in

capacity. As stiffeners are placed closer to the link ends, the onset of flange buckling is delayed,

although not substantially. Further, once a flange buckle forms, it is constrained to a region

between the stiffener and the link end. Making this distance too small can result in a highly local

ized buckle with very large local curvatures within the flange. This may in tum contribute to the

formation of a fracture at the link-to-column connection. From the test observations, it would

appear that locating stiffeners closer than hf to the link end may be disadvantageous for this rea

son. For the links with thin flanges, it also appears that the link end stiffeners may be effective in

preventing the flange buckling from escalating into lateral torsional buckling of the link. This

may, in fact, be the most important contribution of these stiffeners.

For the W12x22 links, flange buckling was very mild, with lateral torsional buckling the

dominant form of local instability as link length increases. Judging from the performance of

Specimen 12, the link end stiffeners appeared to provide substantial restraint against lateral tor

sional buckling. It was also evident from this specimen that the stiffeners should not be too close

to the link ends in order to be effective in this capacity.

Based on the above observations, a preliminary recommendation can be made to locate stif

feners within long links at a distance of 1.5 hf from each end of the link. For links with thin

flanges, these stiffeners will help control flange buckling and help prevent the flange buckling from

developing into lateral torsional buckling. At the same time, the flange buckles will not be con

strained into too small of a region. For links with stocky flanges, these end stiffeners should pro

vide substantial restraint against lateral torsional buckling.

For links in the transition length range, in addition to providing stiffeners at 1.5 hi from the

link ends, stiffening of the web within the link is also required to prevent web buckling, as demon

strated by Specimen 2. Based on the test observations, providing equally spaced stiffeners
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according to the criteria of Eq. 1.3b is conservative.

An additional important issue is the need for stiffening outside of a long link within the brace

connection panel. As discussed above, very severe local buckling developed in the brace connec

tion panel of several W12x 16 specimens. This included severe flange buckling in the top flange

of the panel, web buckling of the upper portion of the panel, and in the later stages of loading,

out-of-plane displacement of the top flange. The addition of a partial depth stiffener, while not

preventing local buckling, appeared to limit its extent (compare Specimens 5 and 6). For the

W12x22 specimens, even though severe yielding was observed in the brace connection panel, no

local buckling ever developed. For these specimens, an additional stiffener would have served no

useful purpose.

Development of local buckling in the brace connection panel apparently depends strongly on

the flange slenderness ratio of the beam section. It may also depend on other factors such as the

length of the panel and on the brace-beam angle. Based on these limited test observations, no

general recommendation can be made on stiffening of the brace connection panel. Further work is

needed to understand the distribution of stresses within the panel to determine under what cir

cumstances local buckling may develop. A conservative approach, of course, is to always stiffen

the brace connection panel outside of a long link. Based on the test observations, a reasonable

location for this stiffener is a distance of 1.5 hf from the link end, or one-half of the panel length,

whichever is less. This stiffener need only be partial depth as demonstrated by Specimen 6.

For all test specimens, stiffeners within the link as well as the partial depth stiffeners within

the brace connection panels were all one-sided. These one-sided stiffeners were very effective in

controlling local buckling. At present, the EBF codes [5,7,8] permit one-sided stiffeners for beam

sections less than 24 inches in depth, and require two-sided stiffeners for deeper sections. Based

on these tests, this rule appears reasonable for long links.

One of the objectives of this testing program was to investigate the effects of significant yield

ing in the beam segment outside of the link. Specimens 7, 8 and U (including URi and llR2)

were specifically designed to incur severe yielding and damage in their beams. This was accom

plished by providing very low brace-beam angles, resulting in the development of very large axial

forces in the beams. In addition, brace sections with low values of flexural stiffness were chosen.

Consequently, almost the entire link end moment was initially transferred to the beam, with only

very little taken by the brace. These high moments combined with high axial forces assured severe

yielding in the beams. Capacity design principles were also violated for these specimens. The

combined flexural strengths of the brace and beam, reduced for axial force, was much less than the

estimated ultimate link end moments.

Examining the response of Specimens 7, 8, URi and UR2 indicates that these specimens

suffered significant loss of strength and plastic rotation capacity as a result of severe yielding and
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instability in their beams. This loss is graphically illustrated by comparing the response of Speci

mens 1 and 7. These specimens had identical beam sections and nearly identical link lengths.

However, Specimen 1 was designed to restrict yielding primarily to the link, whereas Specimen 7

permitted significant yielding in the beam. The response of these two specimens are plotted

together to the same scale in Fig. 3.34. The very large loss of strength and plastic rotation capacity

in Specimen 7 is evident.

The loss of strength and rotation capacity in Specimens 7, 8, llR1 and llR2 can be attri

buted to the development of severe instability in their beams. This instability resulted from the

combination of very high bending moments and very high axial forces. The beam axial force, in

particular, appears to be the prime factor in the development and subsequent severity of the insta

bility. The spacing of lateral supports, of course, has an important influence on beam stability.

However, even in Specimen llR2 where relatively close spacing of lateral supports was provided,

severe lateral torsional buckling of the beam still developed.

It is interesting to speculate what influence a composite deck would have had on the perfor

mance of these specimens. As discussed earlier in this section, the top flange of the beam is gen

erally much more highly stressed than the bottom flange. Consequently, beam instability initiates

with out-of-plane displacements of the top flange. It is the top flange, of course, that would also

most benefit from the stabilizing effect of a composite deck. It may therefore be postulated that a

composite deck would have improved the performance of those specimens that failed by beam ins

tability. However, because of the extremely severe nature of the instability, the very large out-of

plane displacements, and the apparent development of large out-of-plane forces (as evidenced by

damage to lateral supports), it is not at all clear that a composite deck would significantly improve

performance. The effects of a composite deck on the behavior of beams in EBFs may be a useful

area of future research.

Based on the performance of Specimens 7, 8, llR1 and llR2, it must be concluded that sig

nificant yielding in the beam segment outside of the link is not an effective energy dissipation

mechanism in EBFs. The high axial force in the beam produces severe instability and precludes

the development of significant plastic rotations in the beam. The performance of these specimens

also suggests that very low brace-beam angles should be avoided in EBFs in order to limit axial

force levels in the beam. Other test specimens with steeper braces experienced minor yielding in

their beams, but without the development of instability in the beam (for example, Specimens 1 to

6). This indicates that minor yielding of the beam may be acceptable if axial force levels are not

excessive.

An additional objective of this testing program was to provide limited experimental verifica

tion of selected brace connection details. Three different details were used: a direct welded con

nection for W section braces (Specimens 1, 2, 5, 6 and 12), a direct welded connection for tube
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braces (Specimens 3, 4 and 8), and a stiffened gusset plate connection for tube braces (Specimens

7, 9, 10, 11, 11Rl and 11R2). The direct welded connections for both the W section and tube sec

tion braces performed well, sutviving the severe cyclic loading programs without any visible dis

tress. The gusset plate connections also behaved well, and appeared to develop substantial

moment resisting capacity. The gussetted brace connection in Specimen llR2, however, suffered

some damage in the final loading cycles, with some buckling of the gusset plate and the partial

failure of a brace to gusset weld. Severe lateral torsional buckling of the beam for this specimen

appeared to be a primary cause of the brace connection damage by subjecting the brace to extraor

dinarily large bending moments, both in-plane and out-of-plane of the specimen. A poor brace to

gusset weld also contributed to the damage.

Based on the obsetved performance of the brace connections, the direct welded Wand tube

section connections appear to be suitable for any EBF application. They are particularly suitable

when large bending moments are anticipated in the brace, as may be the case with long links.

The stiffened gusset plate connection also provides good performance. However, it may be pru

dent to limit the use of this connection detail to those applications where the brace moments are

not excessive. For most EBFs, brace moments will not be excessively large as long as significant

yielding of the beam is not permitted. Additional testing of this connection detail would be desir

able to better define its limits under combined bending moment and axial force in the brace.

Specimens 9 and 10 were constructed with short links attached to the web of the column.

These short link should have been capable of supplying up to ± .10 rad. of plastic rotation.

Instead, both specimens failed prematurely by fracture at the link-ta-column web connection. At

the point of fracture, Specimens 9 and 10 developed plastic rotations of only ± .04 rad. and ± .03

rad., respectively. As noted in the test descriptions, incomplete penetration of the flange weld

may have contributed to the fracture of Specimen 9. Nonetheless, these specimens tend to confirm

the questionable reliability of connections to the column web and confirm that link-to-column web

connections are best avoided. Further, based on these tests, there appears to be little justification

for increasing the current code [5,7,8] specified rotation limit of ± .015 rad. for a link attached to

a column web.

Finally, it should be noted that the links in these tests were not subjected to axial load.

However, it is reasonably clear that the addition of significant axial loads would be very damaging

to long links. The important failure modes for long links, i.e., flange fracture, flange buckling,

and lateral torsional buckling are all a result of very high bending stresses at the link ends.

Stresses produced by link axial forces would directly add to these very high bending stresses and

would certainly hasten the failure of the links.
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3.4 SUMMARY

Following is a summary of the key observations and implications of the testing program

described in this chapter.

1. The dominant failure mode for long links attached to columns using conventional EBF

details (full penetration weld at the flanges and a welded web connection) is fracture of

the link flange at the link-to-column connection. This is a highly undesirable failure

mode because it cannot be reliably predicted and represents a sudden and complete

failure of the link.

2. Because fracture is the controlling failure mode and because these fractures occur at lev

els of plastic rotation that are judged to be marginal at best, it is recommended that

long links attached to columns not be used in EBFs. However, there is no evidence

that long links cannot be used when located within a span between two braces.

3. The addition of vertical reinforcing ribs at the link-to-column connection, when prop

erly implemented, can delay fracture and improve plastic rotation capacity. These

links, however, still fail by fracture of the link flange at the ends of the ribs.

4. Significantly improved connection performance was achieved by reinforcing the link

flanges with triangular cover plates. This promising technique warrants further develop

ment and testing.

5. Excellent connection performance was also achieved by connecting the link to the

column with all around fillet welds and by avoiding the use of web copes in the link.

6. Additional important failure modes for long links are flange buckling and lateral tor

sional buckling. Flange buckling dominates for links with slender flanges and lateral

torsional buckling dominates for links with stocky flanges. For links with slender

flanges, very severe flange buckling can also occur immediately outside of the link,

within the brace connection panel.

7. Inelastic shear buckling of the link web is still an important failure mode for links in the

intermediate length range of combined shear and flexural yielding. Web stiffening is

still required within this length range, although spacing can likely be increased from

that used for short links. Web stiffening is not needed in very long links.

8. As link length is increased within the transition length range, both strength and plastic

rotation capacity are significantly decreased.

9. The initiation of flange buckling in a stiffened long link is not a particularly serious

event. Flange buckling within the link must become very severe before link strength

begins to deteriorate. Flange buckling outside of the link within the brace connection

panel appears to be more harmful to overall performance than flange buckling within
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the link.

10. Locating stiffeners near the ends of long links delays the onset of flange buckling,

although not substantially. Placing stiffeners too close to the link ends may be disad

vantageous by constraining flange buckles into too small of a region. Stiffeners near the

link ends also appear to provide significant restraint against lateral torsional buckling of

the link.

11. Based on the test observations, a preliminary recommendation is made to locate stif

feners at 1.5 bl from each end of the link. At this distance, the stiffeners help control

flange buckling and restrain lateral torsional buckling, but do not excessively constrain

flange buckling. For links within the transition length range, in addition to providing

stiffeners at 1.5 bl from the link ends, stiffening of the web is also required to prevent

inelastic web shear buckling. Spacing these additional stiffeners according to the short

link criteria of Eq. 1.3b appears conservative.

12. No general recommendation can be made yet for stiffening the brace connection panel

outside of a long link. However, a conservative approach is to always provide a stif

fener within the panel. A reasonable location for this stiffener is a distance of 1.5 bl
from the link end or one-half of the panel length, whichever is less. This stiffener need

not be full depth.

13. One sided stiffeners were used within the links of these test specimens. It appeared that

little improvement would have been gained by using two-sided stiffeners. The present

code rule of permitting one-sided stiffeners for sections less than 24 inches in depth

appears reasonable for long links.

14. Permitting significant yielding in the beam segments outside of the links resulted in a

large loss of strength and plastic rotation capacity. The combination of bending

moment and high levels of axial force produce severe instability of the beam. These

tests support the capacity design philosophy for EBFs that requires restricting yielding

primarily to the links. Minor yielding of the beam may be acceptable if axial force lev

els in the beam are not excessive.

15. The brace connections tested in this program performed well. No distress was visible in

any of the direct welded Wand tube section brace connections. The gusset plate con

nections also performed well, although one of these connections suffered some damage

(Specimen llR2).

16. The two tests on short links connected to the column web showed poor performance.

These tests tend to confirm the questionable reliability of such connections and indicate

that link-to-column web connections are best avoided in EBFs.
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4. FURTHER ANALYSIS OF EXPERIMENTAL DATA

The hysteretic response loops combined with the descriptions and photographs of damage

presented in Chapter 3 provide an overall picture of the performance of the EBF test specimens.

In this chapter, the assessment of specimen performance is supplemented by further detailed ana

lyses of experimental data. The primary emphasis will be to examine design implications of this

data. However, an additional goal in examining the experimental data is to develop an improved

understanding of long link behavior. Such an understanding is needed ultimately for realistic

modelling of long links, both for the analysis of local link behavior and for the analysis of global

frame behavior. Description and analysis of the photogrammetric data is presented in Chapter 5.

4.1 LINK YIELD AND ULTIMATE SHEAR FORCES

Link Yield Shear Strength

Following the basic design procedure for EBFs discussed in Chapter 1, links are sized so that

the link shear force generated by code specified lateral loads does not exceed the link shear yield

strength. "Link shear yield strength" refers to the value of shear force required to cause general

yielding of the link, whether by shear yielding of the link web or by flexural yielding of the link

ends. The link shear yield strength is therefore an important parameter in EBF design.

Values for link shear yield strength can be predicted analytically using moment-shear (M-V)

interaction surfaces developed within the framework of perfect plasticity [39]. These interaction

surfaces typically show a substantial reduction in shear strength in the presence of large bending

moment as well as a reduction in flexural strength in the presence of high shear force. However,

the large body of experimental data on short links indicates essentially no M-V interaction at the

yield limit state. Accordingly, Kasai and Popov [13] have recommended neglecting M-V interac

tion for determining the yield strength of short links. Thus, at the yield limit state, the shear

strength can be taken as Vp , regardless of the magnitude of bending moment in the link, and the

flexural strength can be taken as Mp , regardless of the magnitude of shear force in the link.

Neglecting M-V interaction permits significant simplifications in both the design and analysis of

EBFs.

The key question here is whether or not M-V interaction can be neglected in predicting the

yield strength of long links. In Chapter 3, VYield(SPT) was defined as the link shear yield strength

based on simple plastic theory (SPT), i.e. based on neglecting M-V interaction. Vyield(SPT) is com

puted as follows:

(4.1a)
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(4.1b)

These equations indicate that a link of length e =::;; 2Mp /Vp will yield when the shear force reaches

Vp , whereas links of length e ;::: 2Mp IVp yield when the bending moment reaches Mp at both

ends.

Values of Vyield(SPT) are listed for each test specimen in Table 4.1. The actual estimated

values of Mp and Vp listed in Table 2.10 were used for computing Vyield(SPT)' Further, for those

links with ribs at the link-to-column connection (Specimens 4, 6, 7, and 8), the value of e used in

Eq. 4.1b was reduced by the length of the ribs. For those specimens, initial flexural yielding was

observed to occur outside of the ribs, i.e., in the unreinforced portion of the link.

In order to determine whether or not it is appropriate to neglect M-V interaction in long

links, the values of Vyield(SPT) listed in Table 4.1 can be compared with the experimentally

observed values of shear force at first significant yield of the links. In order to facilitate this com

parison, the link shear versus link rotation plots for each specimen are shown in Fig. 4.1 together

with lines indicating the values of ± Vyield(SPT) for that specimen. In examining these plots, it is

apparent that establishing a representative value of shear force at first significant yield is difficult

for these specimens. For most specimens, a clearly defined yield point cannot be uniquely identi

fied. A value of link shear yield strength was therefore subjectively estimated for each specimen

near the point where significant hysteretic loops begin to form. These values are listed in Table

4.1. Also listed in this table is the ratio of the estimated link shear yield strength to the value of

Vyield(SPT)'

In examining Table 4.1 and Fig. 4.1, it appears that most specimens yielded somewhat earlier

than predicted by Vyield(SPT)' However, the difference is not large in most cases, with yielding typ

ically occurring at shear forces of 90 to 95 percent of VYie1d(SPT)' The most notable exceptions are

Specimens 7, 8 and 11, where first significant yield occurred well before Vyield(SPT)' These three

specimens were designed to incur severe yielding in the beam segment outside of the link. This

early yielding can be attributed to moment-axial force interaction in the beam. These three speci

mens demonstrate that overall frame strength will be controlled by the beam rather than by the

link in an EBF where significant beam yielding is permitted.

For the usual case where yielding is restricted primarily to the links, the data in Table 4.1

and Fig. 4.1 indicate the possibility of mild M-V interaction at the yield limit state of long links.

However, from a design point of view, this interaction is not significant, especially considering the

uncertainty in establishing a representative yield point for these long links. Thus, for design pur

poses, it appears that neglecting M-V interaction is a reasonable simplification for predicting the

yield strength of long links. Eqs. 4.1a and b can therefore be considered to provide a reasonable

estimate of link shear yield strength for design of any length link.
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Link Ultimate Shear Strength

The ultimate shear force developed by the link controls the maximum axial forces generated

in the brace, beam and columns of the EBF. Following capacity design principles, these members

must be designed for the maximum forces generated by the link. Developing a reasonable esti

mate of ultimate link shear force is therefore an important issue in EBF design. Underestimating

ultimate link shear may lead to non-ductile failure modes such as brace or beam buckling. On the

other hand, overestimating ultimate link shear may result in very heavy braces and columns in

order to satisfy capacity design requirements, and may therefore be very costly.

As noted in Chapter 1, for design purposes the ultimate strength of short links has generally

been taken as 1.5 times the yield strength. Thus, the ultimate shear strength of short links is

estimated as 1.5 Vp • If it is assumed that the lack of M-V interaction observed at the yield limit

state can be extended to the ultimate strength limit state, then the ultimate shear strength of long

links can be estimated simply as 1.5 x Vyie1d(SPT)' where Vyield(SPT) is given by Eq. 4.1. This

approach has been adopted by some of the model EBF codes [7,8].

In order to examine the validity of the above approach, it is useful to compare the measured

values of ultimate shear force developed by the test specimens against the corresponding values of

1.5 x Vyie1d(SPT). These values are listed in Table 4.1. In addition, lines corresponding to

± 1.5 X Vyield(SPT) are shown on the hysteretic response plots in Fig. 4.1.

By examining Table 4.1 and Fig. 4.1, it is clear that an overstrength factor of 1.5 signifi

cantly overestimated the ultimate shear force developed in most of the test specimens. From the

last column of Table 4.1, it is apparent that most specimens achieved ultimate shear strengths on

the order of only 1.2 to 1.3 times Vyield(SPT). Thus, whereas it is reasonable to neglect M-V

interaction when predicting the yield strength of long links, it appears that M-V interaction must

be considered in some manner when predicting the ultimate strength of long links. It may be con

jectured that since most specimens failed by fracture at the link-ta-column connection, higher ulti

mate strengths would have been achieved if these fractures had not occurred. However, by exa

mining the plots in Fig. 4.1, it appears that the rate of strength increase due to strain hardening in

the final loading cycles was generally small. Consequently, even without failure by fracture, a sig

nificant increase in ultimate strength would appear unlikely for most of the test specimens.

Some additional observations can be made from Table 4.1 and Fig. 4.1. First, it appears that

an overstrength factor that varies with link length may be appropriate in the intermediate link

length range, rather than just a single factor. Further, whereas an overstrength factor of 1.5 is too

large in the intermediate length range, it appears to be appropriate for very long links, as evi

denced by Specimen 12. Finally, it is apparent from Specimens 1,5 and 6 that cyclic flange buck

ling will limit the strength of long links with slender flanges. Thus, for long links, ultimate

strength also depends on the flange slenderness ratio.
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4.2 LINK END MOMENTS

The magnitude and distribution of bending moments developed within the links is of interest

for several reasons. First, whereas the strength of short links is limited by the maximum shear

force that can be developed by the link, the strength of long links is limited by the maximum

bending moments that can be developed within the link. Further, following capacity design prin

ciples, the maximum link end moments determine the design moments for the adjoining members.

Thus, as with ultimate shear force, it is important to be able to develop a reasonable estimate of

ultimate link end moments.

Distribution of Link End Moments

Plots of link end moments are shown for each test specimen in Fig. 4.2. The sign convention

for link end moments is shown in Fig. 3.2. Three different plots are provided for each specimen.

In the first plot for each specimen, the moment at the column end of the link and at the brace end

of the link are plotted against the link rotation angle, 'Y. These plots show the development of link

end moments throughout the course of each test. In these plots, the moment at the brace end of

the link (dotted lines) are opposite in sign to the convention of Fig. 3.2 in order to facilitate com

parison with the moment at the column end of the link. In the second plot for each specimen, the

variation of link end moment with link shear force is illustrated. In the third plot, the moment at

the column end of the link is plotted against the moment at the brace end of the link. For all of

these plots, the bending moment at the column end of the link is computed at the column face.

For links attached to the column web (Specimens 9 and 10), this moment is computed at the junc

tion of the link and the continuity plates.

These plots all show some common features. For each loading cycle, the bending moment

was initially higher at the column end of the link than at the brace end of the link, as would be

anticipated from an elastic frame analysis. For most specimens, the initial elastic bending moment

measured at the column end of the link was on the order of 2 to 3 times the moment at the brace

end of the link. Exceptions to this were Specimens 7 and 11, 11Rl and 11R2 for which the initial

ratio of end moments was on the order of 6 to 7.

As loading progressed in each cycle, yielding occurred at the column end of the link, and

bending moment redistributed, to varying degrees, to the brace end of the link. In experiments on

redistribution of end moments in short links, Kasai [13] observed equalization of end moments for

links of length greater than about 1.3Mp /Vp • Based on this experience, complete equalization of

end moments would have been anticipated for each of the 14 test specimens. In examining Fig.

4.2, the degree of moment equalization can be best judged from the plots of moment at the

column end of the link versus moment at the brace end of the link. Complete moment equaliza

tion is indicated by the diagonal line drawn on these plots.
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For many of the test specimens, moment equalization was nearly, but not completely

achieved. Virtually every specimen shows a rather interesting pattern of redistribution indicating

that moment equalization was more complete in the west loading cycles (the left portion of the

plots in Fig. 4.2) than in the east loading cycles. In the east loading cycles, large compressive

axial forces were generated in the beam segment outside of the link. These large compressive

forces were apparently responsible for some loss of flexural stiffness in the beam, thereby attracting

less moment to the brace end of the link. Thus, for the same link shear force, the moment at the

column end of the link was typically higher in the east loading cycles than in the west loading

cycles. This phenomenon may also explain why fractures at the Iink-to-column connection typi

cally occurred during the east loading cycles.

The link end moment plots for Specimens 7, 8 and 11 (including llRI and 11R2) are in

sharp contrast to the other test specimens. For these specimens, the ultimate link end moments

were far from equal, with the moment at the column end of the link remaining much larger than

at the brace end of the link throughout the entire loading history. These are the specimens that

were designed to incur severe yielding and damage in the beam segment outside of the link. It

appears that the yielding and instability outside of the link prevented the complete redistribution

of moment within the link. As a result, the bending moment at the column end of the link was

much larger than for specimens where yielding was restricted primarily to the link region. This is

particularly evident by comparing Specimens I and 7. These specimens had nearly identical links.

Specimen 1, however, was designed to restrict yielding primarily to the link region, whereas the

design of Specimen 7 permitted severe yielding outside of the link. In comparing the link end

moment plots for these two specimens, it may be seen that at a link shear force of, for example 50

kips, the bending moment at the column end of the Specimen 1 link was limited to about 900

inch-kips. For the same 50 kip shear force, the bending moment at the column end of the Speci

men 7 link was as high as 1250 kips. The inability of the Specimen 7 link to properly redistribute

bending moments away from the column end of the link certainly contributed to the failure of the

link-to-column connection.

The Specimen 7 link end moment plots show that the lack of moment equalization is signifi

cantly more severe for the direction of loading that puts the beam into compression. Clearly, this

effect is due to instability of the beam and the consequent loss of flexural stiffness at the brace end

of the link. However, it is also clear that moment equalization cannot be expected even when

beam instability does not occur, as evidenced by the loading direction for which the beam is in

tension. This point is further illustrated by examining the link end moment plots for Specimens

11, URI and llR2. The degree of moment equalization is just as poor when the beam is in ten

sion as when it is in compression. This indicates that even if instability of the beam can be

prevented by lateral bracing and/or a composite deck, yielding in the beam may still inhibit the
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proper redistribution of bending moments within the link. The link end moment plots for Speci

mens 7 and 11R2 also suggest that the very large difference in the initial elastic link end moments

for these specimens contributed to their inability to equalize end moments. This is particularly

evident in the west loading cycles (beam in tension) for Specimen 7, where the difference in end

moments appears to have been too large for the link to overcome.

From the above discussion, it is apparent that a design permitting significant yielding within

the beam outside of the link can result in adverse behavior not only of the beam, but also of the

link itself. This observation has important ramifications for the design of EBFs with short links

attached to columns. If redistribution of link end moments is inhibited by the occurrence of signi

ficant yielding outside of the link, then the bending moment at the link-to-column connection will

grow to levels characteristic of long links. This may, in turn, result in premature failure of the

link-to-column connection.

As a final observation, many of the plots in Fig. 4.2 show somewhat erratic behavior in the

final loading cycle. This behavior results from the occurrence of fracture at the link-ta-column

connection and the subsequent sudden redistribution of bending moment to the brace end of the

link. It is useful to note that despite these large bending moments at the brace end of the link, no

signs of fracture were observed at the brace end of the link, even though there is substantial weld

ing present at this end of the link (for the brace connection). This indicates that fracture of the

link flanges is not likely to be a controlling failure mode when long links are not attached to

columns.

Ultimate Link End Moments

As noted above, the magnitude of the ultimate link end moments defines the ultimate

strength of a long link, as well as the capacity design moments for the columns, beams and braces

of an EBF. The ultimate link end moments measured for each of the 14 tests are listed in Table

4.2. For those specimens that failed by fracture at the link-to-column connection, the bending

moments listed in this table are the maximum values measured prior to the occurrence of the frac

ture. After fracture, the moments at the brace end of the link are no longer representative of

actual link behavior when fracture is not the controlling failure mode.

For links with reinforced link-to-column connections (Specimens 4, 6, 7, 8, llR1 and llR2),

bending moments at the column end of the link are reported both at the column face and at the

end of the reinforced region. The final column of numbers in Table 4.2 is the ratio of the max

imum ultimate link end moment measured in the unreinforced portion of the link to the value of

Mp for that section. This final column is therefore most representative of the ultimate moment

capacity of the links.

As discussed in Section 4.1, the ultimate strength of links for design purposes has been taken

as 1.5 times the yield strength based on simple plastic theory (no M-V interaction). This approach
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would predict ultimate end moments of 1.5Mp for links of length greater than 2 Mp/Vp . It is

apparent from Table 4.2 that many links, particularly in the intermediate length range, generated

ultimate link end moments significantly less than 1.5Mp . As noted earlier, it appears that an

overstrength factor of 1.5 is therefore too large in the intermediate length range and that M-V

interaction cannot be neglected when predicting ultimate strength in this length range. However,

for very long links with stocky flanges, such as Specimen 12, an overstrength factor of 1.5 appears

reasonable. In this very long length range, shear force evidently no longer significantly affects ulti

mate flexural strength. For very long links with slender flanges, such as Specimens 5 and 6, the

development of severe cyclic flange buckling appears to limit ultimate end moments to substan

tially less than 1.5 Mp •

In examining the ultimate moments at the column end of the link, it is again evident that the

ultimate moments generated in the east loading cycles (positive moments) are generally greater

than those for the west loading cycles (negative moments). This tends to confirm that fractures at

the link-to-column connection generally occurred in the east loading cycles due to the somewhat

higher moments generated at the column end of the link during these cycles.

For specimens with reinforcement at the link-to-column connection, Table 4.2 indicates that

very large moments can be generated at the column face, within the reinforced portion of the link.

For example, in Specimen 11R2, the ultimate moment at the column face is 20 percent greater

than in the unreinforced portion of the link. This increase in bending moment delivered to the

column from the link should be considered in the column design.

As noted in Chapter 3, the triangular cover plates added to the link of Specimen 11R2 were

very successful in preventing fracture at the link-to-column connection. As indicated in Table 4.2,

an ultimate moment of 2000 inch-kips was generated at the tips of the cover plates, corresponding

to 1.55 times Mp of the link. At the column face, this moment increased to 2400 inch-kips.

Based on the known yield stress of the cover plates, the value of Mp for the reinforced section of

the link at the column face is estimated as 1850 inch-kips. Thus, the 2400 inch-kip moment at the

column face corresponds to 1.3 times Mp of the reinforced section. This indicates that there is no

need to reinforce the link to such a degree that no yielding occurs at the column face. From a

design point of view, it would appear reasonable to choose the width and thickness of the cover

plates to limit bending moments at the column face to perhaps 1.1 to 1.2 times Mp of the com

bined (W section plus cover plates) section. Note also that the rather small cover plates used in

Specimen 11R2 increased Mp of the section by more than 40 percent. This indicates that the cover

plates need not be very thick in order to be effective.

A large number of links in this testing program failed by fracture at the link-to-column con

nection. In examining Table 4.2, it appears that quite a large number of these failures (Specimens

1, 5, 6, 7, and 11) occurred at a bending moment on the order of about 1.2Mp . As discussed in
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Chapter 1, the length limit for short links is set at 1.6Mp lVp • This is based on limiting the link

end moment to 1.2Mp , with assumed equalization of end moments. The experience of this testing

program would therefore suggest that even short links, approaching the length limit of 1.6Mp /Vp ,

may be in danger of link-ta-column connection failure. As noted earlier, complete moment

equalization may not necessarily be achieved for links attached to columns. Therefore, bending

moments in excess of 1.2Mp may be developed even by short links attached to columns.

In Chapter 3, the recommendation was made that link lengths in excess of 1.6Mp /Vp should

not be used next to columns. The above discussion suggests that it may be prudent to lower this

length limit somewhat in order to assure reliable performance of link-to-column connections. A

review of past EBF research indicates very little experimental evidence is available in the length

range of about 1.3 to 1.6 Mp/Vp for links attached to columns, using realistic connection details

with full penetration flange welds. Additional experimental work in this length range is needed to

better define the maximum safe length for links attached to columns.

Moment-Rotation Relationships at Link Ends

Rotations were measured at both ends of the links using rigid bars attached to the link ends

and then measuring displacements at the ends of the bars, as shown in Fig. 2.31. In Fig. 4.3, rota

tions at the column end of the link are plotted against the bending moment at the column end of

the link. Clockwise rotations are defined to be positive when the specimen is viewed from above,

as in Fig. 2.3. For a number of the specimens, the displacement transducers used to measure rota

tions went out of range prior to the completion of the test. For these specimens, the moment

rotation plots are terminated at that point. For such cases, the limit of the plot is identified in Fig.

4.3.

The item of interest in Fig. 4.3 is the rather significant hysteretic behavior for some of the

text specimens, particularly those with W12x 22 links. The inelastic activity revealed by these plots

can be attributed to yielding of the column panel zone. Those specimens showing significant ine

lastic hysteretic behavior in Fig. 4.3 (Specimens 3, 4, 8, llR2, and 12) correspond with the speci

mens where panel zone yielding was observed during the course of the testing. These specimens

indicate that column panel zone behavior can be an important design issue for EBFs. This is par

ticularly true if long links with reinforced link-to-column connections are used, since such links

can develop very high end moments. The degree to which column panel zone yielding should be

permitted is still an unresolved issue. Recent studies [34] indicate that panel zone yielding may be

advantageous in MRFs, providing a stable energy dissipation mechanism. However, there are still

unresolved questions on the full effects of panel zone yielding. Specifically, the effects on the

behavior of welded beam-to-column connections as well as on overall column stability are not yet

fully understood [34]. These issues and questions concerning panel zone behavior can be as

important to EBFs as they are to MRFs. It is useful to note that panel zone yielding reduces
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inelastic deformation demands on beams in MRFs [34]. This indicates that long links attached to

columns in EBFs may provide acceptable performance if the inelastic deformation demands on the

link-to-column connection can be reduced by panel zone yielding. Experimental investigation of

EBFs designed for significant panel zone yielding is needed, however, before such a design

approach could be reliably implemented.

In Fig. 4.4, rotations at the brace end of the link are plotted against the bending moment at

the brace end of the link. As before, clockwise rotations are defined to be positive when the speci

men is viewed from above. Also, as before, plots are terminated at the point where displacement

transducers measuring rotations went out of range.

Most of the plots in Fig. 4.4 show significant inelastic activity outside of the link. These hys

teretic plots indicate that yielding outside of the link, primarily in the brace connection panel and

beam, may contribute significant energy dissipation capacity. The moment-rotation response for

specimens that experienced significant instability of the beam (Specimens 7, 8, 11R1, 11R2 and

12) clearly show a loss of flexural stiffness at the brace end of the link due to the beam instability.

The plot for Specimen 7 indicates that very little energy was dissipated by the beam after the initia

tion of lateral torsional buckling in the beam. The plots for Specimens 8, llR2, and 12, on the

other hand, show significant energy dissipation outside of the link even after the initiation of

beam instability. It is also interesting to note that many of the specimens that did not experience

instability outside of the link show a rather one-sided hysteretic response in Fig. 4.4. These speci

mens show more yielding outside of the link in the west load cycles (beam in tension) than in the

east load cycles. The cause for this unsymmetric yielding response is considered later in the dis

cussion of beam and brace response.

4.3 ENERGY DISSIPATION OF TEST SPECIMENS

Quantifying the ability of structural components and joints to dissipate energy through plastic

deformations is of interest for several reasons. First, energy methods can provide a useful

approach for analysis and design of earthquake resistant structures [53]. The basic approach of

such methods is to balance the earthquake energy input to a structure against the structure's elastic

vibrational energy (elastic strain energy and kinetic energy) and the energy dissipated by

equivalent viscous damping and hysteretic damping (plastic deformations) [52]. For code based

EBF designs, energy dissipation under severe earthquake ground motions is provided largely by

hysteretic damping, Le. by the development of plastic deformations [18, 28]. Knowledge of the

energy dissipation capacity of structural components is therefore needed for the implementation of

energy based design methods.

Energy dissipation calculations also provide a useful basis for comparing the overall perfor

mance of the various test specimens. In Chapter 3, the test specimens were compared on the basis
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of their plastic rotation capacities. In making such comparisons, it is difficult to define a meaning

ful criteria for measuring plastic rotation capacity. In Table 3.3, for example, various criteria were

chosen for establishing the limit of a specimen's useful plastic rotation. These criteria included the

limit defined by stable hysteretic behavior and the limit defined by the point where link shear

drops below a specified value. Neither of these limits, however, has a clear physical significance

since a specimen can typically still resist applied loads after the limit is exceeded. Comparisons

based on energy dissipation capacity are more meaningful. Energy dissipation, based on the area

enclosed by load-deformation response loops, can incorporate the effects of various post yield

behaviors, including deteriorating hysteretic response. Energy dissipation capacity therefore pro

vides a useful index for comparing the overall performance of the test specimens up to the end of

testing for that specimen. For most specimens, testing was continued until the useful load carrying

capacity was essentially exhausted. Energy dissipation calculations for the test specimens therefore

provide a reasonable basis for performance comparisons.

The total energy dissipated by plastic deformation for each test specimen is displayed by the

barplot in Fig. 4.5. Total dissipated energy was computed as the area enclosed by the hysteretic

loops in the plots of force applied to the column versus displacement of the column. Considering

the entire subassemblage, the end of the column connected to the hydraulic ram is the only reac

tion point that undergoes significant inelastic displacement in the direction of the reaction force.

The above method therefore provides a good overall estimate of total dissipated energy. It also

includes all sources of energy dissipation within the specimen.

To provide a meaningful comparison, it is useful to separate the specimens with W 12x 16

links and beams from those with W 12 x 22 links and beams. Even though the brace sections of the

specimens varied, very little yielding was generally observed in the braces, and it is unlikely that

brace yielding contributed significantly to energy dissipation. Separating the specimens according

to the beam and link section is therefore appropriate. In addition, it is necessary to normalize the

computed energy dissipation in some manner to account for differences in the measured yield

stress of the beam and link sections (see Table 2.8). It is apparent from Table 2.8 that the flange

yield stress is significantly less than the web yield stress for all of the link and beam sections. Nor

malizing energy dissipation for the effects of varying yield stress values is therefore not a straight

forward process. However, in examining the data in Table 2.8, it may be seen that even though

flange and web yield stresses vary widely, the ratio of web to flange yield stress is reasonably con

stant for a given section. This is particularly true for the W12x 16 sections, for which the ratio of

web to flange yield stress was about 1.15 for all sections. The ratio of web to flange yield stress for

the W12x 22 sections was not as constant, with values of about 1.1 for Specimens 8, 9, 11 and 12

and about 1.2 for Specimens 3 and 4.
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Assuming a relatively constant ratio of web to flange yield stress, it is possible to normalize

the dissipated energy according to the measured yield stress of the web or of the flange. The

measured web yield stress was chosen as the basis for normalization. Accordingly, the total dissi

pated energy shown in Fig. 4.5 for each specimen was normalized as follows:

36ksi
ElIOrmalized = E tokl1 x -F-- (4.2)

yweb

The normalized dissipated energy for each of the W12x 16 specimens is shown in Fig. 4.6, and for

the W12x 22 specimens in Fig. 4.7. Based on the above discussion, the elimination of the effects

of varying yield stress by the above normalization process is expected to be reasonable for all test

specimens, but may be somewhat less accurate for the W 12x 22 specimens.

In examining the normalized energy dissipated by the W12x 16 specimens (Fig. 4.6), several

useful observations can be made. The primary difference between Specimens 1 and 5 was link

length. The Specimen 1 link was in the intermediate length range of combined shear and flexural

yielding whereas the Specimen 5 link was in the length range of predominant flexural yielding.

Specimen 1 dissipated nearly 4 times as much energy as Specimen 5 at the point of failure, indicat

ing a significant loss of total energy dissipation capacity with increasing link length. Comparing

Specimens 1 and 2 demonstrates a large loss of energy dissipation capacity due to the occurrence of

severe web buckling in Specimen 2. Recalling that Specimen 1 suffered severe flange buckling

both inside and outside of the link, Fig. 4.6 supports the observation in Chapter 3 that flange

buckling is significantly less damaging to link performance than is web buckling. Next, comparing

Specimens 1 and 7 demonstrates a large loss of energy dissipation capacity due to the development

of severe lateral torsional buckling in the beam of Specimen 7. This observation indicates that

cyclic buckling of the beam segment outside of the link was a poor energy dissipator for this speci

men. The energy dissipation capacity of Specimen 10 was also rather poor, despite its short, shear

yielding link. This poor performance was due to the early failure of the link-to-column web con

nection in this specimen. Finally, it is useful to compare Specimens 5 and 6. The important

difference between these specimens was that the link-to-column connection was reinforced with

ribs in Specimen 6. Even though both Specimens 5 and 6 ultimately failed by fracture of the link

flange, Fig. 4.6 shows that Specimen 6 dissipated more than twice the energy of Specimen 5. This

indicates that reinforcing ribs at the link-to-column connection, if properly implemented, can signi

ficantly improve the performance of long links.

The normalized dissipated energy of the W 12 x 22 specimens are shown in Fig. 4.7. Compar

ing Specimens 3 and 12 again indicates a loss of energy dissipation capacity with increasing link

length. In comparing these specimens, it should be recalled that the Specimen 12 test was ter

minated due to the development of very large out-of-plane forces at the link end lateral support

associated with lateral torsional buckling of the link and beam. If a much stronger lateral support
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had been provided, some additional energy dissipation would have been possible. However, it is

also evident that if a link-to-column connection failure could have been prevented in Specimen 3

as it was in Specimen 12, additional energy would also have been dissipated by Specimen 3.

Thus, it must still be concluded that the total energy dissipation capacity of a very long, predom

inantly flexural yielding link is significantly less than that of a link in the intermediate length

range of combined shear and flexural yielding.

The primary difference between Specimens 3 and 4 was the addition of reinforcing ribs at the

link-to-column connection. Figure 4.7 confirms the observation in Chapter 3 that the addition of

ribs did not improve link performance in this case. As discussed in Chapter 3, this result is likely

due to the placement of a stiffener too close to the rib ends. This defect was remedied in Speci

men 8, which was also provided with reinforcing ribs. The ability of Specimen 8 to dissipate

energy, however, was abruptly terminated by the occurrence of severe buckling in the beam of this

specimen. Specimen 9 was provided with a short, shear yielding link. The rather poor energy dis

sipation capacity of this specimen, as with Specimen 10, was due to the early failure of the link

to-column web connection. Finally, the large energy dissipation capacity of Specimen 11R2, as

compared to Specimens 11 and 11Rl, should be noted. The impressive gain in energy dissipation

can be attributed to the excellent performance of the repaired link-to-column connection (with tri

angular cover plates) as well as the addition of a beam lateral support. It must be recalled that

Specimens 11, llRl, and llR2 were designed to incur severe yielding and damage in the beam by

violating capacity design concepts. As a result, Specimen llR2 ultimately failed by severe lateral

torsional buckling of the beam and the consequent development of very large link end lateral

forces. If this specimen had been designed to restrict yielding primarily to the link, significantly

larger energy dissipation would likely have been possible by virtue of the excellent performance of

the modified link-to-column connection.

The normalized energy dissipation capacities of the test specimens shown in Figs. 4.6 and 4.7

may not provide a completely unbiased comparison of test specimen performance. The reason for

this is because the specimens were not subjected to identical deformation histories. Even though

deformations were generally applied symmetrically to the test specimens, the number of load cycles

at a given level of link plastic rotation as well as the increase in link plastic rotation from one cycle

to the next varied for each specimen. Thus, the normalized energy dissipation capacities shown in

Figs. 4.6 and 4.7 may tend to favor those specimens subjected to a larger number of load cycles.

This is particularly true if specimen failure is not due to accumulated plastic deformation but

rather is due to the occurrence of some threshold level of force. Such may be the case for the

specimens that failed by instability of the beam. Severe buckling of the beam is likely due to the

occurrence of a critical level of axial force and bending moment in the beam rather than the
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amount of accumulated plastic deformation prior to achieving the critical loads.

In an attempt to overcome the above deficiency as well as provide additional insight into test

specimen performance, energy dissipation is presented in Figs. 4.8 to 4.11 in a different manner.

In these figures, energy dissipation is plotted as a function of cumulative link plastic rotation,

which may be expressed as L I'Yp I. These plots demonstrate how energy dissipation increases with

increasing plastic rotation throughout the specimen's load history. The plots in Figs. 4.8 and 4.9

show total, unnormalized, energy dissipation. For Figs. 4.10 and 4.11, energy dissipation is nor

malized according to Eg. 4.2 to minimize the effects of differing yield stresses among the test

specimens. As before, results for the W 12 x 16 specimens are separated from those of the W 12x 22

specimens. In order to distinguish the various lines plotted in Figs. 4.8 to 4.11, the end point of

each line is indicated by a small circle, with the corresponding specimen number marked nearby.

The plots in Figs. 4.8 to 4.11 are useful because they indicate the amount of energy dissi

pated for an increment of link plastic rotation angle. These plots therefore provide an indication

of how effectively a specimen dissipated energy at any point in its loading history. It should be

noted that a perfectly plastic system would plot as a straight line in these figures. A system that

hardens, i.e., increases in strength with increasing plastic deformation would plot as a line curving

upwards. Correspondingly, a degrading system, Le., one that loses strength with increasing plastic

deformation would plot as a line curving downwards.

Examining the plots of normalized dissipated energy for the W12x 16 specimens (Fig. 4.10),

several observations can be made. In the early loading cycles, all of the W12x 16 specimens dissi

pated energy at about the same rate with respect to the applied 'Yp' Even though the longer links

(Specimens 5 and 6) yielded at much lower values of shear force than the shorter links (see Table

4.1), the amount of energy dissipated for a given increment of 'Yp was about the same. This may

be understood by recognizing that for a given value of 'Yp' a longer link undergoes larger relative

end displacement than a shorter link. With increasing cumulative plastic rotation, most of the

lines initially curve upwards, reflecting the influence of hardening in the early loading cycles.

However, at the later loading cycles, most of the lines plotted in Fig. 4.10 curve downwards,

reflecting the influence of local instability and the associated loss of strength. It also appears from

Fig. 4.10 that rate at which energy dissipation decreases varies with the type of local instability.

The more rapid loss of energy dissipation for Specimen 2 as compared with Specimens 1 or 6 indi

cates that web buckling is more harmful to the link than is flange buckling.

The effects of flange and web buckling on energy dissipation are more clearly indicated in

Fig. 4.12. The total, unnormalized, dissipated energy as a function of cumulative link plastic rota

tion is plotted for Specimens 2 and 6. Specimen 2 suffered severe web buckling inside the link,

whereas Specimen 6 experienced severe flange buckling, first inside the link and then later outside

of the link within the brace connection panel. The points at which significant flange and web



83

buckling were first observed for these specimens are shown in Fig. 4.12. Despite the very early

occurrence of flange buckling within the link of Specimen 6, the rate of energy dissipation with

increasing plastic rotation was still very high. This supports the observation in Chapter 3 that the

initiation of flange buckling within a long link is not a particularly significant event. The energy

dissipation capacity of Specimen 6 does not begin to deteriorate until flange buckling occurs in the

brace connection panel outside of the link. It is also apparent from Fig. 4.12 that the occurrence

of web buckling in Specimen 2 resulted in an almost immediate decrease in energy dissipation

capacity, indicating again that it is more important to prevent web buckling in a link than it is to

prevent flange buckling.

As a final observation on Fig. 4.10, it is interesting to note that Specimen 7, despite severe

yielding in the beam segment outside of the link, dissipated energy as effectively as the other

specimens in the early loading cycles. However, after the occurrence of lateral torsional buckling

in the beam, the ability of Specimen 7 to dissipate energy with increasing deformation was almost

completely lost. This supports the previous observation that cyclic buckling in the beam segment

was a very poor energy dissipation mechanism for this specimen. However, Fig. 4.10 also indi

cates that yielding in the beam can effectively dissipate energy prior to instability.

Examining the plots of normalized dissipated energy for the W12x22 specimens in Fig. 4.11,

some additional observations can be made. First, by comparing Specimen 9 (a short link) with

Specimen 12 (a very long link), it appears that the longer links dissipate significantly more energy

for an increment of plastic rotation angle than the shorter links. This may be explained by the sig

nificantly thicker flanges on the W 12x 22 sections resulting in large energy dissipation by flexural

yielding. Fig. 4.11 also indicates much less influence of flange buckling for the W12x 22 sections.

It is useful to recall that both Specimens 8 and 11R2 were designed to sustain severe yielding in

the beam. Fig. 4.11 shows that these specimens very effectively dissipated energy up to their

points of failure. Failure occurred by sudden buckling of the beam in Specimen 8 and by failure

of the link end lateral support in Specimen 11R2 due to severe lateral torsional buckling of the

beam. Despite lateral torsional buckling of the beam in Specimen llR2, virtually no loss in the

rate of energy dissipation is apparent up to the end of the test. The same observation can be made

for Specimen 12, for which testing was also terminated due to impending failure of the link end

lateral support. This indicates that lateral support strength may be critical for long links, particu

larly for sections with stocky flanges.

To summarize, Figs. 4.8 to 4.11 indicate that prior to the occurrence of a non-ductile failure

mode, such as connection failure, long flexural yielding links dissipate as much, or more energy as

a short shear yielding link for a given increment of link plastic rotation angle. However, as indi

cated by Figs. 4.6 and 4.7, the total energy dissipation of shorter links is still significantly superior

to longer links simply because the shorter links can generally sustain much larger plastic rotations
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without the occurrence of a non-ductile failure mode. Similarly, combined flexural and axial

yielding outside of the link can effectively dissipate energy. The total energy dissipation capacity

due to beam yielding, however, is limited by the early occurrence of beam instability or by the

development of excessively large out-of-plane forces at lateral supports.

As noted earlier in the discussion of link end moments, the link end moment-rotation plots

in Figs. 4.3 and 4.4 suggest that areas outside of the link contributed to the energy dissipation

capacity of the test specimens. To gain further insight into this question, the distribution of

energy dissipation among various portions of a test specimen was estimated for Specimens 1, 3 and

8. The results are shown in Figs. 4.13 to 4.15. Energy dissipation in the column, due primarily to

panel zone yielding, was estimated as the area enclosed by the moment-rotation loops in Fig. 4.3.

The combined energy dissipation of the brace connection panel, the beam and the brace was

estimated as the area enclosed by the moment-rotation loops in Fig. 4.4 combined with the area

enclosed by the plot of link shear force versus displacement at the brace end of the link. As noted

earlier, this portion of the energy dissipation is due primarily to yielding in the brace connection

panel and the beam. The plots in Figs. 4.13 to 4.15 are continued only to the point where dis

placement transducers measuring link end rotations went out of range. Further, the computed

energy dissipation is not normalized according to the section's yield stress since only the relative

distribution of energy dissipation within a specimen is of interest.

The plots in Figs. 4.13 to 4.15 show that portions of the test specimens outside of the links

contributed significant energy dissipation capacity. Energy dissipated by column panel zone yield

ing, as anticipated, is larger for the W12x22 specimens than for the W12x 16 specimens due to

the larger end moments generated by the W12x22 links. These larger end moments produce

larger shear forces in the column panel zone. The plots also show that yielding outside of the

brace end of the link contributed rather substantial energy dissipation capacity. Based on test

observations, this yielding was confined primarily to the brace connection panel in Specimens 1

and 3. For Specimen 8, significant yielding in both the brace connection panel and beam contri

buted to this portion of the energy dissipation.

Figures 4.13 to 4.15 indicate that limited yielding outside of the link can contribute to overall

energy dissipation in an EBF and can help reduce demands on the link itself. However, permit

ting too much yielding outside of the link can result in non-ductile failure modes outside of the

link. This is demonstrated by the severe flange buckling developed in the brace connection panel

of Specimen 1 and the severe lateral buckling of the beam in Specimen 8. Local flange buckling

in the brace connection panel, of course, is far less serious than overall buckling of the beam.

These plots, along with observations made during testing, also demonstrate that the brace connec

tion panel plays an important role in EBFs with long links.
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4.4 BEAM AND BRACE RESPONSE

The behavior and design of the beams and braces are an important issue for EBFs. These

members typically are subjected to a combination of high axial force and bending moment. Con

sequently, the occurrence of significant yielding or instability of these members prior to the full

development of link strength is a possibility that must be recognized in the EBF design process.

As demonstrated by the experimental observations in Chapter 3, problems associated with exces

sive yielding or instability of the beam can be very detrimental to the overall strength and inelastic

deformation capacity of an EBF. In this section, the forces developed within the beams and

braces of the test specimens are examined in order to provide further insights into the behavior of

the test specimens. Some of the design implications of this behavior are also considered.

The sign convention used for force resultants in the beam and brace of the test specimens is

shown in Fig. 3.2. For axial force, tension is considered positive for both the beam and the brace.

As indicated, positive bending moments produce tension in the beam's east flange and in the

brace's north flange, respectively. Unless noted otherwise, the bending moment in the beam,

M beam is computed at the north edge of the brace connection panel, as shown in Fig 3.2. The

bending moment in the brace, M brace is computed at the point where the brace meets the brace

connection panel, i.e. at the west face of the brace connection panel. The bending moment and

axial force within the brace connection panel itself are indeterminate, in that they cannot be deter

mined by statics from the reaction forces on the subassemblage. The axial force in the beam

reduces to zero in some manner over the length of the brace connection panel, since there is nomi

nally no axial force within the link for this experimental setup. Bending moment, on the other

hand, increases over the length of the brace connection panel, from a value of M beam at the north

end of the panel up to the value of the link end moment at the south end of the panel. Outside of

the brace connection panel, axial forces remain constant over the length of the beam and the brace

whereas bending moments decrease linearly from their values at the boundary of the brace connec

tion panel (see Fig. 1.6).

Axial forces, bending moments and shear forces in the beam and brace were computed by

statics from the load cells installed within the subassemblage (Fig. 2.3). This redundant system of

load cells permitted two independent determinations of any stress resultant, thereby providing a

check on the experimental data. These checks indicated that the computed axial forces in the

beam and brace were reliable. However, for some test specimens, computing accurate values of

bending moment and shear force was found to be difficult. The reason for this difficulty is that

the bending moments and shear forces in the beam and brace are dependent primarily on the

difference between various load cell measurements that are of nearly equal magnitude. For exam

ple, the shear force and bending moment in the beam can be computed from the east-west com

ponents of the two 200 kip load cells at the north end of the subassemblage (see Fig. 2.3).
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Whereas the forces in these load cells may be very large, perhaps on the order of 100 to 200 kips,

the sum of their east-west components (which are opposite in sign) is a very small force, perhaps

on the order of 5 to 10 kips. Even though the error within any single load cell is very small, on

the order of 2 percent of the load, the error in the difference between two load cells may be quite

large. As a result, beam and brace bending moments are presented only for those specimens for

which various consistency checks indicate reliable data. The accuracy of the beam and brace axial

forces reported herein is estimated to be comparable to the accuracy of the load cells, on the order

of 2 to 3 percent of the reported force. Errors in the beam and brace bending moments are larger

because of the reason discussed above, and are estimated to be on the order of 10 to 15 percent. It

should be noted that no such difficulties were encountered in computing link shear forces and

bending moments, which are estimated to be accurate also within 2 to 3 percent of the computed

values.

4.4.1 Beam and Brace Axial Forces

The axial forces generated in the beam and brace are plotted against the shear force in the

link for each test specimen in Fig. 4.16. These plots clearly indicate that the ratio of beam or

brace axial force to link shear force remains essentially constant throughout the specimen's entire

loading history. This linear relationship remains constant despite yielding within the link, yielding

outside of the link or even instability of the beam. This constant relationship can also be

predicted from simple analytical arguments [35] where it can be shown that the ratio of beam or

brace axial force to link shear force depends primarily on the brace-beam angle.

The fact that there is a constant linear relationship between beam and brace axial force and

link shear force is useful for EBF design. The axial force to shear force ratio can be taken from

an elastic frame analysis. This ratio can then be applied to an estimate of ultimate link shear force

in order to predict the ultimate axial force in the beam and brace. This ratio can also be estimated

from a simple analysis, considering the statics of the link-beam-brace joint [35]. Note that for a

given brace-beam angle, larger ultimate axial forces are generated in the beam and brace by a

short link than by a long link, since the ultimate shear strength is greater for a short link than for

a long link. Long links, of course, can generate much larger bending moments in the beam and

brace.

The maximum axial force measured in the beam and brace of each test specimen is listed in

Table 4.3. Also listed is the corresponding maximum value of P IPy in the member. Table 4.3

and the plots of Fig. 4.16 clearly demonstrate the very large axial forces that can be developed

within the beams of an EBF. Notice that values of P IPy in the beam approach 0.8 in extreme

cases (Specimen llR2). It should be recalled that Specimens 7, 8, llR1 and llR2 all suffered sig

nificant damage in their beams. From Table 4.3, it may be seen that P IPy in the beams of these
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specimens were all in excess of 0.5. The value of P IPy , by itself, may not be a reliable indicator

of potential beam damage. However, the test results indicate that designers should be particularly

cautious when anticipated ultimate values of P IPy in the beam exceed 0.5 to 0.6.

4.4.2 Beam and Brace Bending Moments

In this section, various data pertaining to beam and brace response are examined in detail for

Specimens 3, 6, 7, 8, llR2 and 12. These were chosen to be representative of specimens for which

no significant beam damage was observed (3 and 6) as well as specimens where very severe beam

damage occurred (7, 8, llR2). Only those response parameters that could be computed reliably

are presented.

Specimen 3

Figure 4.17 shows the bending moment in the beam and brace plotted against 'Y, the link

rotation angle. This plot shows that the brace carried a substantial portion of the link end

moment. It also appears that the brace carried a somewhat larger moment in the east loading

cycles (positive 'Y) as compared to the west loading cycles. The distribution of link end moment

between the beam and the brace is more clearly visible in Fig. 4.18, where the beam and brace

moments are plotted against the bending moment at the brace end of the link. This plot also

shows that with increasing load for the east cycles (left portion of plot), there is a small, but notice

able redistribution of bending moment from the beam to the brace. In the east load cycles, the

beam is in compression. Even though no signs of beam instability were visible during the testing

of Specimen 3, the compressive axial forces caused a noticeable loss in beam flexural stiffness with

a concurrent increase in the brace moment. No such redistribution is noticeable for the west load

ing cycles, Le. when the beam is in tension. It is also interesting to note that in the final east

loading cycle, this redistribution of moment is no longer visible. In this final cycle, the link-to

column connection failed, causing a rather sudden increase in bending moment at the brace end of

the link and therefore an increase in the beam and brace moments. However, along with this

increase in moment was a decrease in link shear resulting from the connection failure. This lower

link shear force generated lower axial force in the beam. Consequently, the beam was able to

carry a larger portion of the link end moment in the final cycle after the link-to-column connection

failure, as indicated in Fig. 4.18.

The sum of the beam and brace bending moment is plotted against the moment at the brace

end of the link in Fig. 4.19. This plot shows that the beam and brace carried about 85 percent of

the link end moment at the boundaries of the brace connection panel. This indicates a drop in

bending moment over the length of the brace connection panel.
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Figure 4.20 shows the bending moment in the beam plotted against the axial force in the

beam. Also shown, in dotted lines, is the P-M interaction surface for a fully yielded cross-section

based on perfect plasticity. This surface was computed using the measured section dimensions and

yield strength data for the W12x 22 beam section. It should be noted that a linear relationship

between bending moment and axial force in the beam is not expected in general, even when inside

the yield surface. This is because moment and axial force are not, in general, applied propor

tionately to the beam. The axial force in the beam grows directly in proportion to the link shear

(Fig. 4.16) whereas the bending moment increases with the link end moment. Since link end

moment does not necessarily increase in direct proportion to link shear (Fig. 4.2), the beam axial

force also need not increase in direct proportion to beam moment. Figure 4.20 shows that when

the beam was in tension, its response was very close to, but generally inside of the yield surface.

This indicates there was no general yielding of the beam segment outside of the brace connection

panel. On the compression side, the maximum beam response remained well away from the yield

surface, with the loss of beam flexural stiffness with increasing compressive axial force again

apparent. This plot also confirms the previous observation that the beam's increased ability to

carry moment after the failure of the link-to-column connection resulted from a decrease in beam

axial force.

Finally, in Fig. 4.21, the beam bending moment is plotted against the rotation measured at

the north end of the brace connection panel. Positive rotation is defined as clockwise when the

specimen is viewed from above, as in Fig. 2.3. This plot also indicates there was no general yield

ing of the beam beyond the brace connection panel. The loss of beam flexural stiffness resulting

from the compressive axial forces in the beam is also visible in the lower portion of this plot.

It is interesting to compare the moment-rotation response at the brace end of the link for

Specimen 3 (Fig. 4.4) with the beam moment-rotation response shown in Fig. 4.21. Figure 4.4

shows that there was significant yielding outside of the link for Specimen 3. The lack of inelastic

response visible in Fig. 4.21 indicates that virtually all of the significant yielding outside of the

link was concentrated within the brace connection panel.

Many of the moment-rotation plots for the brace end of the link (Fig. 4.4), including that of

Specimen 3, show a rather one-sided response. Significantly more yielding is apparent in the west

load cycles (beam in tension) than in the east load cycles (beam in compression). The reason for

this one-sided response at the brace end of the link can be understood from the beam and brace

bending moment response. When the beam was in tension, there was no redistribution of moment

to the brace, despite rather significant yielding in the brace connection panel. However, when the

beam was in compression, it attracted a smaller share of the link end moment (Fig. 4.18), resulting

in less yielding in the brace connection panel.
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Specimen 6

The bending moment in the beam and brace of Specimen 6 are plotted against link rotation

in Fig. 4.22. This plot shows that the brace carried a very large portion of the link end moment

for this specimen. For the west loading cycles, the beam and brace moments were nearly equal,

whereas for the east loading cycles, the brace carried an even larger moment than the beam.

Specimen 6 therefore shows a similar response as Specimen 3 in which the beam carries less

moment when in compression. This observation is confirmed by Fig. 4.23 where the redistribution

of moment from the beam to the brace for the east load cycles is apparent. As with Specimen 3,

even though the data shows a noticeable loss of flexural stiffness in the beam due to the presence

of compressive axial force, no signs of instability were visible in the beam during the course of the

test. However, the above data indicate that the beam of Specimen 6 may have been on the verge

of lateral torsional buckling.

Figure 4.24 shows the axial force and bending moment in the beam together with the P-M

yield interaction surface for the W12x 16 beam section. This plot shows that the beam was well

away from general yielding. Figure 4.25 confirms that no significant yielding occurred within the

beam when it was under axial tension. This figure also clearly shows the rather substantial loss of

flexural stiffness in the beam when it was under axial compression, and also further indicates that

the beam was likely nearing instability.

It may be concluded that the satisfactory performance of the beam and brace observed during

the testing of Specimen 6 was primarily due to the large flexural stiffness and strength of the brace.

The brace attracted a large portion of the link end moment, thereby substantially relieving the

bending moment in the beam. Further, as the beam lost flexural stiffness due to its apparently

impending instability, the brace was capable of picking up additional moment, thereby permitting

the link end moment to continue increasing.

Specimen 7

Only very limited data on beam and brace moments could be reliably computed for Specimen

7. However, it is useful to examine this limited data since the beam of specimen 7 failed by severe

lateral torsional buckling.

The plot of beam bending moment versus link rotation in Fig. 4.26 clearly shows the beam's

inability to develop bending moment for the east load cycles, i.e. when the beam is under

compression. Even in the early load cycles before any sign of instability was visible, the beam car

ried significantly less moment in the east load cycles than in the west load cycles. After the

development of significant lateral torsional buckling, the beam's ability to carry bending moment

deteriorated rapidly. In the later loading cycles, the beam suffered almost complete loss of flexural

stiffness and strength.
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Comparison of Fig. 4.26 with the plot of moment versus rotation at the brace end of the link

. for Specimen 7 (Fig. 4.4) indicates that there was likely some redistribution of bending moment

from the beam to the brace in the east load cycles. However, because of the very low flexural stiff

ness and strength of the brace, little additional moment was generated at the brace end of the link.

Thus, the large loss of flexural stiffness in the beam resulted in a large loss of flexural stiffness at

the brace end of the link. The inability of the brace end of the link to develop bending moment,

in tum, inhibited the redistribution of bending-moment away from the column end of the link.

This certainly contributed to failure of the link-to-column connection.

Fig. 4.27 shows moment in the beam plotted against moment at the brace end of the link.

This plot also indicates a redistribution of moment from the beam to the brace in the east loading

cycles. However, it appears again that the combined flexural stiffness of the brace and the buckled

beam were insufficient to attract bending moment away from the column end of the link.

Specimen 8

This specimen provides additional data for a case where the beam suffered severe instability

during the course of the test. Unlike Specimen 7, where the beam failed by lateral torsional buck

ling, the beam in Specimen 8 failed by predominantly lateral buckling. That is, the failure largely

reflected column weak-axis type buckling, with relatively little twisting of the cross-section. Severe

buckling of the beam also occurred much later in the loading sequence in Specimen 8 as compared

to Specimen 7.

Figure 4.28 illustrates the development of beam and brace moments during the course of the

test. In the west load cycles, the bending moment developed at the beam end is much larger than

that in the brace, as would be predicted by an elastic analysis. However, as observed in previous

specimens, there appears to be a redistribution of moment from the beam to the brace in the east

load cycles (beam in compression), well before any signs of beam instability were visible. The

rather large difference in the bending moment carried by the beam when in compression as

opposed to tension is also clearly visible in Fig. 4.28.

The distribution of bending moment between the beam and the brace is shown in Fig. 4.29.

This plot confirms that the beam carried significantly larger moments than the brace for the west

load cycles, with no noticeable redistribution of moment between the beam and the brace. In the

east load cycles, however, the magnitude of the moments carried by the beam and brace grew

closer with increasing load.

Figure 4.30 shows the sum of the beam and brace moments plotted against the moment at the

brace end of the link. This plot indicates that the beam and brace were subjected to only about 50

percent of the link end moment. This should be compared to Fig. 4.19 (Specimen 3) which

showed, for a similar brace connection, that the beam and brace were subjected to about 85 per

cent of the link end moment. An important difference between these specimens is that the brace
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and beam centerlines intersected approximately 5 inches inside of the link for Specimen 8 (Fig.

2.13). For Specimen 3, on the other hand, this intersection occurred only about .5 inches inside

of the link. As noted in Chapter 2, locating the brace-beam centerline intersection inside of the

link was expected to reduce the bending moment generated in the beam and brace. Figure 4.30

confirms that this eccentricity in the brace connection was, in fact, very effective in reducing the

beam and brace bending moments. The rather significant reduction of bending moment in the

beam also likely contributed to the lack of flexural influence observed in the buckled shape of the

beam.

The beam moment and axial force are plotted together with the P-M yield interaction surface

in Fig. 4.31. In tension, it appears that the beam nearly reached the yield surface, but was prob

ably not subjected to extensive yielding. The moment-rotation plot for the beam end (Fig. 4.32)

also indicates only limited yielding of the beam segment beyond the brace connection panel.

Comparison of Fig. 4.32 with the moment-rotation response at the brace end of the link for Speci-

. men 8 (Fig. 4.4) indicates that most of the yielding outside of the link occurred within the brace

connection panel in the west load cycles (beam in tension). As with Specimen 3, it appears that

despite rather extensive yielding within the brace connection panel when the beam was in tension,

no noticeable redistribution of moment occurred from the beam to the brace. The lower portion of

Fig. 4.32 also shows the almost complete loss of flexural stiffness in the beam upon the develop

ment of instability.

Specimen llR2

After the beam buckled in Specimen llR1, the beam was straightened and provided with an

additional lateral support. This repaired specimen, designated llR2, failed by very severe lateral

torsional buckling in the beam. The link end as well as one of the beam lateral supports also

failed on this specimen.

The development of beam bending moment with increasing link rotation is shown in Fig.

4.33. This plot shows that the beam carried less moment in the east load cycles, starting with the

earliest cycles in the test. This corresponds with observations of beam out-of-plane displacement

very early in the test. The early development of lateral torsional buckling for this specimen can be

attributed to the extraordinarily high levels of axial force in the beam combined with residual

deformations in the beam after its repair and straightening. However, despite the early develop

ment of out-of-plane displacement, the beam continued to carry a rather consistent level of bend

ing moment for a number of cycles. This is in contrast to Specimen 7, where severe cyclic

deterioration of the beam's flexural capacity was observed. The better post-buckling performance

of the Specimen 11R2 beam can be attributed to the thicker flanges of the W 12x 22 section as well

as the close spacing of lateral supports. The plot in Fig. 4.33 suggests that additional inelastic

deformation and energy dissipation would have been possible for Specimen llR2 if stronger lateral
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supports had been provided.

The plot of link end moment versus beam moment in Fig. 4.34 shows a similar pattern to

that of Specimen 7 (Fig. 4.27). When the beam is in compression, the loss of flexural stiffness

resulting from instability causes a redistribution of moment from the beam to the brace. However,

because of the low flexural stiffness and strength of the brace, its ability to carry additional

moment is rather limited. Consequently, the brace end of the link suffers a large loss of flexural

stiffness. This is apparent in the moment-rotation response for the brace end of the link in Speci

men llR2, shown in Fig. 4.4. As before, this loss of stiffness prevents the redistribution of bend

ing moment from the column end of the link towards the brace end of the link.

The moment versus axial force plot together with the P-M yield interaction surface for the

Specimen llR2 beam is shown in Fig. 4.35. Unlike the previous specimens, this plot shows the

beam response extending beyond the yield interaction surface for the direction of loading that

places the beam in tension. This indicates that general yielding occurred in the beam segment

beyond the brace connection panel. The moment-rotation response at the beam end, shown in

Fig. 4.36, also indicates yielding of the beam in combined bending and tension. Despite the yield

ing of the beam, however, there was no apparent redistribution of moment to the brace. From the

plot of link end moments for Specimen llR2 (Fig. 4.2), it appears that after yielding of the beam,

little additional moment was attracted to the brace end of the link. That is, as the beam yielded,

the brace did not pick up additional moment and therefore the link's ability to redistribute

moment away from the column and towards the brace was significantly impaired. Thus, for this

specimen, it appears that the combined flexural stiffness of the brace (in compression) and the

yielded beam (in tension) was less than the flexural stiffness of the yielded column end of the link.

Specimen 12

Specimen 12 suffered from severe lateral torsional buckling of the beam for the east load

cycles, and severe lateral torsional buckling of the link in the west load cycles. Testing on Speci

men 12 was stopped due to the impending failure of the link end lateral support.

Beam and brace moments are plotted against the link rotation angle for Specimen 12 in Fig.

4.37. The brace carried a large portion of the link end moment for this specimen. As observed in

previous specimens, the beam carried more moment than the brace in the west load cycles. How

ever, in the east load cycles (beam in compression) there is a significant redistribution of moment

from the beam to the brace. This redistribution is also clearly visible in Fig. 4.38.

Despite the rather severe lateral torsional buckling observed in the beam, Figs. 4.37 and 4.38

show that the beam maintained a high level of flexural stiffness and strength for several cycles after

the initiation of instability. However, Fig. 4.37 indicates that the beam's capacity was beginning

to deteriorate quite rapidly in the final east loading cycle of the test. Nonetheless, as was the case

with Specimen llR2, additional energy dissipation would likely have been possible if sufficiently
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strong lateral supports could have been provided.

Even though the beam suffered a loss of flexural stiffness due to lateral torsional buckling,

the redistribution of bending moment within the link was not significantly impaired. This can be

attributed to the relatively large flexural stiffness and strength of the brace. As the beam's

moment carrying capacity decreased with increased buckling, the brace was able to pickup addi

tional moment. Consequently, the bending moment at the brace end of the link could continue to

grow.

The moment-axial force response for the Specimen 12 beam is shown in Fig. 4.39, along with

the P-M yield interaction surface. This plot shows that large bending moment, rather than axial

force, dominated the response of the beam. Even though significant yielding was observed within

the brace connection panel in Specimen 12, Fig. 4.39 indicates that general yielding did not occur

in the beam segment beyond the brace connection panel.

Discussion of Results

From the above data on beam and brace response, it appears that the behavior of these

members, in general, is quite complex. However, a number of useful observations can be made

based on this data.

First, it should be noted that the test specimens that performed well with respect to beam and

brace behavior were those provided with brace sections of high flexural stiffness and strength. For

these specimens, the brace carried a large portion of the link end moment. In some cases, Speci

men 6 for example, the brace carried as much moment as the beam. The ability of the brace to

attract and carry these large moments is important in EBFs with long links, as it significantly

reduces the demands on the beam. Consequently, EBFs with long links will, in general, require

very heavy brace sections.

Under increasing compressive axial force, the beams of the test specimens often showed a sig

nificant loss of flexural stiffness, typically well before any signs of instability were observed. In

some cases, as with Specimens 3 and 6, this loss of stiffness was apparent, even though instability

of the beam was never observed during the test. For specimens provided with flexurally stiff and

strong brace sections, the bending moment lost by the beam was picked up by the brace. This per

mitted the link end moment to continue to grow which, in turn, permitted the link to further

strain harden and dissipate energy. These specimens demonstrated that a loss of flexural stiffness

in the beam can trigger a redistribution of bending moment to the brace, providing the brace

possesses adequate flexural stiffness.

From the moment-axial force diagrams for the beams, it appears that the stability interaction

surface lies inside the yield interaction surface. That is, under compressive axial forces, the beam



94

is likely to buckle well before general yielding can occur in the region beyond the brace connection

panel. This is likely to be true for many W sections that may be typically used for beams and links

in EBFs. For these sections, there is a large difference between the yield axial force, Py' and the

buckling load, Per' Consequently, even with rather close spacing of lateral supports, instability is

still likely to control the strength of the beam when it is under axial compression. The presence of

a composite deck, however, may significantly influence this observation, as will be discussed later.

The beam response data indicate that, except for Specimen llR2, no general yielding of the

beam segment occurred beyond the brace connection panel under combined bending and tension.

Many of the link end moment-rotation response curves (Fig. 4.4) show that significant yielding

occurred outside of the link, particularly for load cycles placing the beam in tension. The beam

response data indicate that this yielding was largely restricted to the brace connection panel. This

agrees with yielding patterns observed on the test specimens.

Both Specimens 7 and llR2 suffered severe lateral torsional buckling in the beam. Because

of the very low flexural stiffness of the brace members in these specimens, very little bending

moment could be redistributed to the brace from the buckled beam. Consequently, the growth of

bending moment at the brace end of the link after buckling of the beam was severely limited. The

continued redistribution of link end moment away from the column face was therefore effectively

prevented.

A similar behavior was also observed when the beam segment beyond the brace connection

panel in Specimen llR2 yielded in combined bending and tension. Because of the very low flex

ural stiffness of the brace, little or no redistribution of moment from the beam to the brace was

observed. If a brace with larger flexural stiffness had been provided, the brace would have likely

picked up significant additional moment. Further, for cases where the link is located within the

span between two braces, the stiffness of the link end supports will be more nearly equal. For such

cases, a significant redistribution of bending moment from the yielded beam to the brace is also

more likely than a redistribution from the beam to the opposite end of the link.

Even the rather severe yielding of the brace connection panel in combined bending and ten

sion, observed in many of the test specimens, did not appear to trigger a redistribution of moment

from the beam to the brace. Based on the plots of link end moments (Fig. 4.2), yielding of the

brace connection panel also did not significantly inhibit link end moment equalization. However,

such yielding can prevent complete equalization from taking place. This may be seen, for exam

ple, in the link end moment plots for Specimen 3 in Fig. 4.2. These plots show that link end

moments did not completely equalize. In general, it appears then that yielding of the brace con

nection panel in combined bending and tension poses no serious consequences on overall

behavior. The only note of caution in this regard is that the bending moment at the column end

of the link may be somewhat higher than would be expected from an assumption of complete
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moment equalization.

Yielding of the brace connection panel in combined bending and compression, on the other

hand, may pose somewhat more difficult problems. Even if overall beam instability is prevented,

severe local buckling may still occur within the brace connection panel. Such local instability was

observed in Specimens 1, 5 and 6. As discussed in Chapter 3, the loss of strength and inelastic

deformation resulting from local buckling in the brace connection panel can be limited by stiffen

ing the panel.

Finally, Specimen 8 demonstrated that locating the intersection of the brace and beam center

lines inside of the link can significantly reduce the bending moment generated within the beam

and brace. The use of such an eccentricity in the brace-to-link connection may prove to be a use

ful tool for EBF designers.

4.4.3 Beam Stability Computations

Many interaction equations have been proposed for predicting instability under combined

axial compression and bending [36]. It was not the purpose of this experimental program to evalu

ate stability interaction equations for beam-columns. Nonetheless, since instability was observed

within the beam segment of several test specimens, it is instructive to examine beam response in

light of a stability interaction equation. Accordingly, the maximum bending moments and axial

forces developed within the beams of selected specimens were checked in a stability interaction

equation for beam-columns.

The specimens that are considered here are the same as in the previous section, Le., Speci

mens 3, 6, 7, 8, llR2 and 12. It is useful to recall that during the course of testing, severe insta

bility of the beam was observed in Specimens 7, 8 and llR2, whereas no signs of instability were

observed in Specimens 3 and 6. Instability of the beam in Specimen 12 was also observed,

although it was not as severe as in Specimens 7, 8 and llRZ.

The stability interaction equation that will be employed here is that provided in the 1986

Load and Resistance Factor (LRFD) Design Specification [37]. This specification is chosen to be

representative of the most up-to-date recommended U.S. practice for steel building construction.

Interaction under combined bending and axial compression is covered by Eq. H1-1a in the LRFD

specification. For a resistance factor of 0 = 1, this equation can be written as follows:

P 8 M_u_+ __u ~l.O (4.3)
Pn 9 Mn

The various terms are defined in detail in the LRFD specification. Briefly however, Pu and Mu

represent the maximum axial force and bending moment in the member. Pn is the nominal

compressive strength under axial load in the absence of bending moment, computed on the basis
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of effective length, and Mn is the nominal flexural strength in the absence of axial load.

The estimated value of the terms in the above equation are summarized for the selected

specimens in Table 4.4. It must be recognized that considerable uncertainty exists in each of these

terms. Consequently, the data in Table 4.4 should not be used to judge the validity of Eq. 4.3.

Rather, this data is presented as a basis for discussing some of the important issues related to sta

bility of beams in EBFs. In the following paragraphs, each of the terms in Eq. 4.3 are discussed

in greater detail as they pertain to the test specimens.

First, it should be noted that the buckled shape of the beams, in all cases except Specimen 8,

included participation of the brace connection panel. That is, both the beam segment beyond the

brace connection panel as well as the brace connection panel itself buckled out-of-plane. This may

be seen from the photographs of the buckled beams in Chapter 3. Specimen 8 was an exception.

Buckling in this case was restricted primarily to the beam segment outside of the brace connection

panel. This may be due to the short brace connection panel on this specimen as well as the dif

ferent buckling mode (lateral rather than lateral torsional) of the beam. For the remainder of the

specimens, however, the brace connection panel must be included with the beam segment beyond

the panel as part of the beam-column.

The term Pu in Eq. 4.3 is the axial force in the beam-column. As noted earlier, whereas the

axial force is constant in the beam segment beyond the brace connection panel, it is indeterminate

within the brace connection panel itself. The axial force reduces to zero in some unknown manner

over the length of the brace connection panel. Consequently, there is some uncertainty on the

value of axial force to be used in stability computations. For the present purposes, the axial force

in the beam segment beyond the brace connection panel (see Section 4.4.1) was chosen as a rea

sonable representative value of Pu for use in Eq. 4.3. It is certainly an upper bound on axial

force.

The term Mu in Eq. 4.3 essentially represents the maximum bending moment in the beam

column. For members restrained against sidesway (for which EBF beams qualify), the LRFD

specification computes Mu as follows:

where Mnt is the first order moment within the member and B 1 is the amplification factor:

Cm
B 1 = (1 -PuIP

e
) 2: 1 (4.5)

This familiar factor also appears in the stability interaction equation used in Part 2 of the 1978

AISC specification [30]. (See Refs. 30 or 37 for definitions of Cm and Pe ). However, the require

ment that B 1 must always be taken to be at least 1.0 is a new provision in the LRFD specification.

For the test specimens listed in Table 4.4, the computed value of B 1 was always less than 1.0.
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Consequently, a value of B 1 equal to unity was used in computing M u for all of the test specimens.

Like the axial force, bending moment is also indeterminate within the brace connection

panel. The moment increases in some unknown manner over the length of the panel. Therefore,

there is also some uncertainty on the value of bending moment to be used in the stability computa

tions. A lower bound is the moment at the junction of the brace connection panel and the beam.

An upper bound is the link end moment. Neither of these values, however, seem reasonable for

use in stability computations. Therefore, a value of bending moment for use in Eq. 4.3 was com

puted as follows. The moment at the south end of the brace connection panel (immediately adja

cent to the link) was taken as the moment at the north end of the panel plus the shear force in the

beam multiplied by the length of the panel. This was then taken as Mu for use in Eq. 4.3. Note

that this approach simply assumes that the moment gradient within the brace connection panel is

the same as in the beam segment beyond the panel. This is also a convenient assumption for

design purposes, since the moment computed in this manner is the same as would be predicted by

a frame analysis based on centerline-to-centerline dimensions. For such an analysis, the brace

connection panel would effectively have zero length.

The above method for computing M u was used for all specimens listed in Table 4.4, except

for Specimen 8. For Specimen 8, the bending moment at the north end of the brace connection

panel was taken as M u ' since the brace connection panel was not part of the buckled shape.

For the beams that buckled during the test (Specimens 7, 8, llR2 and 12 in Table 4.4), the

values of Pu and Mu are the concurrent maximum values for the cycle of loading during which

significant out-of-plane displacement was first observed. For Specimens 3 and 6, for which no

buckling was observed, the values of Pu and Mu listed in Table 4.4 are the concurrent maximum

values measured during the course of the test.

The term Pn in Eq. 4.3 represents the nominal compressive strength of the member under

axial compression, Le., the column buckling load. Pn is computed based on an effective length,

KL, and also depends on the yield strength of the steel. For the specimens examined in Table 4.4,

effective length factors, K, on the order of 0.6 to 0.7 were used. These values were estimated

from the observed buckled shapes. The effective length factor was then applied to the distance

from the link end lateral support to the first beam lateral support. The only exception to this was

Specimen 8, for which the unbraced length was taken from the north end of the brace connection

panel to the first beam lateral support, reflecting the buckled shape of this specimen.

When evaluating the effective length factor, K, for out-of-plane buckling of the beam, it is

useful to note that the link served essentially as a "fixed" support for the beam. This is reflected in

the buckled shapes of the beams, prior to failure of the link-to-column connections. After these

connections failed, by rupture of the link flange, the links typically rotated, causing the beam sup

port to behave more as a "pin." It must also be recognized that the effective length factors listed in
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Table 4.4 were chosen somewhat subjectively. The uncertainty in the actual effective length results

in substantial uncertainty in the value of Pn .

Computation of the buckling load, Pn, is also dependent on the yield stress of the steel. For

the beam sections used in the test specimens, there is a rather large difference in the yield strengths

of the web and the flanges (Table 2.8). It is not entirely clear, therefore, what values of yield

strength should be used for computing the buckling load. For the purposes of Table 4.4, the

flange yield strength was chosen for computing values of Pn' Since the flanges are relatively more

important than the web in resisting buckling about the weak axis, it was believed that the flange

yield strength is more representative for the purpose of estimating the buckling load. However,

uncertainty in the representative value of yield strength results in further uncertainty in the buck

ling load Pn' With the above assumptions, the values of Pn listed in Table 4.4 were computed

according to sect. E2 of the LRFD specification.

The final term in Eq. 4.3 is M n , the flexural strength of the member is the absence of axial

force. Mn was computed according to sect. F1 of the LRFD specification. For each specimen in

Table 4.4, M n was computed to be equal to Mp of the section.

With each of the terms computed as described above, the left side of Eq. 4.3 was evaluated

for each specimen under consideration. The results are listed in Table 4.4. A value for Eq. 4.3

greater than 1.0 presumably indicates instability of the member.

In examining the final two columns of Table 4.4, it must again be emphasized that substan

tial uncertainty exists in most of the terms used in evaluating Eq. 4.3. Nonetheless, some useful

observations can be made from this table. First, the beams of Specimens 3 and 6 did not buckle

during the test. The value of about .95 computed from Eq. 4.3 for these specimens appears to

predict this result. Further, since this value is close to 1.0, the stability interaction equation indi

cates the beams may have been approaching instability. This is supported by the beam response

data in Section 4.4.2, which showed a substantial loss of beam flexural stiffness as the maximum

loads were approached. Thus, at least in the case of Specimens 3 and 6, it appears that Eq. 4.3

combined with the various assumptions discussed above provided reasonable results.

For Specimens 7, 8 and 12, the values computed for Eq. 4.3 using the estimated maximum

loads at buckling were .90, .93 and .85 respectively. Thus, for these specimens, the buckling load

predicted by Eq. 4.3 appears to be somewhat too high. However, in light of the uncertainties

involved, the error does not appear to be excessive. The discrepancy between the predicted and

measured maximum loads for Specimens 7, 8 and 12 may, in part, also be the result of yielding of

the brace connection panel and beam in the loading cycles prior to buckling. This cyclic yielding

causes a reduction in the effective tangent modulus of the material due to the Bauschinger effect

on the material. The reduction in the buckling load due to the Bauschinger effect has been

observed in cyclic buckling tests on axially loaded struts [38].
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The predictions of Eq. 4.3 appear to correlate well with the measured maximum loads for the

beam of Specimen llR2. It is not clear why previous yielding of the beam would not have

reduced the buckling load, as may have been the case for Specimens 7, 8 and 12. However, it

should be noted that the brace connection panel formed an unusually large part of the buckled

member for Specimen llR2. The unbraced length was 39 inches and the length of the brace con

nection panel was 26 inches. Thus, the brace connection panel accounted for 2/3 of the buckled

member. For the other specimens in Table 4.4, the brace connection panel accounted for a much

smaller portion of the buckled member. Consequently, the rather large uncertainties involved in

estimating the actual forces within the brace connection panel are particularly important for Speci

men llR2.

To summarize, the above discussion indicates that there are numerous uncertainties in

estimating the maximum loads for the beam of an EBF using stability interaction equations.

These uncertainties are associated with predicting the actual bending moment and axial force

within the brace connection panel, estimating the effective length factor for the member, and

estimating a representative yield stress value. These uncertainties affected stability predictions for

the test specimens and would certainly affect stability predictions for any real structure. Despite

these numerous uncertainties, however, it appears that the LRFD stability interaction equation

combined with the various assumptions discussed earlier provided a reasonable, though somewhat

unconservative prediction of maximum load under combined bending and axial compression. The

limited data also suggest that early yielding in the brace connection panel and beam may some

what reduce the actual buckling load. This indicates a conservative approach is warranted in sta

bility design for beams in EBFs when no composite deck is present.

4.4.4 Beam and Brace Design

In this section, some design implications of the observed response of the beams and braces

are considered in greater detail. From a design point of view, the results of this experimental pro

gram have confirmed the importance of adhering to the capacity design approach for the beams

and braces in EBFs. This approach requires that the beam and brace outside of a link possess

adequate strength to develop the ultimate strength of the link. Because of the high axial forces

carried by the beam and brace, both the overall strength and inelastic deformation capacity of an

EBF will suffer if this requirement is violated. The experimental data and observed behavior indi

cate that limited yielding of the beam is acceptable, particularly if restricted to the brace connec

tion panel. However, the majority of yielding must still be forced to occur within the link for best

overall performance of an EBF.

Whereas the specific design requirements for the beam and brace may become somewhat

involved, the overall intent of the capacity design approach for these members can be simply



100

expressed by the following equation:

(4.6)

In this equation, Mlffi is the maximum bending moment that can be generated at the link end.

The terms on the left hand side of Eq. 4.6 are the flexural strength of the beam and brace reduced

for the presence of axial force in the member. In the general case, this reduction may be due to

either yielding or instability. Equation 4.6 simply states that the combined flexural strength of the

beam and brace must exceed the ultimate link end moment. In the actual application of this

equation, some reduction of link end moment over the length of the brace connection panel may

be used to advantage in reducing the required flexural strength of the beam or brace under certain

circumstances. This will be discussed in greater detail later in this section.

When considering design requirements for the beam and brace in greater detail, it is neces

sary to consider the circumstances under which stability may control the design of the member.

First, it should be recognized that when the beam is in tension, the brace will be in compression.

Likewise, when the beam is in compression, the brace will be in tension. Therefore, stability will

not simultaneously control the design of both members.

The observed experimental behavior has clearly shown that instability can control the strength

of the beam. For EBFs in which the brace is connected at the link to the lower flange of the

beam, as simulated in the experimental setup, the top flange of the beam is critical for stability.

That is, for the direction of loading that places the beam in axial compression, the bending

moment in the beam is such as to produce additional compression in the upper flange, whereas it

relieves the compression in the lower flange. Thus, it is the upper flange that would be expected

to buckle out-of-plane. This behavior was clearly visible in the buckled shapes observed in the

beams of the test specimens.

Since it is the upper flange that is critical for instability, it is reasonable to assume that a

composite concrete deck attached to the top flange will provide substantial restraint against buck

ling of the beam. A composite deck will also benefit the beam by carrying a portion of the axial

load, thereby reducing stress levels in the beam. From a design point of view, therefore, it would

appear reasonable to assume that stability will not control the strength of the beam in an EBF

when a composite concrete deck is present. Rather, the maximum strength of the beam will be

controlled by yielding under combined tension and bending. For this case, a composite deck will

be subject to tension, and therefore cannot be relied upon to contribute to the strength of the

beam.

On the other hand, if a composite concrete deck is not present, the possibility of buckling

must be considered in the design of the beam, particularly with regard to locating lateral supports.

As indicated in Section 4.4.3, the brace connection panel will in general buckle along with the
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beam. That is, the connection of the brace on the bottom flange of the beam cannot be relied

upon to restrain out-of-plane buckling of the top flange of the beam. Thus, in stability computa

tions, unbraced length should be measured starting at the link end lateral support. Also, as noted

earlier, yielding in the brace connection panel and the beam may somewhat reduce the buckling

load of the beam. A rather conservative approach to stability design of the beam is therefore war

ranted in cases where no composite deck is present.

A final case which should be considered for the beam is the situation where the brace is con

nected at the link to the upper flange of the beam. That is, the brace is connected to the same

flange that supports the composite deck. For this case, the bottom flange of the beam is subject to

combined compression from axial force and bending moment. The bottom flange will therefore be

most likely to buckle out-of-plane. In this situation, the composite deck cannot be relied upon to

provide lateral support, since it will not be connected to the compression flange. The deck will still

likely benefit the beam, however, by reducing stress levels in the beam. Some judgment will be

required when locating beam lateral supports for this situation.

Stability must, of course, always be considered in the design of the brace, since the brace is

not supported by a deck and, in general, is laterally supported only at its ends. As demonstrated

by the brace response data in Section 4.4.3, the braces in EBFs may carry large bending moments.

It is important to include these moments in stability computations. Further, the possibility of

redistribution of bending moment from the beam to the brace must also be considered. As noted

earlier, when the brace is under compression, the controlling design case for the brace, the beam

will be under tension. The response of the test specimens indicates that yielding of the brace con

nection panel in combined bending and tension does not appear to trigger a redistribution of

moment from the beam to the brace. Thus, from a design point of view, it appears that the possi

bility of a redistribution of moment to the brace need only be considered if general yielding in

combined bending and tension extends beyond the brace connection panel. The drop in bending

moment over the length of the brace connection panel can therefore be used to advantage in this

situation. Further, since the beam is under tension, the influence of a composite deck on the

beam's yielding strength can be reasonably neglected.

Suggested Capacity Design Approach for Beams and Braces

In order to clarify and summarize the discussion and observations on beam and brace

response, a preliminary suggested approach for the design of beams and braces in EBFs is outlined

in this section. It is apparent that several aspects of beam and brace behavior require further

investigation. However, until such further research is available, the approach outlined below is

believed to provide a reasonable basis for beam and brace design.
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Capacity design, as represented in principle by Eq. 4.6, represents the overall basis for the

suggested design approach. The requirements imposed by Eq. 4.6 are supplemented by the obser

vations and discussions of beam and brace behavior provided thus far in Section 4.4 of this report.

The suggested design approach is outlined below in several steps and each step is provided with

comments. Note that it is assumed that a preliminary frame geometry and member sizes have

been chosen. The steps below can then be used to check the adequacy of the beam and brace.

1. Estimate the ultimate link shear force, vlt~, and the ultimate link end moment, MlfJ, for the

end of the link adjacent to the beam and brace under consideration.

Comments: As discussed in Chapter 1, ultimate link forces have often been taken as 1.5

times the strength based on simple plastic theory. Equations 1.4 and 1.5 provide estimates of

link ultimate shear force and end moment based on this assumption. However, as noted in

Sections 4.1 and 4.2, an overstrength factor of 1.5 appears to be too large in the intermediate

link length range of combined flexural and shear yielding. This issue is discussed further in

Chapter 6 of this report. vlfJ and MlfJ represent the capacity design forces that will control

the design of the adjoining beam and brace. Note that if the brace connection has been

designed with an eccentricity so that the brace and beam centerlines intersect inside of the

link, then the value of Mff~ can be reduced by the moment produced by this eccentricity.

This may substantially reduce the moment that must be carried by the beam and brace.

2. Estimate the axial force generated in the beam, P beam , and in the brace, Pbrace by the ulti

mate link shear force.

Comments: As discussed in Section 4.4.1, the ratio of axial force in the brace to shear force

in the link remains essentially constant in both the elastic and inelastic ranges of behavior for

an EBF. Therefore, this ratio can be taken from an elastic analysis and used to simply scale

up the brace axial force to a level corresponding to the ultimate link shear force. Alterna

tively, Pbrace can be estimated by considering the statics of the link-beam-brace joint, where

it should be recognized that shear force in the beam segment outside of the link also contri

butes to axial force in the brace. The same techniques can be used to estimate the ultimate

axial force in the beam, P beam . At this point, it is also useful to check the ratio P IPy for the

beam. If this ratio is in excess of say, 0.5 to 0.6, some difficulties may be anticipated in

satisfying capacity design requirements for the beam and brace.

3. Estimate Mt::::c, the portion of the ultimate link end moment carried by the beam, assuming

that the beam and brace remain elastic.
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Comments: MCe«:'::C can be approximated from an elastic frame analysis. The ratio of bending

moment in the beam to bending moment in the link can be taken from an elastic analysis,

and then used to scale up the moment in the beam to a level corresponding to the ultimate

link end moment. For example, if an elastic analysis shows that 90% of the link end

moment is carried by the beam, then MCeU:::: can be estimated as 0.9 XMl1f:Ic. Note that

MC~c will be used to check stability of the beam for the case where no composite deck is

present. Accordingly, MCe«::':c should reflect the moment immediately outside of the link.

That is, MC:::mtic should not be reduced to account for the drop in bending moment that occurs

over the length of the brace connection panel. If the brace-to-link connection is assumed to

behave as a "pin," then MC:::':;c will be equal to Mltf:k, and the beam by itself will be required

to carry the entire link end moment. It should also be noted that at large frame displace

ments, the elastic distribution of link end moment to the beam and brace may vary from that

predicted by an elastic analysis, even if no yielding occurs in the beam or brace. Such effects

have been observed in inelastic analyses of EBFs [9,28] and appear to be most significant in

the first story brace. Thus, it must be recognized that the above procedure for estimating

MC:::mtic is only an approximation and should be applied with judgement.

4a. If the beam is not provided with a composite deck: Provide lateral supports for the beam that

will satisfy beam-column stability criteria. Stability should be checked for a moment of

MC:::mtic (from step 3) and Pbeam (from step 2).

Comments: Examples of beam-column stability interaction formulas are Eq. 2.4-2 in the 1978

AISC Specification [30] and Eq. H1-1a in the 1986 LRFD Specification [37]. As discussed

earlier, unbraced length should be measured from the link end lateral support, since the

brace connection panel will in general buckle along with the beam. Some judgment will be

required in choosing an effective length factor, K, for out-of-plane buckling of the beam.

For the beams tested as part of this experimental program, effective length factors of about

0.6 to 0.7 appeared to reasonably reflect the buckled shapes. It should be noted that for EBF

geometries that generate very high axial forces in the beams, satisfying a stability interaction

equation may be very difficult or even impossible. In such cases, measures must be taken to

reduce stress levels in the beam. Possible remedial measures may include use of a heavier

brace (to draw moment away from the beam), or changes in frame geometry and/or link

length. In extreme cases, the use of cover plates may be required on the beam.

4b. If the beam is provided with a composite deck: Assume the deck will prevent instability of

the beam's upper flange. Provide lateral bracing at a reasonable interval for the lower flange.
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Comments: This assumption is based on the observation that the top flange is critical for sta

bility in EBFs in which the brace enters the beam at the link from below. For these cases, it

is assumed that a composite deck attached to the top flange will effectively prevent out-of

plane displacement of the flange. Even though the bottom flange will, in general, be subject

to much lower compressive stress than the top flange, lateral support of the lower flange at

some reasonable interval would seem to be prudent. Further, for EBFs in which the brace

enters the beam from above, the lower flange of the beam will be subject to the highest

compressive stresses and will be the critical flange for instability. For these situations, a more

conservative approach for lateral support of the lower flange is warranted.

5. Estimate MC:S::c, the portion of the ultimate link end moment carried by the brace, assuming

that the beam and brace remain elastic.

Comments: MC:~~c can be approximated from an elastic frame analysis in the same manner

as described for MCeU:::c in step 3. If the analysis is based on member centerline-ta-centerline

dimensions, Mb;':c~c may be reduced to account for the drop in brace moment from the

brace-beam centerline intersection to the edge of the beam.

6. Estimate the moment in the brace in the event that the beam yields and redistributes moment

to the brace. This may be estimated approximately as follows:

0.9 Mltf:Ic - M;beam

Comments: The above equation provides a reasonable upper bound estimate for the moment

generated in the brace in the event that general yielding of the beam occurs in combined ten

sion and bending and consequently redistributes moment to the brace. As noted in the dis

cussion on experimental observations, a significant redistribution of moment away from the

beam does not appear to occur until yielding extends beyond the brace connection panel.

The factor of 0.9 above assumes a drop in bending moment equal to 10 percent of the link

end moment over the length of the brace connection panel. This is based on some typical

values of moment gradient in the beam and some assumed typical lengths for the brace con

nection panel. A more accurate analysis can, if desired, be performed based on the actual

brace connection panel length and beam moment gradient. The term M; beam in the above

equation is the plastic moment of the beam, reduced for axial force. The calculation of

M; beam should be based on a yield interaction formula using the ultimate axial force in the

beam, Pbeam , estimated in step 2 above. Note that the use of a stability interaction formula is

not required, since the beam is under axial tension for this loading case. "Exact" yield

interaction computations under combined bending and axial force are described in many
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publications on plastic design, for example, Refs. 19 and 39. Approximate yield interaction

formulas are also available. Examples are Eq. 2.4-3 in Ref. 30 and Eq. Hl-la (for tension)

in Ref. 37. These approximate formulas are generally conservative and will therefore give a

smaller value of M; beam' and consequently a higher brace design moment. Thus, it may be

to the designer's advantage to use the exact interaction relationships.

7. Check the adequacy of the brace using beam-column stability criteria. Stability should be

checked using the ultimate axial force in the brace (step 2), combined with the larger of the

bending moments computed in steps 5 and 6 above.

Comments: Examples of stability interaction formulas suitable for design were noted in step

4a above. In applying these formulas, some judgment win be required in estimating effective

length factors for in-plane and out-of-plane buckling for the brace.

Some additional comments are required on the above capacity design check for the beam and

brace. First, inelastic dynamic analyses of EBFs by Rides and Popov [28] have shown that very

large bending moments can be developed at the bottom of the first story story brace, when the

brace and column are "fixed" to the foundation. These large moments would also be anticipated

by studying EBF energy dissipation mechanisms (Figs. 1.4 and 1.10). These mechanisms show a

plastic hinge in the column and brace at the base of the frame. Thus, the procedure outlined

above may underestimate the bending moment in the first story brace of an EBF, particularly if a

high degree of fixity is provided by the column-brace-baseplate connection detail. Accordingly, a

conservative design is warranted for the first story brace. Second, it is assumed that gravity load

effects are relatively small in comparison with the capacity design forces on the beam and brace,

and will not substantially affect the response of these members. If this is not the case, a contribu

tion of gravity load moment and axial force in the beam and brace should be included in the

design check. Further, it has generally been the philosophy that capacity design forces represent

an extreme loading condition. Therefore, members designed to resist these large forces are typi

cally designed with no additional factor of safety. Following this philosophy, the stability and

yielding interaction formulas used to check the beam and brace would normally be applied at a

factor of safety of 1.0 (or a resistance factor of 0= 1 for LRFD equations). This, of course, is a

matter open to judgment.

The capacity design check for the beam and brace outlined i.n the steps above are based on

several important assumptions. Additional research is warranted in several areas to verify these

assumptions. For example, the actual effects of a composite deck on the stability of the beam

under combined bending moment and large axial compression is an area that requires
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investigation. Further studies on the redistribution of moment resulting from yielding of the beam

are also needed. The above design approach assumes that yielding of the beam outside of the

brace connection panel will cause a redistribution of moment to the brace. However, as indicated

by the experimental data, if the brace is not adequately stiff, bending moment may simply redistri

bute within the link, away from the end connected to the yielded beam. Additional investigation

is required therefore on the consequences of yielding in the beam of an EBF. Further investiga

tion is also needed to better predict the bending moments that may develop at the base of the first

story brace, as discussed above.
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4.5 FORCES AT LINK END LATERAL SUPPORT

4.5.1 Experimental Data

In this section, experimental data on the out-of-plane forces developed at the link end lateral

support are presented and discussed. Details of the link end lateral support system used for the

test specimens are shown in Fig. 2.30, Section A-A. This system permitted free movement in the

plane of the test specimen, but provided very stiff support for resisting out-of-plane displacement.

Out-of-plane forces were measured using a truss-like arrangement of four load cells, as shown in

Fig. 2.30. The end of each load cell was provided with a bearing that permitted free rotation

about any axis, thereby preventing the development of bending moments in the load cells. Conse

quently, the out-of-plane forces at the points of attachment to the test specimen could be computed

by summing the vertical components of the forces measured in the load cells.

The resultant out-of-plane forces at the link end are designated as "PI" and "n", as shown in

Fig. 4.40. PI is the force near the lower flange, i.e., the flange connected to the brace, and n is

the force near the top flange. Positive values of PI and P2, shown in Fig. 4.40, correspond to ten

sion in the link end load cells.

The development of link end out-of-plane forces during the course of testing is shown for

each specimen in Fig. 4.41. In this figure, values of PI and P2 are plotted against the link rota

tion angle, 'Y. PI is plotted as a solid line and P2 as a dashed line for each specimen. The max

imum values for PI and P2 developed during the course of testing for each specimen are summar

ized in Table 4.5. Also listed is the value of Py flange' which is defined as hf tf F y flange' Py flange

is sometimes referred to as "beam flange strength" in building codes and forms the basis for code

specified strength requirements for lateral supports [5, 6, 7, 8]. Both SEAOC [5] and NEHRP [7]

require a minimum strength for link end lateral supports equal to 1.5 percent of the beam flange

strength, Le., 0.015XPy flange'

4.5.2 Discussion of Test Results

In examining the plots of Fig. 4.41 as well as the data listed in Table 4.5, it is evident that

rather large out-of-plane forces developed at the link end lateral support for the majority of the test

specimens. For comparison with code provisions, the last column of Table 4.5 lists the ratio of the

maximum out-of-plane force to the value of beam flange strength for each specimen. In virtually

every case (except Specimen 11), the lateral support forces exceeded the code specified value of 1.5

percent of the beam flange strength. Many specimens developed forces on the order of 6 to 8 per

cent of the beam flange strength, and in some cases, in excess of 10 percent. It is clear that the

code provisions significantly underestimated the lateral support strength requirements for these test

specimens.
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In order to gain some insight into the mechanisms that may be responsible for generating the

large link end lateral forces, the development of these forces is briefly examined for each specimen

below, with reference to the plots in Fig. 4.41.

Specimen 1 - A rapid growth in lateral support forces began with cycles 13E and 14E and progres

sively worsened for the east load cycles. This growth in forces coincides with the observed

development of flange buckling outside of the link, in the brace connection panel. Lateral support

forces were much lower in the west load cycles. (West load cycles correspond to negative link

rotation angles in Fig. 4.41). Recall that flange buckling did not occur outside of the link for the

west load cycles, since the region was in tension.

Specimen 2 - The large lateral support forces observed in the final 4 to 5 loading cycles appear to

coincide with the development of severe web buckling in the central panel of the link. However,

rather large lateral support forces were already developed several cycles before web buckling was

observed. As with Specimen 1, substantially larger lateral support forces developed in the east

load cycles than during the west cycles.

Specimen 3 - There was a gradual but steady growth in lateral support forces over the course of the

test. This growth began well before any form of local buckling was observed in the specimen.

Maximum lateral support forces were of comparable magnitude for both directions of loading.

Specimen 4 - In a manner similar to Specimen 3, the lateral support forces for Specimen 4 grew in

magnitude rather gradually over the course of the test. A sudden increase in these forces occurred

during cycle 12E, which appeared to coincide with the fracture of the link flange at the link-to

column connection and the formation of web buckling within the link. The maximum lateral sup

port forces in both Specimens 3 and 4 were smaller than for Specimens 1 and 2, despite the signifi

cantly larger in-plane forces (link shear force and bending moments) developed in Specimens 3

and 4.

Specimen 5 - A sudden increase in link end lateral support forces is apparent in the final loading

cycle. This increase appears to coincide with the failure of the link-to-column connection and the

concurrent development of flange buckling in the brace connection panel.

Specimen 6 - This specimen showed a large and steady growth in lateral support forces throughout

the test. Substantial forces developed well before any local buckling was observed within the test

specimen. However, the development of very large lateral support forces in the latter portion of
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the test appears again to be associated with the development of severe local buckling in the brace

connection panel. Note also the lateral support forces continued to grow rapidly in the final cycles

of the test, even though the overall load carrying capacity of the specimen was deteriorating

rapidly.

Specimen 7 - The large lateral support forces measured for this specimen coincide with the

development of severe lateral torsional buckling of the beam. It is interesting to note that the larg

est lateral support forces developed during the west load cycles, when the buckled beam was

straightening under tensile axial load.

Specimen 8 - The largest lateral support forces occurred in the final loading cycles as the beam

buckled. However, despite the very severe buckling of the beam, the lateral support forces were

significantly less than for Specimen 7, after buckling of its beam. Also, in contrast to Specimen 7,

the lateral support forces in Specimen 8 were larger when the beam was buckling in compression

rather than straightening in tension.

Specimen 9 - Prior to the final loading cycle, there was a large and steady growth in the lateral

support forces for the west loading cycles, with virtually no lateral support force developed during

the east loading cycles. No significant local buckling was observed in this specimen until the final

cycle. The very large lateral support forces developed in the final east loading cycle coincide with

the failure of the link-to-column connection and the concurrent sudden development of lateral tor

sional buckling in the beam. It should be noted that Specimen 9 was provided with a short link,

indicating that very large link end lateral support forces are possible for short as well as for long

links. It may be argued that the final large spike in P1 and P2 should be discounted, since it

occurred after the failure of the link-to-column connection. However, even discounting the final

cycle, the maximum lateral support force was on the order of 6 percent of the beam flange

strength. This is four times larger than the code specified value.

Specimen 10 - The growth of lateral support forces in the east loading cycles appears to be associ

ated with the rather mild lateral torsional buckling experienced by the beam of this specimen.

Unlike Specimen 9, lateral support forces were rather small during the west loading cycles. How

ever, like Specimen 9, there was a sudden increase in lateral support force in the final east cycle,

after failure of the link-to-column connection. If this final cycle is discounted, the maximum

lateral support force was approximately 4 percent of the beam flange strength.
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Specimen 11 - The very low lateral support forces are a result of the early termination of testing for

this specimen.

Specimen 11R1 - The lateral support force P2 shows a large spike in the final east load cycle, coin

ciding with the rather sudden buckling of the beam. It is interesting to note that the portion of the

beam that buckled was not the span adjacent to the link end. Nonetheless, buckling of the remote

span still generated a large out-of-plane force at the link end lateral support.

Specimen llR2 - The development of very large lateral support forces in this specimen appears to

reflect the very severe lateral torsional buckling of the beam. Large lateral forces were generated

in both the east loading cycles, during which the beam buckled, and during the west cycles, for

which the beam was in tension. During the final loading cycle, the load cells at the link end

lateral support failed, with one of the load cells buckling. The plot of P1 and P2 for Specimen

11R2 in Fig. 4.41 is therefore terminated prior to the failure of the load cells.

Specimen 12 - The moderate levels of lateral support force developed prior to the final load cycle

appear to grow in conjunction with the observed lateral torsional buckling of the beam. The very

large spike in these forces in the final west load cycle, particularly in the force P1, appears to be a

consequence of the very severe lateral torsional buckling observed within the link. During this

final cycle, an end bearing connected to one of the load cells measuring the force P1 began to

bend and deform. This, in effect, reduced the stiffness of the lateral support, thereby permitting

substantial (perhaps .5 inches) out-of-plane displacement of the link end. This effective loss of

support stiffness appears to have contributed to the very rapid growth in the lateral support forces

in the final load cycle.

From the above discussion of the individual test specimens, no clear pattern has emerged on

the mechanisms responsible for the development of large link end lateral forces. However, a

number of useful observations can be made. First, it is evident that various forms of local buck

ling can trigger the growth of large lateral support forces. Local buckling in the brace connection

panel appears to be particularly detrimental in this regard, as evidenced by Specimens 1 and 6.

Severe lateral torsional buckling of the beam segment outside of the link, as might be anticipated,

can also result in large lateral support forces. Even larger out-of-plane forces at the link end

appear to result from severe lateral torsional buckling of the link itself, as seen in Specimen 12.

Severe web buckling within the link also appears to generate rather large lateral support forces.

Flange buckling within the link seems to be least detrimental in triggering large lateral support

forces.
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It must be recognized that very large forces are transferred between the link, beam and brace

in the vicinity of the link end lateral support. It may be postulated that any misalignment or out

of-plane displacement in this region will generate an out-of-plane component of the various forces

meeting at the link end. Local buckling may contribute to this problem by causing further

misalignment and out-of-plane displacement. This observation suggests that link end lateral sup

ports must be very stiff in order to minimize out-of-plane displacements, and thereby minimize the

out-of-plane component of the forces meeting at the link end. The need for stiff lateral supports

was also indicated by Specimen 12, where a reduction in support stiffness resulted in inordinately

large out-of-plane forces.

Local buckling may also contribute to the development of large lateral forces through an

additional mechanism. After the occurrence of severe local buckling, the cross-section of the beam

or link is no longer completely symmetric. Consequently, the shear center of the cross-section may

no longer coincide with the centroid. This, in turn, may generate a tendency for the cross-section

to twist.

Local buckling apparently played an important role in the development of large out-of-plane

forces in many of the test specimens. However, this was not always the case. In Specimen 9, large

lateral support forces were generated even though virtually no local buckling was observed in the

specimen. In this case, however, these large forces developed only in the west load cycles. For

this direction of loading, the brace is in compression. Any out-of-plane misalignment between the

brace and the link would therefore have caused both the brace axial force and the link shear force

to tend to push the lower beam flange (the flange to which the brace is connected) out-of-plane.

In the opposite direction of loading, on the other hand, the tension axial force in the brace tends

to stabilize the lower flange. Such a mechanism may have been responsible for the observed pat

tern of link end lateral forces in Specimen 9.

Both Specimens 9 and 10 demonstrated that the development of large lateral support forces is

not a problem restricted solely to long links. Both of these short link specimens developed rather

large out-of-plane forces.

It should also be noted that, in general, both the force Pi and the force P2 were of compar

ably large magnitude for most of the test specimens. This indicates that both the top and bottom

link flanges must be thoroughly braced. In tests on links with composite floors, Rides and Popov

[16] concluded that the composite deck cannot, by itself, be counted upon to supply adequate link

end lateral support. The plots in Fig. 4.41 support this conclusion. Thus, even with a composite

deck, a transverse member connected at or near the bottom flange should be provided to support

this flange.

The experimental data suggest that the lateral support forces may not necessarily correlate

with beam flange strength. Sections with very heavy flanges may, in fact, be subject to lower
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lateral support forces because these sections are less prone to local buckling. This may be seen by

comparing Specimens 1 and 2 (light and slender flanges) with Specimens 3 and 4 (heavy and

stocky flanges). Consequently, specifying the required lateral support strength as a percentage of

the beam flange strength may not represent the most rational approach for designing link end

lateral supports. An alternative approach may be to specify the required lateral support strength as

a percentage of the ultimate shear force in the link. However, it is not clear from this limited

experimental data whether or not this approach would provide a reasonable bound on lateral sup

port forces. It appears that several mechanisms may contribute to the development of large link

end lateral support forces. Consequently, developing a simple model for bounding these forces

may be quite difficult.

4.5.3 Design Implications

From a design point of view, it is perhaps most important to recognize that strong and stiff

lateral support must be provided at both the top and bottom flanges at the link ends. As far as

specific strength requirements are concerned, it is clear that the code specified value of 1.5 percent

of the beam flange strength is inadequate. However, it is not clear what this value should be, or

even if it should be related to beam flange strength.

Despite these numerous uncertainties, it would appear that an increase in the code specified

lateral support strength is warranted. Maintaining beam flange strength as a basis for lateral sup

port strength, despite its potential shortcomings, the data in Table 4.5 and in Fig. 4.41 can be used
/

as a basis for estimating an increased lateral support strength requirement. In evaluating this data,

some of the extreme values of lateral support force measured after failure of the link-ta-column

connection or after buckling of the beam can perhaps be discounted, assuming the designer will

guard against these failure modes. The measured values can be somewhat further reduced to

account for the fact that the lateral force measurement points were not located directly at the

flanges, but rather somewhat inside of the flanges (see Figs. 4.40 and 2.8 Section A-A). This

location will cause an increase in the measured force when that force is the result of torsional

moments at the link end.

In light of the above adjustments, the authors recommend a minimum lateral support strength

of 6 percent of the beam flange strength, Le. 0.06x hI tl Fy flange. This should be considered a

minimum requirement, with recognition that lateral forces can be larger under certain cir

cumstances. In particular, long links with stocky flanges, which may suffer from severe lateral tor

sional buckling of the link appear to have the potential to generate much larger link end lateral

force. The above minimum strength requirement should be applied to short links as well as long

links.

Based on the experimental data, no specific recommendations can be made on a minimum

stiffness requirement for link end lateral supports. However, it is clear that stiff supports are
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required. It is also apparent that a simple analytical model for bounding the required strength and

stiffness of link end lateral supports is needed.

As a final comment on design of link end lateral supports, it should be noted that while these

supports must provide stiff resistance to out-of-plane displacement, they should not excessively res

train in-plane displacement of the link end. Restraint against in-plane displacement may result in

significant additional axial load in the diagonal brace. Accordingly, the use of transverse

members framing into both sides of the link end should be avoided. A lateral support member

framing into the link end from only one side is preferred.

4.6 STRAIN GAGE DATA

A number of the test specimens were provided with strain gages at various locations within

the specimen. In this section, the gage types and installation are briefly described and selected

data obtained from these gages are examined.

For most of the test specimens, strain gages were provided within the link, and for a few

specimens, additional gages were also provided at selected locations within the brace connection

panel or on the brace connection itself. Within the link, strain rosettes were typically provided at

several locations along the length of the link, at mid-depth of the section. A rosette was always

provided at identical locations on both sides of the web. Rosettes with 2 gages oriented 90 deg.

apart were used, and were placed on the link web so that each individual gage was oriented at 45

deg. from the link centerline. The engineering shear strain was then computed as the difference in

the normal strains measured by the two gages, and averaged with the shear strain computed from

the corresponding rosette on the opposite side of the web.

For Specimen 1, single element gages were located on the flanges at the link ends in an

attempt to measure normal strains in the link flanges. However, these gages typically showed

erratic behavior, with a considerable amount of drift evident in the output under cyclic load. It

was concluded that cyclic strains in the flanges at the link ends were too large to be measured reli

ably with strain gages. Consequently, the link flanges were not gaged in the remaining test speci-

mens.

Strain gages were obtained from the Micro-Measurements Division of the Measurements

Group Inc. The rosettes used for the link webs were Micro-Measurements Nos. EA-06-125TD

120 and EA-06-125RA-120, and the single element gages were No. EA-06-125AD-120. Gages

were attached to the specimen using Micro-Measurements M-Bond AE-15 epoxy adhesive, which

required curing under pressure and elevated temperature.

The gages listed above are not high elongation, post-yield gages, but are simply general pur

pose strain gages. Discussions with technical personnel at Micro-Measurements indicated that high
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elongation gages are best suited to high monotonically applied strains and generally show poor per

formance under large cyclic strains. Under cyclic load, the foil elements of the strain gage incur

fatigue damage, resulting in a permanent change in the unstrained resistance of the gage [40].

This damage is evidenced as "drift" in the strain readings from the gage. The stain gage manufac

turer indicated that no presently available gage is capable of reliably measuring very high cyclic

strains, but that for moderate cyclic strains, the general purpose gages show less drift than the high

elongation gages. The general purpose gages were therefore used for the test specimens.

Examination of the strain gage data indicated that most gages began to exhibit drift or other

erratic and questionable behavior at about ± 3 to ± 4 percent cyclic normal strain. The orienta

tion of the rosettes measuring shear strain in the link web was such that the normal strains in the

individual gages of the rosette was equal to one-half of the engineering shear strain. Conse

quently, shear strains could generally be reliably measured up to about ± 6 to ± 8 percent (± .06

to ± .08 rad), which was adequate for most specimens.

In the remainder of this section, data obtained from selected strain gages are examined in

order to obtain additional insights into the behavior of the test specimens. In cases where strain

gage data showed significant drift or other questionable behavior, plots are terminated at the point

where the questionable behavior begins. Plots which are terminated prior to the end of the test are

appropriately identified.

Specimen 1

The link of Specimen 1 was instrumented with strain rosettes along the length of the link

centerline. The location of the rosettes are listed in Table 4.6. A rosette was located at approxi

mately mid-length of each panel within the link.

Figure 4.42 shows the link shear plotted against the link shear strain for strain rosette nos. 1

and 3. Strain rosette no. 1 is located in the first panel adjacent to the column, whereas rosette no.

3 is located at approximately mid-length of the link. These plots show some features that were

typical of link shear force versus shear strain plots for many of the test specimens. First, theses

plots typically show a sharp, well defined yield point, permitting fairly accurate determination of

the shear force at first yield at the location of the rosette. A value of shear force at first yield for

each of the five rosettes on the link of Specimen 1 are listed in Table 4.6. It is apparent that shear

yielding occurred much earlier at the end of the link near the column than in the remainder of the

link. It is useful to to compare the measured shear yield values listed in Table 4.6 with the values

predicted from simple theory. Using the simple strength of materials formula for shear stress,

T = (VQ )/(Ib), combined with the yield stress under pure shear based on the von Mises yield cri

terion, Ty = .577Fy , a value of shear force at first yield can be computed. This calculation is

shown in Table 4.6, using measured section dimensions and web yield stress values. As shown,
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the predicted shear force at first yield at mid-depth of the section is 67 kips. This compares well

with the measured shear yield force of 66 kips at rosette location no. 3. This rosette, located at

about mid-length of the link, is in a region of low bending moment. The earlier yielding at strain

rosette no. 1, in a region of high bending moment near the link end, suggests a fairly significant

influence of bending moment on the initiation of shear yielding. The influence of interaction

between shear and bending stresses is also evident in the plots of Fig. 4.42, where substantially

larger inelastic shear strains are developed at the link end near the column as compared with mid

length of the link.

In Fig. 4.43, the distribution of shear strain along the length of the link centerline is plotted

at various instants in the loading history. The points plotted in this figure are the readings from

the five strain rosettes listed in Table 4.6. In Fig. 4.43a, values of shear strain at the peak defor

mation of several eastward loading cycles are plotted, whereas in Fig. 4.43b, the shear strain meas

ured at the peak deformation of several westward cycles are shown. Figure 4.43a shows a rather

clear pattern of relatively uniform shear strain over the central portion of the link, with shear

strain levels increasing towards the link ends. This plot also suggests a rather strong interaction

between bending and shear stresses at the link ends. This interaction appears to be stronger at the

link end adjacent to the column as compared to the link end adjacent to the brace. This may be

due to several reasons. First, the bending moment was generally somewhat larger at the column

end of the link than at the brace end of the link for the east loading cycles. Secondly, the

apparent bending-shear interaction may be affected by flange buckling at the link ends. As flange

buckling develops, it may be postulated that the web carries a greater share of the bending

moment on the section. Consequently, a greater apparent degree of interaction may result in the

web of the section after severe flange buckling occurs. Thus, the plot in Fig. 4.43a may also

reflect the more severe flange buckling observed at the column end of the link.

In contrast to the eastward loading cycles, the shear strain distribution for the west loading

cycles, shown in Fig. 4.43b, indicated little or no bending-shear interaction at the column end of

the link. This may be due to the fact that moment equalization in the link was more complete in

the west loading cycles. Consequently, for the same applied link rotation angle, the bending

moments at the column end of the link is lower in the west load cycles than in the east cycles.

In Fig. 4.44, the plastic shear strain at rosette no. 3 is plotted against the plastic link rotation

angle, 'Yp. This plot is intended to provide an indication of the relative importance of plastic shear

strain in supplying plastic link rotation throughout the specimen's loading history. The numbers

shown on this plot correspond to load cycle numbers. Plastic shear strain at the rosette location

was estimated as the total shear strain measured by the rosette minus the elastic component of the

shear strain. The elastic component was estimated as the shear force divided by the slope of the

shear force versus shear strain plot in the initial elastic cycles in Fig. 4.42b.
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In the early loading cycles, Fig. 4.44 indicates that a small amount of plastic link rotation,

perhaps ± .01 rad., was developed before any shear yielding occurred in the central portion of the

link. This is visible as short, nearly horizontal lines near the origin in Fig. 4.44. This initial por

tion of the plot can be attributed to the occurrence of combined flexural and shear yielding at the

link ends prior to the occurrence of general shear yielding within the link. Plastic shear strain at

rosette no. 3 is a significant portion of the plastic link rotation angle beginning at about load cycle

8. For the following load cycles, the contribution of plastic shear strain to link rotation remains

relatively constant, although some reduction in this contribution is visible towards the end of each

load cycle. This effect may be due to the increasing severity of flange buckling inside of the link

during these cycles. Beginning with load cycle 13, there is a sudden reduction in the contribution

of plastic shear strain. This sudden reduction corresponds with the development of severe local

buckling in the east flange of the brace connection panel, and the concurrent drop in the

specimen's load carrying capacity. Figure 4.44 shows that this effect is initially more severe in the

east loading cycles, which is the direction of loading that produced local buckling in the brace con

nection panel. As the specimen's load carrying capacity dropped in the final loading cycles, the

shear force in the link was increasingly less than the maximum strain hardened shear force

developed earlier in the specimen's loading history. Consequently, little or no additional shear

yielding was possible after overall strength began to deteriorate significantly. Figure 4.44 therefore

indicates that in the final loading cycles, almost all of the plastic link rotation was due to bending

deformations at the column end of the link and within the buckled brace connection panel. Dur

ing load cycle 16, the contribution of plastic shear strain is almost completely terminated,

corresponding with the failure of the link-to-column connection.

The data plotted in Fig. 4.44 supports previous observations that even rather severe flange

buckling inside of the link is not particularly detrimental to overall link behavior. Local buckling

within the brace connection panel, on the other hand, is very damaging to overall performance.

Finally, it should be noted that the plastic shear strain plotted in Fig. 4.44 should not be con

sidered equal to the portion of the plastic link rotation due to shear deformation. The values

plotted in this figure represent the plastic shear strain at a single point within the link. As demon

strated by Fig. 4.43, the shear strain distribution is not uniform along the length of the link. It

will be shown in Chapter 5 that shear strain also varies considerably over the depth of the web.

Figure 4.44 can therefore only provide an indication of the relative importance of plastic shear

strain at various points throughout the specimen's loading history.

Specimen 2

Specimen 2 was similar to Specimen 1, except for the location of stiffeners. Recall that the

link of Specimen 2 had a large unstiffened panel, approximately 20 inches in length (Fig. 2.7),
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and ultimately failed by severe web buckling in this panel. This large central panel was instru

mented with four shear strain rosettes along the link centerline. The data from these rosettes pro

vide an opportunity to compare measured shear deformations at the initiation of web buckling

with the analytical predictions of web buckling developed for short links.

A formula for predicting the initiation of web buckling in short links has been developed by

Kasai and Popov [20]. The predictions of this formula compare closely with the experimentally

observed initiation of web buckling in short links, as demonstrated in Ref. 20.

The formula for predicting web buckling in short links is as follows [Eq. 14 in Ref. 20]:

-VB ~ 8.7K,(a) [~r (4.7)

where:

a
a=

b

~=
b (d -2t/)
-=
tw tw

a = stiffener spacing

d = overall depth of section

tf = flange thickness

8.98 + 5.~ (a ~ 1)
a

5.60 + 8.;8 (a:s 1)
a

In the above equation, in represents the link rotation at the onset of web buckling, measured

from the farthest point of zero shear during the previous loading history.

The above formula was developed for short links, where shear deformation dominates overall

link rotation. Consequently, it may be postulated that web buckling will occur in longer links

when the link rotation resulting directly from shear deformation reaches the value of in in Eq.

4.7. Using the measured section dimensions for Specimen 2, with a value of a = 20 inches for the

center panel of the link, Eq. 4.7 results in a value of in = 0.034 rad.

During the testing of Specimen 2, web buckling was first observed in the central panel of the

link during load cycle 9. Since shear strain rosettes were provided on both sides of the web, it is

also possible to determine the initiation of web buckling from the rosette readings. The shear

strain measured by rosettes on opposite sides of the link web, at identical locations in the link's

central panel, are shown in Fig. 4.45. This plot shows that strain readings on opposite sides of the
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web began to differ during cycle 8W, indicating that web buckling initiated in cycle 8W. The

average shear strain along the link's central 20 inch panel, based on the four shear strain rosettes

in this panel, was 0.030 rad. This value was measured from the point of zero shear force at the

start of cycle 8W up to the peak deformation for cycle 8W. Photogrammetric data from Specimen

1, which was identical to Specimen 2 in link length and section, indicates that the average shear

strain over the full depth of the web is approximately equal to 77 percent of the shear strain at

mid-depth of the section (the location of the rosettes), for the central portion of the link. This

data is presented in Chapter 5. Using additional arguments discussed in Chapter 5, the link rota

tion angle due to shear deformation in the link web is estimated as 90 percent of the average shear

strain taken over the depth of the web, for a W 12x 16 section. Based on these approximations,

the rotation of the central panel of the Specimen 2 link due to shear deformation is estimated as

0.9xO.77xO.030 = 0.021 rad. That is, at the onset of web buckling, the estimated panel rotation

due to web shear deformation , measured from the last point of zero load, is approximately 0.021

rad. This is significantly less than the value of :YB = 0.034 rad. predicted by Eq. 4.7. This rather

large discrepancy indicates that the above approach for predicting web buckling in long links may

not be valid. That is, applying the web buckling predictions for short links to the estimated por

tion of the link rotation due to shear did not successfully predict web buckling for this test speci

men. The error is on the unconservative side, with web buckling occurring significantly earlier

than predicted.

The above discrepancy may be due to several reasons. First, there is some uncertainty

involved in estimating the portion of link rotation due to shear deformations in the web. How

ever, it should be noted that the total link rotation for cycle 8W, including all sources of deforma

tion, is :y = 0.029 rad., which is still only 85 percent of the value of :YB' Thus, even if the entire

link rotation is attributed to shear deformation, which certainly is not the case, web buckling still

occurred earlier than predicted by Eq. 4.7.

Another, perhaps more likely reason for the discrepancy between the predicted and observed

web buckling is the influence of bending moment on web buckling. The higher levels of bending

moment developed in long links may cause the initiation of web buckling to occur sooner than in

short links. In any event, from the above data it appears that it may not be possible to predict

web buckling in long links by simple extrapolation of Eq. 4.7 by the methods used above.

Specimen 3

The location of shear strain rosettes along the length of the link centerline for Specimen 3 are

listed in Table 4.7. A rosette was located at about mid-length of each panel within the link. Also

listed are the measured values of shear force at first yield at each of the rosette locations. As with

Specimen 1, these values were taken from plots of shear force versus shear strain at the rosette.
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The theoretical value of yield shear force at mid-depth of the section, based on the strength of

materials shear stress distribution and the von Mises yield criterion (see calculations in Table 4.7)

is 92 kips. This agrees well with the measured first yield shear force of 90 kips at the rosettes in

the central portion of the link. First shear yield at the rosettes nearer the link ends occurred at

much lower values, again indicating significant interaction between shear and bending stresses at

the link ends.

The effects of this interaction are also apparent in Fig. 4.46, where the distribution of shear

strain along the length of the link centerline is plotted at various instants in the loading history.

The points plotted in this figure represent the shear strain at each of the four rosettes at the point

of maximum link rotation for the indicated cycles. As with Specimen 1, these plots show a pattern

of increasing shear strain towards the ends of the link, and provide clear evidence of reasonably

strong bending-shear stress interaction. Thus, whereas the global link response, as evidenced by

the plots of link shear force versus link rotation angle (Fig. 4.1), shows little or no M-V interaction

at initial yield, it is apparent from Figs. 4.43 and 4.45 that the interaction of bending and shear

stress is very important locally at the link ends.

In Fig. 4.47, the plastic shear strain at rosette no. 2 is plotted against the plastic link rotation

angle. Like the corresponding plot for Specimen 1 (Fig. 4.44), this plot provides an indication of

the relative contribution of plastic shear strain to overall plastic link rotation throughout the speci

mens loading history. In the early inelastic load cycles, plastic link rotation is developed with no

shear yielding in the central portion of the link. As with Specimen 1, this corresponds to the short

horizontal lines near the origin of the plot in Fig. 4.47, and can be attributed to early combined

shear-flexural yielding at the link ends. Significant plastic shear strains are first developed at

rosette no. 2 in load cycle 7. During cycles 8 to 12, the contribution of plastic shear strain to

overall link rotation appears to remain essentially constant. The deterioration in plastic shear

strain due to flange buckling seen in Specimen 1 is not visible in Specimen 3, reflecting the signifi

cantly milder flange buckling experienced by the Specimen 3 link. The development of plastic

shear strain is abruptly terminated during load cycles 13E and 13W, corresponding with the failure

of the link-ta-column connection. It is interesting to note that the contribution of plastic shear

strain is somewhat less in cycle 7 than in the following load cycles. A possible explanation for this

observation is that shear yielding may not have yet propagated over the full depth of the web dur

ing this cycle. Consequently, inelastic shear deformations near mid-depth of the section would

have been constrained by the elastic portions of the web near the top and bottom of the cross

section.
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Specimen 4

During the testing of Specimen 4, web buckling was observed in the two interior panels of the

link. In this section, the web buckling predictions of Eq. 4.7 will be compared to the experimen

tally observed initiation of web buckling, in a manner similar to Specimen 2. During the test,

both of the central 12 inch long panels of the link experienced web buckling. The observed buck

ling was more severe in the panel nearer the column, and so this panel will be investigated below.

Based on the measured section dimensions for Specimen 4, and taking a = 12 inches for the

buckled panel, Eq. 4.7 predicts web buckling at iB = 0.067 rad.

The actual initiation of web buckling was observed during load cycle 12E. This observation

is confirmed by measurements from shear strain rosettes on opposite sides of the web of the buck

led panel. Measuring from zero to peak load in cycle 12E, the measured shear strain at mid-depth

and mid-length of the buckled panel (averaging near side and far side gages) was 0.055 rad.

Based on photogrammetric data for Specimen 4 (see Chapter 5), the average shear strain over the

entire web of the panel being investigated is equal to about 93 percent of the shear strain at the

location of the rosette. Also, as will be discussed in Chapter 5, the link rotation angle due to

shear deformation is estimated as 90 percent of the average shear strain in the web for the

W 12 x 22 section. Thus, at the initiation of web buckling, the rotation of the panel due to shear

deformation is estimated as 0.9 x 0.93 x 0.055 = 0.046 rad. This, again, is substantially less than

the predicted iB = 0.067 rad. Note that the total link rotation for cycle 12E was i = 0.081 rad.

As with Specimen 2, it &ppears that attempting to predict web buckling in a long link by the

above approach was not succe'ssful for Specimen 4. That is, applying Eq. 4.7 to the estimated por

tion of the link rotation due to shear deformation does not appear to successfully predict web

buckling in long links. The error is again on the unconservative side, with web buckling occurring

earlier than predicted.

Specimen 5

Specimen 5 was an example of a very long link (nominal e = 3.15Mp /Vp ), where flexure

dominates post-yield behavior. Shear yielding is not anticipated atthis length, and test observa

tions for Specimen 5 indicate general shear yielding of the link web did not occur.

A series of five shear strain rosettes were located along the centerline of this link. The loca

tions are listed in Table 4.8. The shear strain measured at each rosette location is plotted against

link shear force in Fig. 4.48. Rosette nos. 2, 3 and 4, which were all located in the large central

panel of the link, show purely elastic response, confirming the observation that general shear yield

ing of the link web did not occur for this specimen. The link section properties and material yield

strengths for Specimen 5 are the same as for Specimen 1. As shown in Table 4.6, initial shear
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yielding is anticipated at mid-depth of this section at a shear force of about 67 kips based on the

simple strength of materials solution. Thus, the maximum shear force for this specimen of 49 kips

was well away from the initiation of shear yielding in the central portion of the link.

Rosette nos. 1 and 5 were located near the column and brace ends of the link, respectively.

In contrast to the rosettes in the central portion of the link, the plots of Fig. 4.48 show substantial

shear yielding near the link ends. Initial shear yielding at rosette location no. 1 occurs at a shear

force of about 30 kips. In Specimen 1, a similarly located rosette showed initial shear yielding at

about 49 kips (Table 4.6). The earlier yielding in Specimen 5 can likely be attributed to the

higher bending moments in the longer link.

Figure 4.48 again provides clear evidence of significant interaction between bending and

shear stresses at the link ends. For a very long link, as with Specimen 5, even though general

shear yielding of the link web does not occur, it appears that shear has an important effect on the

yielding patterns developed at the link ends.

Specimen 9

Specimen 9 was an example of a short link (nominal e = 1.2Mp /Vp ), where shear is expected

to dominate post-yield behavior. Shear strain rosettes were provided at the center of each of the

three panels of the link. Table 4.9 lists the locations of these rosettes, along with the measured

value of shear force at initial yielding at each location. As before, these values were read from

plots of shear force versus shear strain at the rosette. Also shown in Table 4.9 is the theoretical

value of yield shear force, computed in the same manner as for the previous specimens. The

theoretical shear yield value of 80 kips agrees closely with the measured yield values at all three

locations. This indicates that there was little or no effect of shear-bending interaction on the ini

tiation of shear yielding at any of the rosette locations, reflecting the lower levels of bending

moment in short links.

In Fig. 4.49, the distribution of shear strain along the length of the link centerline is plotted

at the peak of several load cycles. These plots show mild interaction between shear and bending

stress near the link ends. The shear strain distribution appears to be considerably more uniform in

Specimen 9 as compared with Specimen 3 (Fig. 4.46), both of which were W12x22 links. Shear

strains in the Specimen 9 link also appear to be higher at the column end of the link for the east

load cycles, and larger at the brace end of the link for the west load cycles. This observation most

likely reflects the pattern of link end moment equalization for this specimen (Fig. 4.2). Moments

tended to equalize more completely in the west load cycles. Consequently, the moment at the

brace end of the link was larger in the west load cycles than in the east load cycles, for the same

applied link rotation. Conversely, the moment at the column end of the link was larger in the east

load cycles than in the west cycles, for the same applied link rotation.
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The plastic shear strain at rosette no. 2 is plotted against the plastic link rotation angle, 'Yp ,

in Fig. 4.50. This plot differs from the corresponding plots for Specimens 1 and 3 (Figs. 4.44 and

4.47) in that there is little evidence of a significant initial contribution of flexural yielding in Speci

men 9. Figure 4.50 suggests that the contribution of shear yielding to overall plastic link rotation

was relatively constant throughout the specimen's loading history, up to the point of the link-to

column connection failure. There is evidence of some deterioration in the contribution of shear

yielding in the later loading cycles, which may be attributed to the development of minor yielding

and instability outside of the link.

Specimen 9 was provided with a rectangular tube brace and a gussetted brace-to-link connec

tion. The brace connection detail is shown in Fig. 2.14. As discussed in Chapter 1, the potential

for buckling of the gusset plate is an important design issue for this type of connection. The type

of failure observed in the Tsukuba EBF test (Fig. 1.11) was guarded against in the present tests by

the addition of a stiffener along the edge of the gusset nearest the link, as shown in Fig. 2.14. An

additional issue of concern is whether or not the edge of the gusset located between the brace and

the beam requires stiffening. No stiffener was provided along this edge of the gusset in the present

tests. An elastic finite element analysis of the failed Tsukuba connection detail indicated that

stress levels along this back edge of the gusset (the edge between the beam and the brace) were

generally very low compared to the edge of the gusset between the brace and the link.

In order to obtain data on the stress levels at the gusset plate edges, several strain gages were

installed on the brace connection in Specimen 9. The location of these gages are shown in Fig.

4.51. Gages nos. 1 and 2 were located on the diagonal stiffener attached to the edge of the gusset

between the brace and the link. At each of these locations, two individual gages were installed

near the edges of the stiffener, and the individual measurements were then averaged. Gage nos. 3

and 4 were attached directly to the edge of the gusset between the brace and the beam. All gages

on the brace connection were single element gages, providing a measurement of normal strain at

each location.

The measured normal strain at each of the brace connection gage locations are plotted

against the link rotation angle in Fig. 4.52. It is clear from these plots that the normal strain levels

in the diagonal stiffener are much larger than along the back edge of the gusset. In fact, the strain

levels at gage locations 1 and 2 are on the order of 10 times larger than at gage locations 3 and 4

(note the different vertical scales in the plots of Fig. 4.52). Along the diagonal stiffener, strain

levels are substantially higher at the end of the stiffener closest to the link, i.e., at gage location

no. 1. These strains are well beyond yield. In contrast, strain levels at gages location nos. 3 and 4

are below yield.

The data presented in Fig. 4.52, along with the excellent performance of the connection dur

ing testing, support the approach of not providing a stiffener on the back edge of the gusset. The
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high strain levels in the diagonal stiffener, on the other hand, reflect the high stress levels

developed along the front edge of the gusset, and indicate that stiffening of this edge of the gusset

is justified. This data also shows substantial yielding can be expected in the diagonal stiffener.

Consequently, the width-thickness ratio of this stiffener should be kept small enough to permit

yielding without the development of local flange type buckling in the stiffener. Choosing

bit =::; 52/(Fy )¥. should therefore be a minimum requirement for this stiffener [Table C-B5.1 of Ref.

37], where b is one-half of the overall width of the stiffener, and t is the thickness of the stiffener.

The gussetted brace-ta-link connection in Specimen 10 was gaged in a manner similar to

Specimen 9. These gages showed similar results to those plotted in Fig. 4.52

4.7 SUMMARY

Chapter 4 has provided further detailed analyses of experimental data for the 14 EBF test

specimens. Following is a brief summary of some of the key observations and issues discussed in

this chapter.

(1) The occurrence of initial significant yielding of the links showed minor influence of M-V

interaction. This effect was small, particularly since the links did not exhibit a well defined

yield point. For design purposes, neglecting M-V interaction for predicting the yield strength

of long links appears to be a reasonable simplification and is consistent with the approach

used for short links. Consequently, the shear force required to produce initial significant

yielding can be adequately predicted for any length link by Eqs. 4.1a and b.

(2) The test specimens (7, 8, 11, 11Rl and 11R2) which significantly violated capacity design

principles in the beam segment outside of the link showed first yielding well before the other

specimens. These specimens demonstrated that overall frame strength will be controlled by

the beam rather than by the link in an EBF where the beams are not designed for the capa

city of the links.

(3) The ultimate shear force developed by most of the links was on the order of 1.2 to 1.3 times

the initial shear yield strength. The overstrength factor of 1.5 used for predicting the ulti

mate strength of short links therefore appears to be too large for long links, particularly those

in the intermediate length range of combined shear and flexural yielding. However, for very

long links with stocky flanges, such as Specimen 12, an overstrength factor of 1.5 to account

for strain hardening appears to again be appropriate. Thus, whereas it is reasonable to

neglect M-V interaction when predicting the initial yield strength of long links, it appears

that M-V interaction must be considered when predicting the ultimate strength of long links.

Cyclic flange buckling will limit the strength of long links with slender flanges. The ultimate

strength of long links will therefore, in general, depend on the link length (to account for
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varying degrees of M-V interaction) and on the flange slenderness ratio.

(4) For most of the links tested, equalization of end moments was nearly, but not completely

achieved. End moment equalization was generally not as complete for the direction of load

ing that placed the beam segment outside of the link into compression. The large compres

sive axial forces in the beam were apparently responsible for some loss of flexural stiffness in

the beam, even though no signs of instability were visible. Because of this loss of stiffness,

less moment was attracted to the brace end of the link, and moment equalization was not as

complete.

(5) In specimens where the beam was not designed for the ultimate strength of the link, the

moment at the column end of the link remained much larger than at the brace end of the

link throughout the entire loading history. The loss of stiffness at the brace end of the link

associated with yielding and instability of the beam effectively inhibited equalization of link

end moments. The inability to equalize link end moments resulted in increased bending

moments at the column end of the link, contributing to the premature failure of the link-to

column connection in Specimens 7, 8 and 11.

(6) The ultimate link end moments generated for most of the test specimens were significantly

less than 1.5 Mp , indicating again that an overstrength factor of 1.5 to account for strain har

dening may be too large for long links, particularly those in the intermediate length range.

However, for very long links with stocky flanges, such as Specimen 12, ultimate end

moments on the order of 1.5 Mp may be anticipated. For very long links with slender

flanges, such as Specimens 5 and 6, severe cyclic flange buckling limited end moments to

substantially less than 1.5 M p •

(7) The total energy dissipation capacity of the very long, predominately flexural yielding links

was significantly less than that for the links in the intermediate length range of combined

shear and flexural yielding. For the same applied plastic rotation angle, 'Yp ' long flexural

yielding links can dissipate as much or more energy as short shear yielding links. However,

because shorter links can generally sustain much larger plastic rotations without the

occurrence of a non-ductile failure mode, the total energy dissipation capacity of short links

is still generally significantly superior to that of longer links. The two short links which were

tested, Specimens 9 and 10, showed rather poor total energy dissipation capacity due to the

early failure of their link-to-column web connections.

(8) Web buckling inside of the link resulted in a greater loss of energy dissipation capacity than

flange buckling inside of the link. Flange buckling outside of the link, within the brace con

nection panel, also resulted in a greater loss of energy dissipation capacity than flange buck

ling inside of the link.
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(9) The addition of reinforcing ribs at the link-to-column connection, when properly imple

mented as in Specimen 6, significantly increased total energy dissipation capacity. Likewise,

the addition of triangular cover plates at the link-to-column connection in Specimen 11R2

also greatly increased the total energy dissipation capacity.

(10) Yielding outside of the link, in the column panel zone and in the brace connection panel and

beam, contributed substantial energy dissipation capacity in a number of the test specimens.

Limited yielding outside of the link can therefore contribute significantly to the overall

energy dissipation capacity of an EBF and can reduce inelastic deformation demands on the

link. Permitting too much yielding outside of the link, however, can result in rion-ductile

failure modes outside of the link, such as severe flange buckling in the brace connection

panel or lateral torsional buckling of the beam.

(11) The ratio of axial force in the beam or brace to the shear force in the link remained essen

tially constant throughout each specimen's loading history. For design purposes, this ratio

can therefore be estimated from an elastic frame analysis and used to estimate the ultimate

axial force in the beam and brace.

(12) The ultimate axial forces developed in the beams of the test specimens varied from about 0.3

to 0.8P IPy , demonstrating the large axial forces that can be developed in the beams of an

EBF. Test observations indicate that designers should be particularly cautious when the anti

cipated ultimate values of P IPy in the beam exceeds a value of about 0.5 to 0.6.

(13) The test specimens that performed well with respect to beam and brace behavior were those

in which the brace carried a large portion of the link end moment. In some cases, the brace

carried as much or more bending moment as the beam. The ability to attract and carry these

large bending moments requires a brace of high flexural stiffness and strength. Achieving

satisfactory performance of EBFs with long links may often require the use of very heavy

brace sections.

(14) A loss of flexural stiffness in the beam can trigger a redistribution of link end moment from

the beam to the brace. The ability of the link end moment to continue increasing after this

point is dependent on the ability of the brace to attract and carry additional bending

moment.

(15) In the absence of a composite concrete deck, beam strength will generally be controlled by

stability rather than by yielding. For specimens that experienced instability of the beam, the

buckled shape of the beam generally included participation of the brace connection panel.

For stability design of the beam, the brace connection panel should be included with the

beam segment beyond the panel when computing effective length.
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(16) For EBFs in which the brace is connected at the link to the lower flange of the beam, the

beam's upper flange will be subjected to combined bending and axial compressive stresses,

and will be the critical flange for stability. For such arrangements, a composite deck will

likely be very beneficial in maintaining the stability of the beam.

(17) Even severe yielding of the brace connection panel under combined bending and axial ten

sion did not trigger a redistribution of bending moment from the beam to the brace. In gen

eral, such yielding restricted to the brace connection panel appears to pose no serious conse

quences on overall EBF behavior.

(18) Locating the intersection of the brace and beam centerlines inside of the link, as in Specimen

8, significantly reduced the bending moment generated in the beam and brace. For this

specimen, the beam and brace were subjected to only about 50 percent of the link end

moment. The use of such an eccentricity in the brace-to-link connection may provide a use

ful design tool for reducing the detrimental effects of large link end moments on the beam

and brace behavior. It may be particularly advantageous in EBFs with long links by permit

ting the use of lighter brace sections.

(19) The experimental observations and data have confirmed the importance of adhering to the

capacity design approach for the beams and braces in EBFs. Limited yielding outside of the

link may be acceptable and perhaps even advantageous, particularly if restricted to the brace

connection panel. However, the beam and brace must still possess adequate strength to per

mit full development of link strength. The overall intent of the capacity design approach for

the beam and brace is expressed by Eq. 4.6. A preliminary suggested capacity design pro

cedure for the beam and brace is outlined in Section 4.4.4.

(20) Large out-of-plane forces were measured at the link end lateral support for the majority of

the test specimens. Many specimens developed link end lateral forces on the order of 4 to 5

times greater than typical code specified lateral support strength requirements, and in some

cases, in excess of 10 times greater. Experimental observations indicate that a variety of

mechanisms contribute to the development of these large lateral support forces. Large out

of-plane forces are possible at the ends of both short and long links.

(21) Based on the limited experimental data from this testing program, a minimum link end lateral

support strength equal to 6 percent of the beam flange strength, i.e., 0.06x bf tf Fy flange is

recommended. This should be considered a minimum requirement, with recognition that

lateral support forces may be larger under certain circumstances. Both the top and bottom

flange at the link ends must be braced. The experimental data also confirm the importance

of providing stiff resistance to out-of-plane displacement at the link ends.
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5. ANALYSIS OF PHOTOGRAMMETRIC DATA

Techniques of close-range photogrammetry were used to collect data on deformations and

strains in the link region of five of the fourteen test specimens. These were Specimens 1, 4, 6, 9

and 12. The basic procedure consisted of drawing a grid of lines on the specimen and taking pho

tographs of the specimen at various stages of loading. Measurements were then made from the

photographs to determine the position of the gridline intersections and to subsequently compute

displacements, strains and rotations. The basic objective of this work was to develop an improved

understanding of local behavior within the link region. The resulting data are also intended to

provide a useful basis of comparison for analytical predictions of local link behavior. The photo

graphs provide data on deformations throughout the entire link region at a particular instant of

loading, and thus provide a far more complete picture of link behavior than can be obtained from

strain gages or other measurement techniques. Unlike strain gages, however, the photographs do

not provide a continuous record of deformation throughout a specimen's loading history. Photo

grammetry has been used successfully in the past to measure deformations in the column panel

zone in steel moment resisting frames [41, 42].

In this chapter, the procedures and equipment used to collect the photogrammetric data are

described. The processing and reduction of this data and the computation of displacements,

strains and rotations are then discussed. This is followed by a presentation of the photogrammetric

data in the form of various plots. Finally, the photogrammetric data is used to estimate the com

ponents of link rotation (shear, bending, and support rotation) for selected specimens at particular

instants of loading.

5.1 TEST PROCEDURES

Photographs were taken with a Wild P30 terrestrial photogrammetry camera mounted above

the link region of the test specimen. The camera was located at about 8 ft. above the plane of the

link web and was supported by a steel frame especially constructed for this purpose. The steel sup

port frame was grouted to the test floor in order to provide a steady, rigid support for the camera.

The 8 ft. distance was chosen to provide a sufficiently large field of view to accommodate the long

est link of the test program.

The Wild P30 camera is normally used as part of a phototheodolite for applications in terres

trial photogrammetry [43]. The phototheodolite is typically mounted on a tripod with the camera's

focal plane in a vertical orientation. The present application required the camera to be oriented

with the focal plane in a horizontal position, permitting photographs to be taken looking down on

the specimen. Consequently, a special mounting device was constructed to support the camera in

a horizontal position and to permit proper leveling and adjustment of the camera in this position.

Portions of a Kelsh plotter [43] were modified to act as the mounting device for the Wild P30
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camera, which permitted rotation and tilt of the camera in a horizontal position. A level bubble

was also installed on the camera to permit proper leveling of the camera in its final position prior

to each photograph. The mounting device together with the camera were attached to the top of

the steel support frame. Figure 5.1 shows the steel support frame and the camera in position

above a test specimen.

The Wild P30 camera is provided with a fixed focus lens. To permit proper focusing on the

test specimen, an additional lens was added to the front of the camera. The photographs were

taken on iDem. x 15cm. glass plates (Kodak Spectroscopic type IVN plates.)

The test specimens were prepared by sandblasting the surface of the steel and then by ruling

a grid of lines on the surface. The gridpoints, defined by the intersection of the gridlines, pro

vided the basis for the photogrammetric measurements. The lines were drawn with a Rapidograph

technical pen, supplied with a size 0 diamond tipped point. A grid of lines was drawn on the link

web of each of the photogrammetric test specimens, with lines typically spaced at 1 inch intervals,

or in some cases at % inch intervals. For some specimens, a grid was also drawn on the web of the

brace connection panel. The grids were drawn to cover as much of the web area as possible, but

were interrupted at stiffeners and sometimes at the location of strain gage rosettes on the link web.

For those specimens with a shear tab at the link-ta-column connection, the web gridlines did not

extend into the shear tab region. In addition to the web gridlines, a single line of grid points was

drawn at approximately mid-depth of the link flanges on Specimens 6, 9 and 12. Figure 5.2 shows

the link region of Specimen 9 after preparation for photographing.

In addition to the gridlines drawn on the specimen, four reference target points were located

within the camera's field of view. These target points were located in the plane of link web, but

were supported independently off the test floor. The target points remained stationary and undis

turbed throughout the entire test for any given specimen. These targets served as control points

for the photographs, permitting the gridpoint locations for each photograph to be referenced to a

common coordinate system. The targets also permitted corrections to be made for the effects of

any possible tilting of the camera which may have occurred from one photograph to the next.

Two target points can be seen in Fig. 5.2. Prior to each test, the distance was measured between

target points as well as between selected gridpoints. These measurements were used later to estab

lish the approximate scale of the image on the photographic plates.

Approximately 5 to 7 photographs were taken for each of the five photogrammetric test speci

mens. Lighting for the photographs was provided by two 500 watt 3200° K photofloods, located

approximately 3 to 4 ft. from the test specimen. An exposure time of 5 seconds was determined by

trial and error. For each specimen, the first photograph was always taken at the test start, with the

specimen in its initial unloaded undeformed position. Thereafter, photographs were taken at vari

ous stages of loading. Typically, a photograph was taken at the beginning of a load cycle, with no
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applied load on the deformed test specimen. Another photograph was then taken at the end of

the same load cycle, with the specimen under load at its peak deformation for that cycle. With

this photo sequence, it was possible to compute deformations with respect to the initial unde

formed state of the specimen, and also with respect to the state of the specimen in its last

unloaded, but deformed, position.

5.2 REDUCTION OF PHOTOGRAMMETRIC DATA

After the photographic plates were exposed and developed for each specimen, the next step

was to read the gridpoint locations on the plates. The data from each plate was then transformed

into a common coordinate system. In this section, the reading and transformation of the photo

grammetric data is briefly described.

Reading of Photogrammetric Data

The location of the gridpoints and target points were measured on each photographic plate

using a Kern MK-2 comparator. With this device, plane rectangular coordinates of any point on

the plate can be read with respect to an arbitrary coordinate system defined by the comparator.

The least count of the Kern MK-2 comparator is 1 micrometer (0.001mm). That is, the location of

points on the plate can be read with a precision of 0.001mm. It was found that the repeatability of

multiple measurements for a given gridpoint on the web was on the order of ± 5 micrometers.

Gridpoints located on the link flange were found to be somewhat more difficult to read. The

flange gridpoints were located in a different plane than the web points and were not as sharply

focused. It is estimated that flange gridpoints could be read from the plate with an accuracy of

about ± 10 micrometers.

The gridpoints for each specimen were identified using an arbitrary numbering system. The

number of gridpoints was rather large for most specimens, ranging from about 300 points for

Specimen 4 up to approximately 1000 points for Specimen 6. Reading these points with the com

parator is a manual, time consuming process. Consequently, not all plates were read for each

specimen and not all gridpoints were read for each plate. Rather, only the plates and gridpoints

which were expected to provide the most useful data were read with the comparator. Because of

the large number of gridpoints, each point was generally read only once. The target points, how

ever, were read several times and the resulting coordinates averaged in order to obtain improved

accuracy for these points.

The result of the comparator reading process is the coordinates of the gridpoints and target

points for each plate. The location of the origin and orientation of'the axes for the coordinate sys

tem is arbitrary and is different for each plate. This initial arbitrary coordinate system for each

plate is referred to as the comparator coordinate system. Coordinates of points in this system are

designated (rx j, ry j), where i is the gridpoint or target number.
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After the comparator coordinates are read from each plate for a particular specimen, the

coordinates are transformed to a single common coordinate system for the specimen, in the scale

of the actual test specimen. The scale and choice of the final common coordinate system are esta

blished from the first plate of each test specimen. Comparator coordinates of points on subsequent

plates are then transformed to this new coordinate system defined by the first plate. Consequently,

the data reduction procedures are different for the first plate than for the subsequent plates of each

test specimen. These individual procedures are described below:.

Data Reduction for Plate No. 1 of Each Specimen

The first photographic plate for each test specimen was taken with the specimen in its initial

unloaded and undeformed position. The first step in data reduction for this plate is to scale the

comparator coordinates for grid and target points to the scale of the actual test specimen. A scale

factor for the plane of the link web is established from the measured distances between the real tar

get points compared to the distances between the target point images on the plate. The compara

tor coordinates for web gridpoints and target points are then simply multiplied by this scale factor.

For specimens with gridpoints on the flanges, a separate scale factor is established from distances

measured between selected flange gridpoints on the actual specimen prior to testing. The com

parator coordinates of the flange gridpoints are then multiplied by this scale factor. At this stage,

all coordinates are also converted from units of micrometers to units of inches for convenience.

After the above scaling and unit conversion, the coordinates of the gridpoints and targets are

designated as (r'x;,r'y;), where r'xi = S rx ;, r'yi = S ryi and S is a combined scale and unit

conversion factor. As noted above, S is slightly different for flange gridpoints than for web grid

points and target points.

The scale between the image on the photographic plate and the actual test specimen was

approximately 1 to 14.8 for web and target points and approximately 1 to 14.6 for flange grid

points. The link flanges of all test specimens were 4 inches wide. Therefore, the plane containing

the flange gridpoints was 2 inches closer to the camera than the plane of the web and target points,

accounting for the slightly different scale. It should be noted that the accuracy to which the scale

factor is determined is of little importance. The final quantities of interest, strains and rotations,

are dimensionless and therefore independent of scale. Consequently, the scale factor has no effect

on the accuracy of these quantities. The coordinates are scaled only as a matter of convenience.

The scaled comparator coordinates (rx i' ry i) are still defined in a coordinate system that is of

arbitrary orientation with respect to the test specimen. The next step is to translate and rotate this

coordinate system to a final, more convenient coordinate system. This final coordinate system is

chosen so that the x-axis is parallel to the centerline of the undeformed link, and the location of

the origin is arbitrarily chosen so that all. coordinates are positive in sign. This final coordinate

system will be referred to as the specimen coordinate system, and the coordinates of gridpoints and
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target points are designated as (Xi' Yi) in this system.

Data Reduction for Subsequent Plates

The comparator coordinates for gridpoints on all subsequent plates for a specimen are

transformed to the specimen coordinate system defined by plate no. 1 of that specimen. As the

first step in this process, the comparator coordinates (rx i' ry i) of all points on the plate are scaled

and converted to inches using the identical scale factors determined from plate no. 1. This results

in the scaled comparator coordinates (r 'xi, r 'y i) for each point on the plate.

The scaled comparator coordinates (r' xi, r 'y i) are transformed into the specimen coordi

nates (Xi' Yi) using an eight-parameter transformation [43]. The use of the eight-parameter transfor

mation also adjusts the coordinates of the gridpoints for the effects of any change in camera tilt

which may have occurred after photographing plate no. 1. Coordinates are therefore transformed

to a common coordinate system in a common plane.

The eight-parameter transformation can be written as follows [43]:

_aIr'xi +bIr'yi +CI
Xi- , b' 1aor xi + or yi +

_ aZr'xi + bZr'Yi + Cz
Yi- '+ b ' + 1aor xi or yi

(5.1a)

(5.1b)

In this equation, (r' xi' r I y i) are the scaled comparator coordinates for point i, and (Xi, Yi) are the

final transformed coordinates for the same point. The constants ao, bo, ... ct> C2 are the eight

parameters controlling the transformation. These eight parameters are determined from the coor

dinates of the four target points. For each target point, the coordinates (r' x;, r 'y ;) are substituted

into the right hand side of Eqs. 5.1a and b. On the left hand side of these equations, the coordi

nates (x;, Y;) of the same target point on plate no.1 are substituted. Repeating this process for

each of the four target points results in a system of 8 linear equations that can be solved for the

eight unknown parameters. After these eight parameters are established, Eqs. 5.1a and b can be

used to transform all gridpoints on the plate from the scaled comparator coordinates (r 'x ; , r I y ;) to

the final coordinates (x;, y;).

After the above transformation is accomplished, a final correction is applied to the flange

gridpoints. Because the flange gridpoints are in a different horizontal plane than the web grid

points, the location of the flange points are offset with respect to the web points on the photo

graphs. To correct for this effect, the coordinates of the flange gridpoints are translated so that the

flanges appear in the correct position with respect to the web of the section. This correction is

done in an approximate manner using the known dimensions of the section. Since this is an

approximate correction, the resulting accuracy of distances between points on the flange and points
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on the web is rather poor. This is of little consequence, however, since strains and rotations will

be computed independently for web points and flange points. The system of photogrammetric

measurement used for these tests does not permit accurate determination of the relative displace

ment of a point in one horizontal plane measured with respect to a point in a different horizontal

plane.

The end result of the transformations and corrections described above are the specimen coor

dinates (xi' Yi) of each gridpoint; on each photographic plate. These coordinates are all defined

with respect to a single common coordinate system defined for each test specimen.

5.3 COMPUTATION OF DISPLACEMENTS, STRAINS AND ROTATIONS

After initial reduction of the photogrammetric data as described in section 5.2 was com

pleted, this data was used to determine various response parameters of interest for the test speci

mens. The major objective of this stage of the analysis was to compute and plot the following

response parameters:

• undeformed and deformed gridpoint locations

• shear strain in the web of the link and/or brace connection panel

• average rotation of web gridlines

• rotation of lines defined by flange gridpoints (Specimens 6, 9 and 12)

• extensional strain in flanges of link and brace connection panel

Each of these items are computed using the gridpoint coordinates (xi' Yi) defined in the

specimen coordinate system. Further, all displacements, strains and rotations are computed with

respect to the test specimen moving from a reference state to a final state. The final state is typi

cally defined by the gridpoint coordinates for the specimen at the point of peak deformation,

under load, for a particular load cycle. The corresponding reference state can be taken either as

the initial unloaded undeformed state of the specimen or as the unloaded, but deformed state of

the specimen at the start of the load cycle. Whenever results of this analysis are presented, the

applicable reference and final states will be identified.

The computation of displacements, strains and rotations as well as the plotting of these quan

tities were all accomplished using the Unix based computer program "S" [32]. This program per

mitted reasonably simple and efficient analysis and plotting of the rather large quantity of photo

grammetric data. All analysis and plotting were accomplished on a Digital Microvax Workstation.

In the following sections, the methods used to compute displacements, strains and rotations

are briefly described. The results of the analyses are presented in plots in Section 5.4.
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Displacements

In the specimen coordinate system, the x-axis is parallel to the centerline of the undeformed

link, and the y-axis is therefore normal to the undeformed link centerline. The displacement of

gridpoint i in a direction parallel to the x-axis, as the specimen moves from the reference state to

the final state, is defined as Ui' The displacement of the same point parallel to the y-axis is

defined as Vi' These quantities can be expressed as follows:

Ui = Xi finDl - X ref

Vi = Yi jinal - Yi ref

(5.2a)

(5.2b)

where Xi ref is the X coordinate of gridpoint i in the reference state, and so on.

For plots showing the deformed gridpoint locations, the displacements Ui and Vi were added

to the coordinates of the gridpoint i for the specimen in its initial undeformed unloaded state.

Further, for plotting purposes, the displacements were typically amplified in order to more clearly

show the overall deformation patterns. Thus, for plots showing deformed grids, the gridpoint i is

plotted at the coordinates (Xi initial + OLUi, Yi initial + OLvi), where Xi initial and Yi initial are the coordi

nates of the point in the initial undeformed unloaded state of the specimen, and OL is the displace

ment amplification factor, usually taken as 5 for most plots. Note that with this approach, the

deformed grid plots do not typically show the gridpoint locations in the specimen's final state.

Rather, these plots show the deformations developed within the specimen in moving from the

reference state to the final state.

Shear Strains

Shear strains were estimated from gridpoint displacements throughout the web of a specimen

by using some basic techniques developed for finite element analysis [44]. With this approach, the

web grids were treated as a finite element mesh consisting of 4-node isoparametric elements. In

this application, the "nodes" correspond to the gridpoints. These basic finite element techniques,

as applied to the photogrammetric data, are briefly reviewed below.

An "element" is defined as the quadrilateral formed by 4 neighboring web gridpoints. A typ

ical element in the reference state is shown in the specimen coordinate system in Fig. 5.3a. For

convenience, the gridpoints are numbered from 1 to 4 as shown. The elements formed by the

gridpoints are typically close to but not exactly rectangular, since the reference state may be

defined for the specimen in an unloaded, but deformed (due to residual plastic deformation) posi

tion.

Following the approach used for isoparametric finite elements, the element shown in Fig.

5.3a is transformed to a square element in a normalized coordinate system defined by the variables

~ and 'Tl, as shown in Fig. 5.3b. The sides of the element are located at ~= ± 1 and 'TJ = ± 1. The

coordinate mapping between the normalized and the specimen coordinate systems is accomplished
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by means of standard shape functions [44] as follows:
4

x(~, 11)=~ N; (~, 11).x;
;=1

4

Y (~, 11)=~ N; (~, 11) Yi
i=1

(5.3a)

(5.3b)

where (~, "1) are the normalized coordinates of any point within the element in Fig. 5.3b and

(x,y) are the specimen coordinates of the corresponding point in Fig. 5.3a. As before, (x; ,y;) are

the coordinates of the 4 gridpoints in the specimen coordinate system, taken in the reference state.

The four shape functions are defined as:

N; = ; (1 + ~~; )(1 + 1111;) i = 1,2,3,4 (5.4)

where ~i and 11i are the normalized coordinates of gridpoint i in Fig. 5.3b.

Using these same shape functions, the displacement of any point within the normalized ele

ment is computed as:
4

U (~, 11)=~ N i (~, 11) Ui
i=1

4

V (~, 11)=~ N; (~, 11) Vi
i=1

(5.5a)

(5.5b)

(5.6)

where Uj and Vi are the displacements of gridpoint i in the specimen coordinate system, in moving

from the reference state to the final state, as defined by Eqs. 5.2a and b.

The engineering shear strain at point (~,11) is then computed as:

2E = ~+ ~
xy oy ax

which, in terms of Eq. 5.5, results in:

2E = ~ aNi (~, 11) u. + ~ aN; (~, 11) v.
xy £.J .:1-.., I £.J a I;=1 Vf i=1 X

(5.7)

(5.8a)

(5.8b)

The term Exy is the tensor definition of shear strain, and 2Exy therefore represents the engineering

shear strain. The term 2Exy is used here because the usual symbol for engineering shear, ,,/, is

used for link rotation in the present context.

The partial derivatives of the shape functions in Eq. 5.7 are computed as follows:

aN; = _1_ [aNi it. _ aNi ~)
ax IJ I o~ 011 aT] o~

aN; _ 1 ( aN; ax aNi ax)
ay - W iJ1] ar- 8[" a:Tl
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where III is the determinant of the Jacobian matrix, computed as:

III = ax .£t.._ £L E.£
a~ a'fl a~ a'fl

(5.9)

(5.10)

Thus, using Eq. 5.7, the shear strain can be computed for any point within the element

defined by the normalized coordinates (~,'fl). Since linear shape functions are used to interpolate

displacements in Eqs. 5.5a and b, the shear strain computed by Eq. 5.7 will be independent of ~

and 'fl. That is, the above computations result in a constant value of shear strain for any point

within the element.

Shear strains were computed by Eq. 5.7 from web gridpoint displacements. The computed

shear strain for each element was assumed to be most characteristic of the shear strain at the center

of the element, defined by ~=0,'fl=0. By Eqs. 5.3, the element center in the specimen coordinate

system is at the average of the x and Y coordinates of the 4 corner gridpoints. Thus, a value of

shear strain was computed for each web "element" by Eq. 5.7 and assigned to a location

corresponding to the center of the element for purposes of plotting shear strains.

Rotations

The rotation of a nominally vertical line on the cross section of the specimen, as the specimen

moves from the reference state to the final state, provides an indication of the contribution of

bending to the total deformation. In the present context, a "vertical" line refers to a gridline that is

originally drawn normal to the link centerline. Because of the influence of large inelastic shear

strains, warping of the link cross section occurs as the link deforms. That is, the "plane sections

remain plane" hypothesis cannot, in general, be applied to links, particularly short and intermedi

ate length links.

Because the cross section does not remain plane as it deforms, the manner in which rotation

of the line should be defined is not entirely clear. However, for the present purposes, the rotation

of a vertical web gridline will be computed simply as the average of the rotations determined from

the individual gridpoints that make up the line. Some of the terms used in computing rotations

are illustrated in Fig. 5.4. This figure shows a typical vertical gridline in the reference state, and

the same line in the final state. This vertical gridline would originally have been a straight line on

the initial undeformed specimen. However, due to the influence of cross sectional warping, the

gridline will not, in general, be a straight line in either the reference or final configurations.

With reference to Fig. 5.4, the average rotation of a gridline is computed as follows:

6 = 1..±Yijinal -Yavg
avg n u -u.i=1 avg I

where n is the number of gridpoints on the line, Yi final is the Y coordinate of point i in the final

state and Uj is the x - direction displacement of point i as defined in Eq. 5.2a. The quantities

uavg and Yavg are defined in Fig. 5.4. Each term in the summation in Eq. 5.10 represents a
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measure of rotation for a hypothetical line extending from mid-depth of the web gridline to an

individual gridpoint. Eq. 5.10 therefore represents some average measure of gridline rotation.

For specimens which were also provided with flange gridpoints, a separate computation was

performed to determine the rotation of vertical lines defined by the flange gridpoints. For this

case, a line is defined by only two points: a point on the top flange and a corresponding point

(with the same nominal x coordinate) on the bottom flange. These rotations were also computed

using Eq. 5.10.

Extensional Strain in Flange

For specimens with gridpoints on the flanges, the extensional strains developed in the flanges

as the specimen moved from the reference state to the final state were computed. The engineering

definition of extensional strain was employed for this purpose. Thus, the extensional strain

developed between two gridpoints was simply computed as the change in distance between the two

gridpoints in moving from the reference to the final state, divided by the distance between the

gridpoints in the reference state. This provides an average measure of the extensional strain in the

region between the two gridpoints.

The flange gridpoints were drawn at approximately mid-depth of the flange. The computed

extensional strain therefore does not represent the maximum strain at the outer edges of the

flanges. It should also be recognized that extensional strain may vary considerably over the width

of the flange. Consequently, the gridpoints provide a measure of the extensional strain at only

one edge of the flange. This strain may differ substantially from the average extensional strain

over the width of the flange.

Errors in Photogrammetric Data

There are several potential sources of error in the photogrammetric data. As previously dis

cussed, some error is introduced when reading gridpoints on the photographic plates with the com

parator. Based on experience with the comparator, this error was estimated as ± 5 micrometers for

web gridpoints and ± 10 micrometers for flange gridpoints at the scale of the photograph. Based

on an approximate scale of 1:15, the corresponding errors in the specimen coordinate system are

± .003 in. and ± .006 in. Errors in gridpoint coordinates can also result from out-of-plane dis

placements of the test specimen [42]. Such errors may become particularly important, for example,

after local buckling of the web. No attempt is made here to quantify this source of error. How

ever, in Section 5.4, those cases where out-of-plane buckling may have substantially affected the

photogrammetric data are identified. Most of the photographs were taken before severe local

buckling occurred within the test specimens.

A rigorous error analysis to determine how errors in gridpoint coordinates affect the accuracy

of the computed strains and rotations was not attempted. However, some indication of the
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accuracy of the final computed quantities can be obtained from examination of this data.

A reasonable estimate of the accuracy of photogrammetrically computed shear strains can be

obtained by comparison with the corresponding shear strains measured by strain gage rosettes on

the link web. Such comparisons are shown for several cases for Specimens 1 and 4 in Tables 5.1

and 5.2. As discussed in Section 4.6, shear strain rosettes were located along the link centerline,

typically at about mid-length of each panel of the link. (See Table 4.6, for example). The 3rd

and 4th columns of Tables 5.1 and 5.2 provide a direct comparison of shear strains at nominally

identical locations on the link web. In many cases the photogrammetric grid was interrupted at

the location of the rosette to accommodate the rosette or its lead wires. For these cases, the photo

grammetric shear strain at the rosette location was estimated as the average shear strain computed

from "elements" surrounding the rosette location. Since shear strain gradients are typically rather

low within the web, this local averaging should introduce little error.

Examination of the data in Tables 5.1 and 5.2 indicates, in general, very good agreement

between the photogrammetric and rosette shear strains. In most cases, these quantities agree

within 0.001 to 0.002 rad. In a few cases, however, this difference is as large as 0.006 rad. Note

that the rosette shear strain measurements are also subject to some error, and so the differences

cannot be attributed solely to photogrammetric errors. However, based on the data in Tables 5.1

and 5.2, the shear strains determined by these two independent means tend to corroborate one

another.

Based on the above data, the error in photogrammetric shear strains is estimated in general

to be on the order of ± .003 rad, though it may be somewhat higher in some instances. For the

rather large shear strains developed within the web of short and intermediate length links, perhaps

on the order of .02 to .10 rad, this can be considered an acceptable level of error.

For photogrammetrically computed rotations, no independent check on the data was avail

able. However, some indication of the quality of this data can be obtained by studying the plots

of rotation versus distance along the link. See for example, Fig. 5.36. These plots generally show

a rather smooth, continuous variation of rotation along the length of the link, providing good con

fidence in the accuracy of the computed rotations. Based on these plots, the error in the photo

grammetric rotations is estimated to be on the order of ± 0.002 rad. This is again considered an

acceptable level of error, since the computed rotations were typically on the order of 0.02 to 0.06

rad.

In contrast to shear strains and rotations, the photogrammetrically computed flange exten

sional strains generally showed somewhat erratic behavior. This behavior is visible in the flange

strain plots, for example Fig. 5.24. As discussed earlier, greater difficulty was encountered in

reading flange gridpoints as compared to web gridpoints on the photographic plates. This was par

ticularly true towards the outer edges of the plates. Unfortunately, this area of the plates generally
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coincided with the link ends, which of course are the regions of the link of greatest interest for

flange strains. However, some of the erratic behavior in the flange strain plots may, in fact, reflect

the actual behavior of the specimen. This is particularly true in regions of flange buckling or in

regions where a substantial variation of bending strain exists over the width of the flange. In any

event, the flange strain plots suggest rather poor confidence in this data, with errors perhaps on the

order of ± 2 percent strain. Consequently, the flange strain data must be interpreted with caution.

5.4 RESULTS OF PHOTOGRAMMETRIC ANALYSIS

Photogrammetric data was collected for Specimens 1, 4, 6, 9 and 12. The links of Specimens

1 and 4 fell in the intermediate length range of combined shear and flexural yielding, the links for

Specimens 6 and 12 were in the very long range of predominately flexural yielding, and the link of

Specimen 9 was in the short length range of predominate shear yielding. These specimens there

fore represent a wide range of possible link behavior. Gridlines were drawn on the webs for all of

these specimens. Gridpoints were also drawn on the flange edges for Specimens 6, 9 and 12.

In this section, the results of the photogrammetric analysis are presented as plots showing dis

placements, shear strains, rotations and flange strains. As described in Section 5.3, these quanti

ties are computed for the specimen moving from a given reference state to a given final state.

Accordingly, the appropriate reference state and final state are noted on each plot.

In plots showing undeformed and deformed gridline locations, gaps sometimes are present in

portions of the grids. These gaps correspond to strain gage locations or to locations where grid

points were not visible on the photographic plates due to obstructions caused by other instrumenta

tion. For all plots presented in this section, the test specimens are oriented so that the column end

of the link is on the left.

In the presentation of shear strain data, reference is made to panel locations on the speci

mens. A panel is the region between two stiffeners. Panel designations for each specimen are

shown in Fig. 5.5. In the remainder of this section, the results of the photogrammetric data

analysis are presented for each of the five test specimens.

Specimen 1

The web gridlines for Specimen 1 are shown in the initial undeformed position in Fig. 5.6

and in the deformed configuration at several stages of loading in Fig. 5.7. At cycle 4W, shown in

Fig. 5.7a, inelastic activity was not yet visible in the overall response of the specimen. Therefore,

Fig. 5.7a represents essentially elastic deformations. The other deformed grids in Fig. 5.7

correspond to later loading cycles after significant link yielding had occurred. In each of the plots

showing deformed gridlines, the initial undeformed grid is shown in dotted lines for purposes of

comparison.
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The deformed grid in Fig. 5.7a shows a large influence of shear on the elastic deformations.

Shear deformation is evidenced by the parallelogram shaped elements, as well as by the lack of

rotation of initially vertical gridlines.

The deformed grids for the yielded links, Fig. 5.7b and c, show a combined influence of

shear and bending. The influence of bending is evidenced by the rotation of initially vertical grid

lines. Flange buckling in the link of Specimen 1 was first observed in cycle 8W and was quite

severe by cycle 13. The influence of flange buckling is evident in the upper portion of panel 1 in

Fig. 5.7c. The photogrammetrically measured gridpoint displacements in this region are therefore

likely influenced by out-of-plane displacements of the web, since localized web buckling accom

panied the flange buckling. This plot, however, clearly shows the effect of severe flange buckling,

with the upper portion of panel 1 essentially smaller in width than the lower portion of the panel,

resulting in highly localized rotation of the link. All three deformed grids shown in Fig. 5.7 also

indicate that shear deformations are largest near mid-depth of the section and tend to decrease

near the flanges.

The distribution of shear within the link web is illustrated in Figs. 5.8 to 5.10. Figure 5.8

shows shear strain contours for two cases, both of which show similar trends. Larger shear strains

are apparent within the link end panels, with the highest strains occurring in the end panel adja

cent to the column. It also appears that shear strains are highest near mid-depth of the section all

along the link.

The average web shear strain is plotted along the length of the link in Fig. 5.9. Each point

on this plot represents an average of the shear strains for a single vertical line of elements running

over the height of the web. The lines drawn on this plot are fit to the points by regression

analysis, and are provided to more clearly illustrate shear strain variations. This plot illustrates

that shear strains are quite uniform over the central portion of the link, and increase towards the

link ends. This agrees with observations from strain gage measurements in Fig. 4.43a.

The effects of bending-shear interaction at the link ends are clearly visible in Fig. 5.9. It is

also interesting to note that shear strains appear to drop rather suddenly at the very ends of the

link. This is particularly evident at the brace end of the link. This effect can be attributed to

warping restraint at the link ends. The essentially elastic regions beyond the link ends restrain the

development of inelastic shear strain within a small region near the link ends. The effects of warp

ing restraint appear to be highly localized at the link ends, and dissipate rather rapidly in the

regions away from the very ends of the link. Figure 5.9 also shows very high shear strains in the

region adjacent to the column for cycle 13E. These strains must be interpreted with caution, since

web distortions associated with flange buckling in this region may have introduced additional

errors into the photogrammetric data. It should be noted, however, that strain gage measurements

showed a similar trend of very high shear strains near the column end of the link for the later
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loading cycles (Fig. 4.43a). Thus, the high shear strains shown in Fig. 5.9 near the column end of

the link, may in fact be representative of the actual web behavior. As discussed in Section 4.6, it

may be postulated that the occurrence of severe flange buckling will cause the web to carry a larger

share of the link end moment, which in turn may result in a greater apparent effect of bending

shear interaction.

The plots in Fig. 5.10 show distributions of average shear strain over the depth of the web for

each of the 5 link panels. Each point on these plots represents an average of the shear strains for

a single horizontal line of elements within the panel. The lines drawn on the plots were esta

blished by regression. For the points representing load cycle 7E, the rather low levels of shear

strain appear to be fairly uniform over the depth of the web. In contrast, however, the plots for

cycle BE clearly show a pattern of the highest shear strain occurring near mid-depth of the section

and then decreasing towards the flanges. These distributions are somewhat similar in appearance

to the parabolic elastic shear strain distribution normally expected in the web of a W section. Note

that these plots represent strain distributions only. No conclusions can be drawn on the distribu

tion of shear stresses from this data.

Finally, Fig. 5.11 shows the average rotation of vertical web gridlines, plotted along the

length of the link. Each point on this plot represents the average rotation of a single vertical web

gridline, as described in Section 5.3. These plots provide an indication of the influence of bending

on link deformation. Figure 5.11 shows that rotations develop very rapidly at the link ends, and

then remain virtually constant over the central portion of the link. This rather clearly demon

strates that inelastic bending deformations are concentrated at the link ends. It is also evident

from this plot that bending deformations are significantly more severe at the column end of the

link than at the brace end of the link, as evidenced by the more rapid change in rotation. The

column face apparently acts as a much more rigid support for the link than does the brace connec

tion panel. Deformations developed within the brace connection panel appear to substantially

reduce bending deformations developed at the link end. This substantiates the observation in

Chapter 4 that limited yielding within the brace connection panel may be quite beneficial to the

link.

Specimen 4

The web gridlines for Specimen 4 are shown in the undeformed state in Fig. 5.12, and at two

different stages of deformation in Fig. 5.13. The deformed grids again clearly show the combined

influence of bending, evidenced by rotation of gridlines, and of shear, evidenced by the parallelo

gram shaped deformations of the initially rectangular elements. As with Specimen 1, the deforma

tion patterns show a greater influence of shear near mid-depth of the section.

Shear strain deformation patterns are illustrated in Figs. 5.14 to 5.16. The contours in Fig.

5.14 and the plot in Fig. 5.15 again show a clear pattern of higher shear strains near the link ends.
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The shear strain distribution shown in Fig. 5.15, in contrast to Specimen 1 (Fig. 5.9), indicates

that the influence of bending on shear strain extended over a rather large portion of the link. The

influence of warping restraint at the link ends is also clearly visible in Fig. 5.15.

The variation of shear strain over the depth of the web, plotted in Fig. 5.16, shows somewhat

erratic behavior at the lower strain levels for cycle 8E. However, at the larger strain levels of cycle

11E, parabolic shaped distributions are again apparent. The shear strain distribution in the panel

adjacent to the brace (panel 4) appears to be somewhat skewed towards the upper portion of the

plot. That is, the shear strains are somewhat larger towards the side of the link attached to the

brace. The same behavior is also visible in panel 5 of Specimen 1 (Fig. 5.10). The shear force

carried by the link must ultimately be transferred to the brace. These plots appear to show the

influence of shear being "drawn" towards the brace in the region near the end of the link.

The average rotation of web gridlines are plotted for two different load cycles in Fig. 5.17.

The development of bending deformations appears to be not as concentrated at the link ends as for

Specimen 1 (Fig. 5.11). The nominal link lengths for Specimens 1 and 4 were both about

2Mp /Vp . The different bending deformation patterns developed between these two links can likely

be attributed to the different flange thicknesses. The thicker flanges and the resulting lack of

flange buckling in Specimen 4 apparently permitted inelastic bending deformations to propagate

for a large distance from the link ends.

Specimen 6

Specimen 6 was an example of a very long link (nominal e = 3.15Mp /Vp ) with slender

flanges. At this length, flexure is expected to dominate link behavior. Photogrammetric data was

collected for gridpoints on the web of both the link and brace connection panel as well as for grid

points on the edges of the flanges of the link and brace connection panel. The gridlines for Speci

men 6 in the initial undeformed state are shown in Fig. 5.18. A single gridline was drawn along

the length of each flange, at about mid-depth of the flange thickness. These two lines have been

omitted in Fig. 5.18 for clarity.

The deformed grids for Specimen 6 are shown for 3 different conditions related to load cycle

lOE in Fig. 5.19. Figures 5.19a and b show the grid deformations at the start and end of cycle 10,

computed with respect to the initial undeformed state of the specimen. These two plots therefore

reflect the actual appearance of the specimen at these two points in the load history, except that

displacements are amplified by a factor of 5. Note that the plot in Fig. 5.19a corresponds to the

unloaded state of the specimen at the start of cycle 10E. This grid therefore shows residual, per

manent deformations in the specimen after completion of load cycle 9W. The deformed grid in

Fig. 5.19c shows displacements of the specimen as it moved from the state in Fig. 5.19a to that of

Fig. 5.19b, i.e., in moving from zero to peak load (and deformation) during load cycle lOE.
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In contrast to Specimens 1 and 4, the plots in Fig. 5.19 show little influence of shear on the

overall deformation patterns. The plots also show the important influence of flange buckling on

overall link behavior. It is evident from these plots that link rotations were supplied by localized

deformations at the link ends. Deformations are concentrated in a particularly short length at the

column end of the link. At the other end of the link, it is apparent that a substantial portion of

the link rotation is supplied by deformations in the brace connection panel. This is particularly

evident in Figs. 5.19b and c, where it can be seen that flange buckling occurs in the east flange of

the brace connection panel in preference to the link.

The plots in Fig. 5.19 also show highly localized flange deformations at the tips of the rein

forcing ribs located at the link-to-column connection. In Chapter 3, the observation was made that

the abrupt change in strength and stiffness at the tips of the ribs contributed to the fracture of the

link flange at this location. The flange deformations plotted in Fig. 5.19 substantiate this observa

tion. For the highly concentrated and localized deformations developed at the column end of a

long link, a reinforcing scheme that provides a more gradual transition into the reinforced region

of the connection is preferred. The triangular cover plates used to reinforce the link-ta-column

connection of Specimen 11 is an example of such a scheme.

Even though flange buckling appears to be very severe in the amplified deformation plots of

Fig. 5.19, the flange buckling on the actual specimen still appeared to be quite mild at this stage of

loading. For comparison, a photograph of the column end of the link at the start of cycle lOE is

shown in Fig. 5.20, corresponding to the plot of Fig. 5.19a. Flange buckling in this photograph

appears fairly mild, particularly in comparison with flange buckling developed in subsequent load

cycles (see Fig. 3.15d). Further, whereas the plots of Fig. 5.19 show flange buckling in the east

flange of the brace connection panel, this buckling was not yet visible on the actual specimen.

However, in the very next load cycle (cycle 11E) , the flange buckling in the brace connection

panel became very severe, and the overall load carrying capacity of the specimen dropped sud

denly. Thus, Fig. 5.19 shows Specimen 6 at its point of maximum load carrying capacity. The

plots substantiate earlier observations that flange buckling inside of a long link is much less detri

mental than flange buckling immediately outside of the link within the brace connection panel.

Figure 5.21 shows average web shear strain plotted along the length of the link and brace

connection panel. As before, each point on this plot represents an average of the shear strains

computed for a single vertical line of elements on the web. As expected for a long link, this plot

shows very low, essentially elastic levels of shear strain over the large central panel of the link.

However, near the link ends, rather large inelastic shear strains are developed within the link web.

This agrees with strain gage observations made for Specimen 5 (Fig. 4.48). Evidence of warping

restraintat the link ends is also visible in Fig. 5.21. The plot of Fig. 5.21 indicates that inelastic

shear strains have an important effect on the local behavior at the ends of even very long links.



143

The distribution of shear strain over the depth of the web is plotted for the various panels of

Specimen 6 in Fig. 5.22. These plots show somewhat erratic behavior due to the generally low lev

els of shear strain, for which the effect of photogrammetric data errors are relatively larger. Mild

out-of-plane web displacements near the link ends may have also contributed to somewhat larger

photogrammetric errors. Nonetheless, some useful trends can be spotted within these plots. It is

apparent that shear strains are very low within the central panel of the link (panel 2) and increase

towards the link ends (panels 1 and 3). A remarkable feature of the plot for panel 1 is that shear

strains are smallest near mid-depth of the section. This is exactly opposite to the behavior

observed in Specimens 1 and 4. Somewhat larger shear strains are also visible in the brace connec

tion panel, in the region immediately outside the link (panel 4).

Gridline rotations are plotted along the length of the link and brace connection panel in Fig.

5.23. The average rotation of web gridlines, as well as the rotation of flange gridpoints are both

plotted on this figure. It can be seen that web and flange rotations are essentially the same, indi

cating little influence of cross sectional warping within the link. This plot also shows that rotations

were highly concentrated at the column end of the link. In contrast, at the other end of the link,

rotational deformations are less concentrated, and are developed over portions of both the link end

and brace connection panel. It appears, in fact, that at the brace end of the link, greater rotations

were developed within the brace connection panel than within the link.

Extensional strains computed from gridpoints on the flanges are plotted in Fig. 5.24. As dis

cussed in Section 5.3, the effect of photogrammetric data errors appear to be significantly larger for

flange strain computations. Consequently, these plots should be interpreted with caution, and

viewed primarily for qualitative trends. As anticipated, these plots show very low levels of bend

ing strain in the central portion of the link, and rather high levels at the link ends. At the column

end of the link, a sudden drop in bending strain is apparent within the region of the reinforcing

ribs, as expected. At the brace end of the link, Fig. 5.24b indicates that strains in the east flange

are higher in the brace connection panel than in the link. This agrees with observations of flange

buckling in this region. At the west flange, on the other hand, strains appear to be higher in the

link than in the brace connection panel. The brace is welded to the west flange of the panel,

thereby reinforcing this flange. The different behavior of the east and west flanges of the brace

connection panel are also likely influenced by axial forces developed outside of the link, as dis

cussed in Chapter 3.

Specimen 9

Specimen 9 was provided with a short (nominal e = 1.2Mp /Vp ), predominately shear yielding

link. Photogrammetric data was collected for this specimen from gridpoints on the web of the link,

and on the flanges of the link and brace connection panel. Gridline and gridpoint locations for

the initial undeformed configuration are shown in Fig. 5.25.
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Deformations developed during load cycle 9E are plotted in Fig. 5.26. Large shear deforma

tions of the web are evident in the parallelogram shaped elements, as well as in the absence of

rotation of vertical gridlines. Comparing this with the deformed grid of Specimen 6 (Fig. 5.19)

graphically illustrates the different mechanisms that supply rotation in very short versus very long

links.

Figure 5.26 shows some localized deformations of the west flange in the panel adjacent to the

column. This deformation was also visible during the course of testing (Fig. 3.22b). However, as

described in Chapter 3, this flange distortion did not have the appearance of conventional unsym

metric flange buckling. Rather, the entire width of the flange was bent in the same direction.

Figure 5.26 also shows a rather abrupt change in direction of the flanges at the junction of the link

and brace connection panel, giving the appearance of a "kink" in the flanges. However, as will be

discussed later, there is no evidence that this localized flange deformation had any detrimental

effects on the flanges or on the specimen as a whole.

The distribution of shear strain over the link web is illustrated in Figs. 5.27 to 5.29. These

plots show very large shear strains, with a fairly uniform distribution over most of the link. Shear

strain levels increase near the column end of the link but not at the brace end of the link. This

behavior is also evident from strain gage measurements (Fig. 4.49), and most likely reflects

unequal link end moments, as discussed in Section 4.6. Somewhat surprisingly, the shear strain

plot in Fig. 5.28 shows little evidence of warping restraint at the link ends, as was observed in pre

vious specimens. The distribution of shear strain over the depth of the web, Fig. 5.29, shows a

similar parabolic shape as was observed for Specimens 1 and 4.

The average rotation of web gridlines as well as the rotation of flange gridpoints are plotted

in Fig. 5.30. The large difference in rotation between web and flange points indicates very severe

warping of the link cross section. The plot of flange point rotation shows a very smooth transition

between the link end and the brace connection panel. There is no abrupt change in rotation at the

location of the kink observed in the plot of Fig. 5.26.

Extensional strains computed from gridpoints on the flanges are plotted in 5.31. These plots

show very low strain levels throughout most of the link and brace connection panel, with strain

levels increasing near the column. It also appears that strain levels in the east flange increase

towards the end of the brace connection panel adjoining the beam. This likely reflects the influ

ence of combined bending and axial force in the beam. Finally, there is no indication of higher

flange strain levels at the junction of the link and the brace connection panel. Thus, whereas the

deformed grid of Specimen 9 shows a kink in the flange at the brace end of the link, Figs. 5.30

and 5.31 indicate no localized increase in flange strain levels.
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Specimen 12

Specimen 12 was another example of a very long link, with a nominal e = 3.6Mp /Vp- Speci

men 12 was therefore in a similar length range as Specimen 6, with somewhat similar behavior

anticipated. The link of Specimen 12, however, had much thicker flanges and therefore did not

develop severe flange buckling, as was the case with Specimen 6.

The undeformed grid for Specimen 12 is shown in Fig. 5.32. Photogrammetric data was col

lected for gridpoints on the link web and flanges and on the brace connection panel flanges. The

deformations developed during load cycle 7W are plotted in Fig. 5.33. The predominance of

bending and the concentration of deformations near the link ends are readily apparent. Flange

buckling is visible in the amplified deformation plot at the southeast and northwest flanges of the

link. The actual flange buckling observed on the link at this stage of the loading was very mild.

There was, however, some lateral torsional buckling of the link at this stage. The out-of-plane dis

placements associated with this buckling are not readily visible in Fig. 5.33.

Shear strain distribution within the link is represented by the plots in Figs. 5.34 and 5.35.

The trends are similar to Specimen 6. Very small, essentially elastic shear strains are developed

within the large central portion of the link. Larger, inelastic values of shear strains, however, are

developed at the link ends. The influence of warping restraint at the link ends is also, again,

clearly evident in Fig. 5.34. The average shear strain distributions plotted over the depth of the

web, Fig. 5.35, also show a similar trend as Specimen 6, with the lowest shear strains occurring at

mid-depth of the cross section.

The rotation of flange gridpoints and the average rotation of web gridlines are plotted in Fig.

5.36. In contrast to Specimen 9 (Fig. 5.30), the web and flange rotations are essentially equal,

indicating little influence of cross sectional warping, except possibly near the link ends. Figure

5.36 also, again, clearly demonstrates that rotation at the brace end of the link is supplied by

bending deformations both in the link and in the brace connection panel. This plot graphically

illustrates how the brace connection panel reduces bending deformations in the link by supplying a

share of the inelastic rotation demand. A similar reduction in bending deformations could

presumably be achieved at the column end of the link by permitting the column panel zone to sup

ply a significant share of the inelastic deformation demand.

The flange strains plotted in Fig. 5.37 show, as anticipated, low strain levels throughout the

central portion of the link, and high strain levels at link end regions. In the east flange in the

region near the brace end of the link, Fig. 5.37b indicates that higher strains are developed in the

brace connection panel than in the link. Similar behavior was observed for Specimen 6 (Fig.

5.31b).
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5.5 ESTIMATED LINK ROTATION COMPONENTS

In this section, the photogrammetric data, combined with other experimental measurements,

will be used to estimate the components of link rotation due to link shear deformation, link bend

ing deformation and link end support rotations. Such a division is of interest because different

failure mechanisms and rotational capacities can be associated with each of these components.

The division of total link rotation into components can be expressed as follows:

i = i SR + i bend + i shear

where :y is total link rotation, :ySR is the component due to support rotation, both at the column

and brace ends of the link, :ybend is the component due to link bending deformations, and :yshear

is the component due to link shear deformations. Each quantity in Eq. 5.11 includes both elastic

and plastic contributions. Consequently, Eq. 5.11 can be further subdivided as follows:
- _ -SR + -bend + -shear
'Yel - 'Yel 'Yel 'Yel

_ -SR + -bend + -shear
'Yp - 'Yp 'Yp 'Yp (5.12b)

where the subscript el refers to the elastic component and the subscript p refers to the plastic com

ponent in each term. The bar above each quantity indicates that the quantity is measured from

the last point of zero shear force on the link, up to the current point under consideration. This

definition is illustrated in Fig. 5.38. Measuring deformations with respect to the initial unde

formed configuration of the link has little physical significance in the present context.

The component :ySR can be computed from the link end rotations and from the location of

the link inflection point, by treating the link as two cantilever beams connected at the link's point
- -

of inflection. If 6e and 6b are defined as the rotations of the column and brace ends of the link,

respectively, (measured from the last point of zero link shear) and de and db as the distance from

the column and brace ends of the link to the point of inflection, with de + db = e, then

-SR 9c de + 6;, db
'Y = (5.13)

e

For the point of inflection located at the midpoint of the link, the above equation simplifies to:

-SR 6e + 6b
'Y = (5.14)

2

For the test specimens considered in this section, end moments were sufficiently equalized to per-
- -

mit the use of Eq. 5.14 with little error. The quantities 6e and 6b can be determined from link

end rotation measurements or can be estimated from photogrammetrically computed rotations.

After :ySR is subtracted from the total link rotation :y, the remaining rotation can be attri

buted to deformations developed within the link. Dividing this remaining rotation into com

ponents due to link bending deformations and link shear deformations is not necessarily a
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straightforward process. In the presence of severe cross sectional warping and large shear strains

that vary over the depth of the section, the physical interpretation of bending and shear deforma

tion is no longer entirely clear.

One approach for separating beam deflections due to bending and shear is provided by

sandwich beam theory [45]. Sandwich beam construction consists of two thin high strength layers,

called the faces, separated by a thick layer of low strength material called the core. The faces,

analogous to the flanges of a W section, are assumed to carry normal stresses only, whereas the

core, analogous to the web, is assumed to carry shear stress only. Further, the distribution of

shear strain over the depth of the core is assumed to be constant. A W section under combined

shear and bending violates each of these assumptions. Nonetheless, an approach analogous to

sandwich beam theory, using averaged web shear strain values, will be used here to differentiate

between shear and bending deformations of the link. As will be seen, the resulting rotation com

putations provide reasonable results.

For sandwich beam theory, curvature of the cross section, from which bending deflections are

computed, is defined with respect to a line passing through a point at mid-depth of each flange.

Three of the test specimens (Nos. 6, 9 and 12) were provided with gridpoints at mid-depth of the

flanges. The rotations computed from these points will be used as the basis for computing link

deflection due to bending. With reference to a plot of flange gridpoint rotations, for example Fig.

5.30, the total area under this plot taken over the length of the link can then be interpreted as the

link rotation resulting from both link bending and link end support rotations. This can be

expressed as follows:

:ySR + :ybend = I 6j dx
t!

(5.15)

where Of is the rotation of the flange gridpoints measured from the last point of zero link shear

and e is the link length. The value of :ySR determined by Eq. 5.14 can then be subtracted from

this quantity to obtain an estimate of :ybend •

Link rotation due to shear deformation is computed in a manner analogous to sandwich

beam theory by assuming that the core shear strain of the sandwich beam is equal to the average

shear strain of the link web computed from the photogrammetric data. Thus, with reference to a

plot of average web shear strain, for example Fig. 5.28, the link rotation due to shear is estimated

as follows:

:vshear = AI2E dx1 xyavg
t!

(5.16)

where 2Exy avg is the shear strain at any section of the link, averaged over the depth of web. The

bar over this symbol again indicates that the shear strain is measured from the last point of zero

shear force on the link. As noted earlier, 2£xy is used to represent engineering shear strain since
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the symbol 'Y is reserved for link rotation here. The factor A in Eq. 5.16 relates the shear strain in

the core to the shear deformation of the entire sandwich beam section. From the assumed

geometry of the deformed sandwich beam, this factor can be estimated as follows [45]:

A = d -tf
~b

where the numerator is the distance between mid-depth of the flanges, and the denominator is the

depth of the web. If hWeb is taken as the clear distance between the web-flange fillets of a W sec

tion, then A is approximately 0.9 for both the W12 x 16 and W12 x 22 sections used for the test

specimens.

In evaluating the integrals in Eqs. 5.15 and 5.16, the area was computed under a line fit to

the photogrammetric data by regression analysis. These lines are shown on each of the appropri

ate plots. In many cases, the photogrammetric data did not extend to the very ends of the link.

For such cases, data was extrapolated to the link ends, introducing a small uncertainty to the

integrals.

The sum of the quantities computed by Eqs. 5.15 and 5.16 should account for the entire link

rotation. This sum can therefore be compared to the value of :y measured independently by dis

placement transducers attached to the test specimens.

In order to estimate the plastic components of :ybend and :yshear, the corresponding elastic

link rotations can be estimated from simple theory and subtracted out of the total (elastic + plas

tic) rotations. From simple beam theory, elastic link rotation due to bending can be computed as:

-bend V (d;+dt)
'Yel 3EI e (5.18)

where V is the shear force on the link, e is the link length, and de and db are as previously

defined. The elastic link rotation due to shear can be estimated by:

_shear V
'Yel = A G

s
(5.19)

(5.20)

where As is the effective shear area and G is the elastic shear modulus. A detailed derivation for

effective shear area is available from Cowper [46]. However, for most W sections, As = d tw pro

vides an adequate approximation.

After estimating elastic bending and shear rotations, the plastic rotations are simply:
- bend -bend - bend
'Yp = 'Y -'Yel

-shear -shear -shear
'Yp = 'Y -'Yel (5.21)

The sum of the quantities computed by Eqs. 5.20 and 5.21 should account for all plastic deforma

tions developed within the link. Subtracting this sum from the overall plastic link rotation :Yp thus

provides an estimate of :y/R, the link rotation due to plastic link end support rotations. The value
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of :Yp can be evaluated from :y measured by displacement transducers and from the measured

overall elastic stiffness of the link (Eq. 3.1). Values of :y/R arise from yielding outside of the

link, for example in the column panel zone or in the brace connection panel.

Using the process described above, link rotation components were computed for selected load

cycles for Specimens 1, 4, 6, 9 and 12. The results of these computations are summarized in

Tables 5.3 to 5.7.

Within the upper box III each table, the values of :y and ip computed from displacement

transducers are listed. The next box lists the values of :ySR +:ybend and :yshear determined from

photogrammetric data using Eqs. 5.15 and 5.16. The sum of these two quantities, as shown in the

tables, should nominally be equal to the value of :y listed in the upper box. Since flange gridpoints

were not available for Specimens 1 and 4, the integral in Eq. 5.15 was evaluated using the average

web gridline rotations (Figs. 5.9 and 5.15) instead of the flange rotations. This introduces an

additional level of approximation for these specimens.

In examining Tables 5.3 to 5.7, remarkably close agreement can be seen between the sum of

the link rotation components determined by Eqs. 5.15 and 5.16 (the 'Total" in the middle box)

and the link rotation determined independently by displacement transducers (the value of :y listed

in the upper box). This close agreement suggests that Eqs. 5.15 and 5.16 provide a reasonable

approach for splitting total link rotation into bending and shear components. This agreement is

also quite close for Specimens 1 and 4, even though bending deflections were computed from aver

age web rotations instead of flange rotations. This suggests that the average rotation of the web

was nearly equal to the rotation of the flanges in these intermediate length links.

In the lower box of Tables 5.3 to 5.7, link rotations are further subdivided. The link rotation

due to link end support rotations, :ySR, was estimated using Eq. 5.14. This was then subtracted

from the value of the integral in Eq. 5.15 to obtain an estimate of :ybend. Consequently, each of

the individual rotation components, :yshear ,:ybend and :ySR could be identified, and are listed in

the first column. Next, :yshear and :ybend were divided into elastic and plastic components by Eqs.

5.18 to 5.21. The value of :y/R was then taken as the difference between the sum of :y/hear and

:y/end and the total plastic rotation angle, :Yp, as listed in the upper box. Finally :YefRwas com

puted as :ySR _:y/R.

The item of greatest interest in Tables. 5.3 to 5.7 is the division of plastic link rotation angle

into the estimated plastic components of shear, bending and link end support rotations. This divi

sion is shown in the last column within the lower box of these tables. As might be anticipated,

shear dominates the short link (Specimen 9), bending dominates the long links (Specimens 6 and

12), and significant amounts of both plastic shear and bending are evident for the intermediate

links (Specimens 1 and 4). For the very long links of Specimens 6 and 12, where purely flexural

yielding is expected, it is interesting to note that approximately 10 to 15 percent of the plastic link
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rotation can still be attributed to inelastic shear deformations. These shear deformations arise

from large inelastic shear strains developed at the link ends due to bending-shear interaction.

It is also of interest to note the rather large contribution of shear to the plastic rotations of

Specimens 1 and 4. The nominal link length for both specimens was 2.0Mp /Vp- The link lengths

based on actual section properties, however, were 2.25 and 2.3Mp lVp for Specimens 1 and 4,

respectively (Table 2.12). As discussed in Chapter 1, the transition to predominately flexural

yielding is currently assumed to occur at a length of about 2.6Mp /Vp- Specimens 3 and 4 were

therefore close to this transition point. Yet, Tables 5.3 and 5.4 indicate that inelastic shear defor

mations accounted for 50 to 70 percent of the plastic link rotation. This observation suggests that

the transition to predominately flexural yielding occurs at a length somewhat greater than

2.6 Mp/Vp . Finally, Tables 5.3 to 5.7 confirm that yielding outside of the link can contribute sub

stantially to plastic link rotation.
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6. PRELIMINARY RECOMMENDATIONS FOR LONG LINK ULTIMATE

STRENGTH, ROTATION CAPACITY AND STIFFENING

In this chapter, preliminary design recommendations are developed for the ultimate strength,

rotation capacity and stiffening requirements of long links. In Chapter 1, the recommendation

was made that long links (e > 1.6Mp /Vp ) attached to columns should not be used in EBFs due to

the poor reliability of long link-to-column connections. Consequently, the recommendations

developed in this chapter are intended to apply to EBFs with the link located between two braces.

It is not possible to develop definitive design criteria based on the limited data provided by

this experimental program. Considerable further investigation is required for long links before

such criteria can be finalized. The preliminary recommendations developed in this chapter are

therefore based largely on the authors' judgment and interpretation of the available data. They

are intended to provide some guidance to designers until further research results are available.

6.1 LINK ULTIMATE STRENGTH

The ultimate shear force and end moments developed by the link control the capacity design

forces for the beams, braces and columns in an EBF. Developing a reasonable estimate of link

ultimate strength is therefore an important issue in achieving both a safe and economical EBF

design. Underestimating these forces may result in a premature non-ductile failure in a member

outside of the link. Overestimating the ultimate link forces, on the other hand, can result in

unnecessarily heavy braces and columns.

The ultimate shear strength and ultimate end moments of the link are related by equilibrium.

If end moments are assumed to equalize when the link ultimate forces are developed, and no

external forces are assumed to act between the link ends, then by statics:

e Vult = 2Mull (6.1)

where Vult is the ultimate link shear force and Mult is the ultimate link end moment. The experi

mental end moment data presented in Chapter 4 showed that long link end moments nearly equal

ized in cases where severe yielding or instability was prevented in the beam segment outside of the

link. If capacity design principles are adhered to for the beam and the brace, equalization of end

moments would appear to be a reasonable assumption for long links attached to columns or

located within the span, particularly in the absence of a composite deck. In the present develop

ment, it will be assumed that ultimate end moments are approximately equal. Further, the effects

of a composite deck on link strength and end moment equalization will not be considered in the

present analysis.
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As discussed in Section 1.3, the ultimate shear strength of short links is usually taken as:

Vult = 1.5 Vp (6.2)

For the case of equal end moments, the corresponding ultimate end moment is then determined by

Eq. 6.1. Some experiments have shown strain hardening somewhat in excess of 1.5 Vp [9]. How

ever, for practical design purposes, 1.5 Vp appears to be a reasonable estimate of short link shear

strength to account for strain hardening.

In order to estimate the strength of long links, two things are needed. First, an estimate of

the ultimate moment that can be developed in the absence of large shear forces. This defines the

strength of very long links. Secondly, an assumption on the nature of moment-shear interaction at

the link's ultimate limit state is needed. This defines the strength of intermediate length links,

where both shear and flexure have a strong influence on the link's inelastic behavior.

To address the issue of the ultimate bending moment that can be achieved by a W section in

the absence of large shear forces, the available experimental data for very long links as well as for

beams in MRFs can be examined. In the present experimental program, the longest links were

provided in Specimens 5, 6 and 12. Based on actual measured section properties, the link lengths

were approximately 3.4Mp /Vp for Specimens 5 and 6, and 4.25Mp /Vp for Specimen 12. The

Specimen 12 link, a section with stocky flanges, developed an ultimate end moment of 1.55 Mp .

Further growth in link end moment for this specimen was prevented by the development of severe

lateral torsional buckling in the link, and to a lesser extent, in the beam. The links of Specimens

5 and 6, on the other hand, developed ultimate end moments only on the order of about 1.2Mp •

The slender flanges on these sections were subject to severe flange buckling, particularly in the

brace connection panel. For very long links with slender flanges, located within the span between

two braces, it is likely that the ultimate link end moment will be controlled by the development of

flange buckling in the adjoining brace connection panels. By comparing Specimen 12 with Speci

mens 5 and 6, it is evident that long link strength is dependent on flange slenderness, and to a cer

tain extent, on the details of the brace connection panel.

The reinforced link of Specimen llR2 was in the intermediate length range, with an

estimated actual e = 1.9 Mp/Vp . Because of the severe lateral torsional buckling developed in the

beam of the specimen, the degree of end moment equalization was very poor for this link (see

Table 4.2 and Fig. 4.2). Consequently, the moment gradient (equal to the shear force) in this link

was much lower than would have been achieved in the case of moment equalization. Because of

this lower moment gradient, the behavior of the Specimen 11R2 link can be considered to be

characteristic of a much longer link. The ultimate moment of 1.55 Mp developed by this link can

therefore be considered an additional data point for very long links.
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Cyclic loading tests on beams for MRF applications provide additional data on the maximum

bending moment that can be developed by a W section. In cyclic loading tests on W18x 50 and

W24x76 cantilevers, Popov and Stephen [21] reported values of Mul,lMp up to 1.6. A cyclic load

test on a welded H section by BaIIio and Calado [48] developed Mull = 1.45Mp • Additional cyclic

tests on beam column subassemblages by Popov et al [47] showed ultimate moments up to 1.45Mp .

Recent tests by Tsai and Popov [34, 23], also on beam-column subassemblages, showed ultimate

bending moments up to 1.3Mp •

Based on the available experimental data, it appears that Mull = 1.5Mp provides a reasonable

estimate of the ultimate moment due to strain hardening under cyclic loading, in the absence of

very large shear force. Thus, for the present development, the ultimate flexural strength of very

long links will be taken as:

(6.3)

Based on the available data, this value appears to be most reasonable for sections with stocky

flanges, and will be quite conservative for sections with slender flanges. Insufficient data are avail

able at present to define the variation of ultimate bending moment with flange slenderness.

Further research is needed on the development of flange buckling in the brace connection panel

outside of long links before such a variation can be defined. Consequently, Eq. 6.3 will be

adopted here for very long links, regardless of flange slenderness ratio. The corresponding ulti

mate shear force, for assumed equal ultimate end moments, is then defined by Eq. 6.1.

Equations 6.2 and 6.3 can be considered to represent the bounding strengths of a very short

and a very long link, respectively. Establishing an estimate of ultimate strength in the intermedi

ate length range, where links are significantly affected by both shear and moment, requires an

assumption of moment-shear interaction at the link ultimate state. Kasai and Popov [13] suggest

neglecting M-V interaction throughout the entire inelastic range for short links, reflecting the

apparent lack of interaction at the yield limit state. As described in Section 1.3, this approach has

been extended to links of any length by model EBF codes [7, 8]. For assumed equal end

moments, the resulting link ultimate shear force and end moments, for any length link, is given by

Eqs. 1.4-1.5. Figures 6.1 and 6.2 are plots of link ultimate shear force and ultimate end moments,

respectively, as a function of non-dimensionalized link length, e /(Mp/Vp ). Equations 1.4 and 1.5

are plotted as dashed lines in these figures.

While neglecting M-V interaction in the strain hardening range is a reasonable approach for

short links [13], it may not be appropriate for links in the intermediate length range. As discussed

in Chapter 4, the experimental data on ultimate shear force and end moments for specimens with

links in the intermediate length range suggest rather significant M-V interaction. The strain gage

data presented in Section 4.6 and the photogrammetric data in Chapter 5 also provide evidence of

significant bending-shear interaction at the link ends. These intermediate length links, however,
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showed little influence of M-V interaction on the initial yield strength, similar to the behavior

observed in short links. The lack of observed interaction at initial yield in short links has been

postulated to be a result of very rapid strain hardening after initial yield [13]. The same argument

can be extended to links in the intermediate length range. When link ultimate strength is

developed, however, a rather low strain hardening rate would be anticipated. Consequently, it is

reasonable to expect some influence of M-V interaction on ultimate link forces.

The approach adopted here to predict link ultimate strength will be to simply expand an M-V

interaction curve based on perfect plasticity to the ultimate shear force and bending moment

defined by Eqs. 6.2 and 6.3. As noted above, a rather low rate of strain hardening is anticipated

when link ultimate strength is achieved. At this point, the response of the link can be viewed as

being nearly perfectly plastic, but with the yield stress increased due to previous strain hardening.

This view provides at least partial justification for expanding a yield surface based on perfect plas

ticity. The remaining justification is provided by the simplicity of this approach. This approach

of course, can only be considered an approximation. The actual state of stress at the link end is

likely to be quite complex, affected not only by M-V interaction, but also by the influence of

warping restraint and local buckling. Further, different portions of the link cross-section will be

subject to different stress and deformation histories, and will therefore be subject to differing

degrees of strain hardening. Nonetheless, this approach does provide a useful first approximation

to link ultimate strength.

An M-V interaction curve was developed by Hjelmstad and Popov [9] for the analytical

modeling of perfectly plastic links. This same interaction curve, expanded to the ultimate limit

state will be used here. This interaction curve is based on the following assumptions:

(1) No transverse normal stresses exist in the member

(2) The flanges carry no shear stress

(3) Normal and shear stresses in the web obey the von Mises yield criterion: 0'2 + 3,.2 = O'J.

In the present context, 0'0 is taken as 1.50'y, where O'y is the initial yield stress in simple

tension.

The resulting interaction curve, for the case where the link carries no resultant axial force, can be

expressed as follows:

where:

m* V1-y2 + y2 = 1

y = 1

o::s m* :5 1

m* :5 0

(6.4a)

(6.4b)

m* = (1-2oo)m - 200

2bf tf
00=

(d -tf)tw

(6.5)

(6.6)
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In the usual context of perfect plasticity, m and v represent the ratio of moment to fully plastic

moment and shear force to fully plastic shear force. However, in the present development, m and

v are taken as follows:

Vult
(6.7a)v =

1.5 Vp

Mull
(6.7b)m=

1.5Mp

(6.8b)v = 1

where 1.5 Vp and 1.5Mp represent the assumed maximum shear and moment for the limiting cases

of a very short and a very long link. The sign of v and m are always taken as positive in Eq. 6.4.

The parameter w depends on the dimensions of the W section. A survey of all W sections

listed in the AISC manual [30] indicates w varies from about 0.75 to 3.2. However, for the sec

tions commonly used as beams, w varies from about 0.8 to 1.25. Within this range, the parameter

w has little influence on the form of the M-V interaction curve defined by Eq. 6.4, and so as a

further simplification, w = 1 will be used. The interaction curve of Eq. 6.4 then simplifies to:

(3m -2) y 1-v2 + v2 = 1 ; :::; m :::; 1 (6.8a)

O<m < ~- -3

Next, the assumption of equal end moments will be imposed on Eq. 6.8. For this purpose, it

is convenient to work in terms of non-dimensionalized link length, which will be represented by

the parameter p as follows:

(6.9)

With the assumption of equal ultimate end moments, Eq. 6.1, can then be written as:

pv = 2m (6.10)

Substituting Eq. 6.10 into Eq. 6.8 provides the final result:

v=1 4O<p< - - 3 (6.lla)

(3 P; -4) Y1-v2+v2 = 1 4p> - 3 (6.llb)

These equations provide the ultimate link shear force for any non-dimensionalized link length p,

based on the ultimate M-V interaction curve of Eq. 6.8 and based on the assumption of equal ulti

mate end moments. Once the ultimate link shear is determined by Eq. 6.11, the corresponding

ultimate end moments are determined by Eq. 6.10.
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Equation 6.11a indicates Vult = 1.5Vp for e S 1.33 Mp/Vp , reflecting no influence of ultimate

M-V interaction for this length range. For links beyond this length, ultimate strength is influenced

by M-V interaction, as represented by Eq. 6.11b. For any non-dimensionalized link length

p> 4/3, this non-linear equation can be solved iteratively for the ultimate link shear force.

The solution to Eq. 6.11 is plotted as a solid line in Figs. 6.1 and 6.2. Comparing these with

the lines representing no M-V interaction at ultimate (the dashed lines) indicates that the assumed

M-V interaction has its greatest influence in the intermediate length range. There is no apparent

influence in the very short length range, and only little influence in the very long length range.

Also plotted in Figs. 6.1 and 6.2 are the ultimate link shear and end moment measured in the

present experiment, as well as from previous cyclic link tests [9,11,14,16]. In plotting these points,

actual section and material properties based on coupon tests were used in determining Vp and Mp .

These estimated actual values of Vp and Mp were then used for computing Vul/Vp , Mul/Mp and

e /(MplVp ). Consequently, the points in Figs. 6.1 and 6.2 reflect only the effects of strain harden

ing on link ultimate strength. Further, for the current specimens with reinforcing ribs at the link

to-column connection, the length of the ribs was deducted from the total link length in determin

ing e /(Mp/Vp ). This reflects the observation that little inelastic activity occurred within the rib

area of these links.

A number of useful observations can be made from Figs. 6.1 and 6.2. First, in the very

short length range, it can be seen that several links have exceeded the assumed ultimate shear

strength of 1.5 Vp ' Thus, in this length range, Vult = 1.5 Vp does not necessarily provide an upper

bound on link overstrength due to strain hardening. A number of links in the short length range

also fall considerably short of 1.5 Vp ' These points represent unstiffened or lightly stiffened links,

where ultimate strength was limited by severe web buckling. These links, tested in the early stages

of link stiffening investigations, are not representative of current recommended practice [20].

In the intermediate length range, it appears that the curve representing M-V interaction pro

vides a reasonable bound on link strength. An exception to this is the point representing Speci

men llR2 in Fig. 6.2, which appears to significantly exceed the strength prediction of Eq. 6.11.

However, as noted earlier this specimen violated, to a great degree, the assumption of equal ulti

mate end moments inherent in Eq. 6.11. The ultimate end moment developed by this specimen

was therefore characteristic of a much longer link.

A number of the specimens from the present test program failed prematurely at the link-to

column connection, and therefore somewhat higher ultimate strengths might be anticipated if the

same links had been located between two braces. However, at their points of failure, the rate of

strain hardening was generally low for these specimens, as can be seen in Fig. 4.1. Thus, even if

failure of the link-to-column connection had not occurred, a significant increase in link ultimate

strength would probably not have been achieved.



157

Based on the available experimental data presented in Figs. 6.1 and 6.2, it appears that the

curves based on ultimate M-V interaction (Eq. 6.11) provide a reasonable first approximation for

link ultimate strength. Since an iterative solution is required, Eq. 6.11 is not particularly suited

for design purposes. Consequently, a simplified approximation to Eq. 6.11 is needed for EBF

design. In developing such an approximation, it is convenient to divide link lengths into three

ranges; one corresponding to very short, predominately shear yielding links; a second correspond

ing to intermediate length, combined shear and bending links; and a final range corresponding to

very long, predominately flexural yielding links. At present, the limit of a short link is taken at

e = 1.6 Mp/Vp . Based on the available data plotted in Fig. 6.1, this appears to be a reasonable

dividing line between short and intermediate length links.

The transition from intermediate to very long links is somewhat more difficult to define. At

present, for purposes of computing allowable rotation capacity, the model EBF codes [5, 7, 8]

define this transition length at e = 2.6Mp /Vp ' The photogrammetric data presented in Chapter 5

showed very large contributions of inelastic shear deformation for link lengths fairly close to

2.6 Mp/Vp . This data indicates that the transition to predominately flexural yielding occurs at a

link length somewhat greater than 2.6 Mp/Vp .

To obtain further insight into the transition length to predominately flexural yielding, it is

instructive to examine the experimental data on the inelastic behavior of wide-flange beams by

Sawyer [49]. These tests were conducted on simply supported beams, monotonically loaded at

midspan. The span lengths of several of Sawyer's test specimens were short enough to be charac

teristic of a link, and these specimens were subject to significant shear yielding. Further, Sawyer's

novel instrumentation system permitted separating inelastic deflections due to shear from inelastic

deflections due to bending. Based on the reported section and material properties, it was possible

to compute an equivalent link length for each specimen. Such an equivalent link length would

have the same moment gradient as developed in the simply supported beams. Sawyer's Specimen

10 had a span length corresponding to an equivalent link length of 2.43Mp /Vp ' Based on

Sawyer's data, approximately 40 percent of the inelastic rotation of this beam was due to inelastic

shear deformations. Sawyer's Specimen 13, with an equivalent link length of 2.8 Mp/Vp , supplied

approximately 33 percent of the total inelastic rotation by shear. Inelastic shear deformation

accounted for approximately 20 percent of the total inelastic rotation in Sawyer's Specimen 16,

with an equivalent link length of about 3 Mp/Vp . Thus, Sawyer's data tends to confirm that signi

ficant shear yielding extends to link lengths somewhat beyond 2. 6MplVp .

For the present purposes, the transition from intermediate to very long links will be taken at

e = 3 MplVp . This is a somewhat arbitrary choice, but reasonably reflects the available experimen

tal data.
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Based on the assumed transition lengths of 1.6Mp/Vp and 3 MplVp , the following equations

are proposed for a preliminary estimate of link ultimate end moments:

3 MpMull = -4 e Mp for e :S 1.6 - (6.12a)
Vp

M
for e = 1.6 /

p

(6.12c)

For link lengths between 1.6MpIVp and 3 MplVp , interpolate between Eq. 6.12b and 6.12c. The

corresponding ultimate shear force is then simply computed as:

M
Vull = 1.5Vp for e :S 1.6 / (6.13a)

p

M
for e ~ 1.6-P

Vp
(6.13b)

where Mult is determined from Eq. 6.12.

The above equations are also plotted in Figs. 6.1 and 6.2. It may be seen that Eqs. 6.12 

6.13 are identical to the present code approach (Eqs. 1.4-1.5) for e < 1.6Mp/Vp and for

e > 3 Mp/Vp . However, between these two link lengths, Eqs. 6.12 - 6.13 provide for significantly

lower ultimate link shear and end moments, resulting in lower capacity design forces to be applied

to the braces, beam segments outside of the links, and the columns of an EBF.

It must be emphasized that Eqs. 6.12 - 6.13 provide an estimate of link ultimate strength due

to strain hardening only, and are intended to apply to links with approximately equal ultimate end

moments. The presence of a composite deck can affect both the magnitude of the link end

moments, as well as the equalization of end moments [16, 18]. Further, the actual yield strength

of the link may exceed the specified yield strength. This factor is not represented in Figs. 6.1 and

6.2, since actual material properties were used in plotting the experimental points. Designers must

consider the possibility that the other frame members may not possess a comparable increase in the

actual yield strength. Thus, Eqs. 6.12 - 6.13 must be applied with judgment when estimating the

capacity design forces for the braces, beams and columns.

6.2 LINK PLASTIC ROTATION CAPACITY

In this section, a preliminary estimate is developed for the plastic rotation capacity of long

links not attached to columns. Developing such an estimate based on the results of the present

experimental program is quite difficult, since the majority of the test specimens failed by fracture

at the link-to-column connection. Several others failed by severe buckling of the beam segment
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outside of the link, where capacity design principles were intentionally violated. Consequently,

considerable judgment is required in developing an estimate of rotation capacity for cases where

link-to-column connection failure or beam buckling are not the controlling failure modes.

The plastic rotation capacities, i p , measured for each of the 14 test specimens, are listed in

Table 3.3. Recall that i p represents the total plastic rotation measured from the last point of zero

applied shear force on the link. For approximately symmetric cyclic response, the plastic rotation

capacity'Yp can be estimated as one-half of i p •

When interpreting the data in Table 3.3, several factors must be considered. First, all indica

tions from this test program are that fracture of the link flange will not be a controlling failure

mode for long links not attached to a column. In the absence of such a fracture, most of the test

specimens would have likely developed significant additional rotation capacity. Further, in the

absence of a link flange fracture, long link behavior can be characterized by a gradually deteriorat

ing hysteretic response at large cyclic deformations. This deterioration can be attributed to flange

buckling in the brace connection panel for sections with slender flanges, and to lateral torsional

buckling of the link for sections with stocky flanges. Consequently, no single measure of plastic

rotation capacity can be identified as representing failure of the link, and considerable judgement

is therefore required in establishing a meaningful estimate of plastic rotation capacity. Ultimately,

such difficulties can perhaps best be resolved by measuring link performance in terms of energy

dissipation capacity rather than in terms of plastic rotation capacity.

To obtain an indication of the rotation capacity of very long links, it is useful to examine the

performance of Specimen 12. This very long link (actual e = 4.25 Mp/Vp ) did not fail at the link

to-column connection, and can therefore be considered fairly representative of a link located

between two braces. As shown in Table 3.3, this link was capable of supplying 'Yp on the order of

± .025 rad for stable hysteretic response, and on the order of ± .04 rad up to the point where link

strength dropped below the initial yield value. Specimen 6 was also provided with a very long link

(actual e ::::: 3.4Mp lVp ). Even though this specimen failed at the link-to-column connection, its

response was well into the range of deteriorating strength at the point of failure. This specimen

therefore also provides a reasonable indication of the performance that might be anticipated for a

very long link located between two braces. As shown in Table 3.3, Specimen 6 developed 'Yp of

about ± .016 rad at the limit of stable hysteretic behavior, and about ± .027 rad at the point

where link strength dropped below the initial yield value. Cyclic tests on flexurally yielding cantil

ever beams for MRF applications show plastic rotations in excess of ± .03 rad at the limit of stable

hysteretic behavior for cases where beam-to-column connection failures did not occur [21,34]. As

discussed in Section 1.3, data from such MRF tests must be interpreted with caution when applied

to long links. Nonetheless, this data does provide an additional reference point from which to

judge the capabilities of very long links.
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Based on the measured rotation capacities for the very long links listed in Table 3.3, and also

based on examination of experimental data from cyclic tests on beams in MRF applications, it is

believed that 'Yp = ± .025 rad provides a reasonable estimate of the plastic rotation capacity of very

long links. For well stiffened short links, on the other hand, plastic rotations up to 'Yp = ± .10 rad

are possible [9,14]. In the intermediate length range, a linear interpolation between .10 rad and

.025 rad would appear reasonable as a first approximation for rotation capacity in this length

range. Using the same arguments as in Section 6.1, the intermediate length range can be taken as

1.6MpIVp to 3 MplVp .

Because of the uncertainties involved in predicting the rotation capacity of long links based

on this very limited experimental data, as well as the uncertainties in predicting the actual rotation

demands on a link of any length, a somewhat reduced allowable plastic rotation capacity is recom

mended for design purposes. To account for these uncertainties, a design rotation capacity equal

to approximately 80 percent of the rotation capacity limits noted above is recommended. Thus,

for design purposes, the following plastic rotation capacities are suggested:

M
'Yp = ± .08 rad for e :::::;; 1.6 / (6.14a)

p

'Yp = ± .02 rad (6.14b)

with the plastic rotation capacity for links of length 1.6 to 3Mp /Vp estimated by interpolation.

Note that for link lengths greater than 1.6Mp /Vp , the above limits are intended only for links not

attached to columns.

Inelastic dynamic analysis of a six-story EBF with short links designed according to the tenta

tive AISC seismic provisions [8], with an allowable plastic rotation of ± .08 rad, showed satisfac

tory performance under a variety of severe ground motions [50]. No such dynamic analyses have

yet been conducted for EBFs with long links.

It is again emphasized that the above rotation capacity limits for long links are based on

extrapolation of very limited experimental data. Additional experimental data for long links not

attached to columns is needed before rotation limits can be established with confidence. Further,

inelastic dynamic analyses of EBFs with long links under realistic ground motions is needed to

better define actual rotation demands.

6.3 STIFFENER REQUIREMENTS

In this section, preliminary recommendations are developed for locating stiffeners in long

links. Observations from the present series of tests, summarized in Section 3.3 of this report, have

provided some initial indications of where stiffeners should be placed in long links. The limited
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data provided by these tests, however, are not adequate to develop definitive stiffening recommen

dations for long links. Consequently, the recommendations provided below reflect the authors'

judgement based on very limited available data, and are not intended to serve as final design

recommendations.

The purpose of stiffening links in EBFs is to delay various forms of local instability and

thereby permit full development of the link's plastic rotation and energy dissipation capacities.

The type of local instability which the stiffeners must delay depends on link length and the associ

ated yielding and failure mechanisms. For very short links, shear buckling of the web is the dom

inant form of local instability. For very long links, flange buckling and/or lateral torsional buck

ling of the link and the brace connection panel are generally the controlling forms of local instabil

ity. For links in the intermediate length range, a combination of all of the above forms of local

instability, possibly with some interaction, is possible. In the following discussion, it is again con

venient to separate links into the three length categories of short, intermediate and very long links.

As before, the dividing lines between these categories will be taken at 1.6Mp/Vp and 3 MplVp .

Short Links (e:5 1.6 MI"p)

Stiffening requirements to delay web buckling in short links are well established, both experi

mentally and analytically [14,20]. The initiation of web buckling can be reliably predicted by Eq.

4.7 [20]. For design purposes, the distance between equally spaced stiffeners within a short link

for any required plastic rotation up to ± .09 rad can be computed using Eqs. 1.3 [20]. A possible

issue of concern is whether or not local buckling can develop within the brace connection panel

outside of a short link. The relatively lower end moments developed in short links suggest that

flange buckling outside of the link is not likely to be a controlling failure mode. Further, there is

no experimental evidence showing that such buckling can occur outside of short links. The photo

grammetric data analysis for Specimen 9 (a short link) also confirms that stress levels are rather

low in the flange of the brace connection panel in the region immediately adjacent to the link end.

Thus, based on the available data, there appears to be no need to stiffen the brace connection

panel in the region immediately outside of a short link. However, as discussed later, stiffeners

should still generally be provided at the back end of the brace connection panel.

Very Long Links (e> 3 MplVp)

The test observations as well as the photogrammetric data show that plastic rotations in very

long links are developed as a result of yielding in the region near the link ends, both inside and

outside of the link. For sections with slender flanges, the tests show that severe flange buckling is

possible both inside and outside of the link. Flange buckling in the brace connection panel

immediately outside of the link is significantly more detrimental to overall strength and plastic
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rotation capacity of an EBF than is flange buckling inside of the link. Sections with stocky

flanges, such as the W12x22 sections tested here, tend to develop severe lateral torsional buckling

in preference to flange buckling. No flange buckling was observed in the brace connection panel

of any of the W12x 22 test specimens.

In Chapter 3, the preliminary recommendation was made to locate stiffeners inside of the

link at a distance of 1.5 bf from each end of the link. Additional stiffeners inside of the link may

provide some further benefits by increasing the torsional rigidity of the link~ Based on the avail

able data, however, locating a single stiffener near each end of the link, inside of the link, appears

to be sufficient. The more difficult issue is whether or not to provide an additional stiffener out

side of the link. The specimens that suffered from severe flange buckling in the brace connection

panel benefited from the addition of a stiffener outside of the link. The specimens with stocky

flanges, on the other hand, in which no flange buckling was observed in the brace connection

panel, would not have likely shown any better performance with an additional stiffener in the

panel. The need for a stiffener outside of the link evidently depends on a number of factors,

including link length and flange slenderness ratio, and perhaps also on the length of the panel as

well as on the brace-beam angle. Based on the limited available data, it is not possible to deter

mine the combination of conditions that will result in severe flange buckling in the brace connec

tion panel.

In the judgement of the authors, a conservative approach is justified in this case. The test

results clearly show that once local buckling initiates in the very highly stressed region outside of a

long link, strength and energy dissipation capacity of the system rapidly deteriorate. It is therefore

recommended that a stiffener be provided outside of any long link, within the brace connection

panels. As noted in Section 3.3, a reasonable location for this stiffener is at a distance of about

1.5 bf from the link end, or one-half of the brace connection panel length, whichever is less. The

use of a partial depth stiffener appears to be adequate at this location. The stiffener should be

welded to the flange opposite the brace, and extend at least about 3/4 of the depth of the web.

Intermediate Length Links (1.6 M/yp < e :5 3 M/Vp)

Links in the intermediate length range are subject to a combination of failure modes seen

both in very short and very long links. The intermediate length range represent a transition from

shear dominated to flexurally dominated behavior, and the types of local buckling developed in

these links reflect this transition. A combination of the stiffening requirements for very long and

for short links is therefore appropriate in the intermediate length range.

Considering first the region outside of the link, Specimen 1 showed that very severe flange

buckling can occur within the brace connection panel outside of an intermediate length link. It

therefore appears to be prudent to provide a partial depth stiffener within the brace connection
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panels in the same location as noted above for very long links.

Inside of an intermediate length link, locating a stiffener at 1.5 bf from each end of the link

is needed to control flange buckling and lateral torsional buckling in the same manner as for very

long links. In the remaining central portion of the link, some additional stiffening is needed to

control inelastic shear buckling of the web. As demonstrated by Specimens 2 and 4, web buckling

can still occur in the intermediate length range. Moreover, the occurrence of web buckling

appears to be substantially more detrimental than the occurrence of flange buckling in an inter

mediate length link. Consequently, it is important to provide adequate stiffening against web

buckling in this length range. It would seem reasonable to provide a transition in the spacing of

web stiffeners, starting with the spacing used for short links at at length of 1.6 Mp"Vp, and gradu

ally increasing this spacing so that no additional web stiffeners are provided beyond a length of

3M/Vp. Such a transition in stiffener spacing reflects the reduction in inelastic shear strain as

link length approaches 3 M/yp'

To accomplish a transition in the spacing of web stiffeners in the central portion of an inter

mediate length link, the following approach is suggested. At the lower limit of 1.6 M/yp' provide

web stiffeners at the same spacing as for short links. That is, within the region between the outer

flange stiffeners, (the stiffeners located nominally at 1.5 bf from the link ends), provide equally

spaced web stiffeners according to the criteria of Eq. 1.3, using the total estimated link plastic

rotation demand 'Yp' For links of length 3 M/yp' provide one additional intermediate web stif

fener midway between the outer flange stiffeners. For links of length 1.6 to 3 Mp"Vp' determine

the spacing of intermediate web stiffeners simply by interpolating between the spacing required at

1.6 Mp"Vp and that required at 3 M/yp' This rule is somewhat arbitrary, but appears to reflect the

observed trends in link behavior in a reasonable manner.

For some W sections with very wide flanges, the spacing of the intermediate web stiffeners

according to the above rule is less than 1.5 bf . For these sections, the flange stiffeners located

nominally at 1.5 bf from the link ends should be placed closer to the link ends so that the spacing

does not exceed that of the web stiffeners. This will help guard against web buckling in the panels

immediately adjacent to the link ends.

The preliminary stiffener spacing criteria suggested above for intermediate and very long

links are summarized in Fig. 6.3. The well established stiffener spacing criteria by Kasai and

Popov [20] for short links are also shown in this figure for completeness.

At present, the model EBF codes [5,7,8] require stiffeners to be provided on both sides of the

web for W sections that are 24 inches in depth or greater. For sections less than 24 inches in

depth, stiffeners on only one side of the web are permitted. Based on the present tests, this rule

appears to be reasonable for long links. The stiffeners located at the link ends, however, must
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always be provided on both sides of the web [1]. The sketches in Fig. 6.3 also show stiffeners at

the back end of the brace connection panel, that is at the end of the brace connection panel

farthest from the link end. For brace connections in which the brace flanges are directly welded to

the beam, these additional stiffeners aid in the full development of the brace strength. Examples

of such connections are shown in Fig. 2.11 or 6.3 for W section braces, and in Fig. 2.8 for rec

tangular tube section braces. For the gusset plate type connection shown in Fig. 2.14, the need for

stiffeners at the back end of the brace connection panel is a matter open to judgement. In the

opinion of the authors, these stiffeners help prevent lateral torsional buckling in this region of

combined bending and axial force. Thus, the use of two-sided stiffeners at the back end of the

brace connection panel is recommended for any brace connection detail.

Finally, it should be noted that the sketches shown in Fig. 6.3 show only W section braces

with a direct welded brace-to-link connection. This is not intended to indicate a preference for

this type of brace or brace connection, nor is it intended to preclude other brace connection

details. Good performance was observed for all three brace connection details tested as part of this

investigation (direct welded W section, direct welded tube section, and gusseted tube section con

nections). Many other suitable brace connection details can certainly be devised. It is also noted

that for the direct welded brace connection shown in Fig. 2.8, the horizontal stiffeners located

above the brace webs could be extended and welded to the opposite flange of the beam. This

would certainly control flange buckling in the brace connection panel, and thus the partial depth

stiffener recommended above could be eliminated.

Example:

The following example is intended to illustrate the application of the above suggested stiffener

spacing criteria.

Link: W18x40 e = 66" = 2.6.MJVp

Stiffen for estimated plastic rotation demand: "Yp = ± .035 rad.

This link length falls within the intermediate length range. Determine the stiffnener locations

from Fig. 6.3b.

Inside link:

Compute a: For"yp = ± .035 rad. a ~ 13" by interpolation between Eq. l.3b and 1.3c. (These

are the second and third equations shown on Fig. 6.3a).

Compute: ~ [~ -~ ] ~ 29"
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Compute a*:

*a =

By interpolation, a* = 24.5" at e = 2.6~
p

Compute: 1.5ht = 9" < at;.

Therefore: b = 9"

13" at e= 1.6~
p

29" at e=3 ~
Vp

Inside of the link, provide a stiffener at 9" from each end of the link. Within the remaining cen

tral 48" panel, provide stiffeners at a minimum spacing of a* = 24.5". Thus, provide one addi

tional stiffener at midlength of the link, resulting in two 24" panels in the central portion of the

link.

Outside link:

Say brace connection panel length, L, is equal to 20". Thus, provide partial depth stiffeners at a

distance of 1.5ht = 9" « 1Il) from the link ends. The depth of the web on the W18x40 is:

d -21:r = 16.8". Take the depth of stiffeners> .75x16.8" = 12.6", say 13".

The results of the above computations are illustrated in Fig. 6.4. Since the overall depth of the

W18x40 section is less than 24", the stiffeners need be provided on only one side of the web.

Note that the stiffeners located at the link ends, immediately above the brace flanges, must be pro

vided on both sides of the web. Also provide two-sided stiffeners above the other brace flanges, at

the far ends of the brace connection panels.
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7. SUMMARY

This report has documented the results of an experimental investigation and associated stu

dies on the behavior of long links in seismic-resistant EBFs. The experimental program focused

on the behavior of long links attached to columns, for EBF configurations such as shown in Fig.

lola. However, much of what was learned also provides guidance for the design of EBFs with

long links located between two braces (Fig. 1.1b) and also for the design of EBFs with short links.

For the purposes of this project, a long link was defined as any link whose length exceeds

1.6 Mp/Vp . However, in terms of inelastic behavior, links can more naturally be divided into three

length categories:

• short links: e ::s 1.6Mp /Vp

• intermediate length links: 1.6Mp /Vp < e ::s 3Mp /Vp

• very long links: e > 3 Mp/Vp

Shear dominates the inelastic behavior of short links, and flexure dominates for very long

links. The intermediate length links are significantly affected by both shear and flexure in the ine

lastic range, and represent a transition between the shear and flexurally dominated ranges of

behavior. In addition to different yielding mechanisms, the behavior of short and very long links

are characterized by distinctly different inelastic rotation capacities and failure mechanisms, with

the intermediate length links, again, representing a transition. There are no clearly defined boun

daries between these three ranges of link behavior. However, the dividing lines of 1.6Mp lVp and

3Mp /Vp appear to reasonably reflect the experimentally observed inelastic behavior of links.

Research on seismic-resistant EBFs has been continuing since the mid-1970's. Previous

research has concentrated on EBFs constructed with short links, and has provided ample evidence

of their excellent strength, stiffness, inelastic deformability and energy dissipation capacity. There

are, however, some important incentives for using longer links in EBFs. The most important of

these at present appears to be the architectural advantage offered by longer links. Long links per

mit larger openings in braced bays than are possible if link lengths are restricted to e :s 1.6 Mp/Vp .

This, in tum, may permit the use of an EBF where a braced bay would otherwise not be possible

due to interference with doors, windows and other architectural features of the building. Long

links have been used on a number of recently constructed EBFs, attesting to the need for this sys

tem by the building construction industry.

The need for longer links in certain applications combined with the lack of previous experi

mental research on long links has provided the motivation for this current investigation. The

overall objectives of this study were to provide an assessment of the important issues affecting the

use of long links in EBFs, to identify the potential range of application of long link EBF systems,

and to develop preliminary recommendations for the design of long links in EBFs.
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Detailed summaries of the findings and observations from this program of investigation are

provided at the ends of Chapters 3 and 4 of this report. Repeated below are those items which are

deemed to represent the most important findings of this research program.

1. The controlling failure mode for long links attached to columns is fracture of the link flange at

the link-to-column connection. The occurrence of these fractures cannot be reliably predicted and

represents a complete and sudden failure of the system. Further, these fractures occur at levels of

inelastic rotation which do not appear adequate for application in severe seismic environments.

Based on the evidence from this experimental program, it is recommended that long links

(e > 1.6 MpIVp) attached to columns should not be used in EBFs.

2. While not suitable for use next to columns, the available evidence indicates that long links can

provide substantial inelastic rotation and energy dissipation capacity when located within the span

between two braces. The available data indicate that short shear yielding links still provide supe

rior performance under severe cyclic loading, and should be the first choice in EBF design. How

ever, if properly implemented, it appears that acceptable performance can be achieved for EBF

configurations with a long link located between two braces.

3. The beam segment outside of the link is a potentially vulnerable area of an EBF. The combi

nation of very high axial force and bending moment typically carried by this member can result in

buckling of the member well before link strength and inelastic rotation capacity are developed.

This is an important concern for EBFs with short or long links. Problems with the beam can be

avoided by adhering to capacity design principles.

4. This investigation has confirmed the importance of the capacity design approach for the beams

and braces of an EBF. Limited yielding outside of the link may be acceptable and perhaps even

advantageous, particularly if restricted to the brace connection panel. However, the beam and

brace must still possess adequate strength to permit full development of the link's inelastic rotation

capacity. Otherwise, the overall performance of the system may be substantially degraded. A

preliminary suggested capacity design procedure for the beams and braces of an EBF is outlined in

Section 4.4.4 of this report. This procedure is intended for any EBF, regardless of configuration

or link length.

5. Two tests were conducted on short links attached to the column web as part of this investiga

tion. In both cases, premature failures of the link-to-column web connection were observed.

These tests tend to confirm the questionable reliability of connections to the column web. Until

additional experimental data are available for such connections, it is recommended that designers

avoid link-to-column web connections, for any link length.

6. Three different brace-to-link connection details were tested as part of this experimental pro

gram: a direct welded detail for W section braces, a direct welded detail for tube section braces,

and a stiffened gusset plate detail for tube section braces. All three details performed well.
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7. Several unconventional link-to-column connection details were investigated in this test pro

gram. The most promising detail is one in which the link flanges are reinforced with triangular

cover plates (Fig. 2.26). A long link provided with this detail survived a very severe cyclic loading

program without failure of the connection. Although this single test cannot be considered con

clusive, the use of such triangular cover plates appears to be a very promising technique for signifi

cantly improving connection performance, and warrants further investigation. The development of

improved link-to-column connection details may ultimately permit the safe use of long links

attached to columns in EBFs.

8. The shear force at which significant yielding first occurred in the long links showed minor

influence of M-V (bending-shear) interaction. This effect, however, was small and not particularly

significant from a design point of view, considering that the links did not exhibit a well defined

yield point. For design purposes, neglecting M-V interaction for estimating the yield strength of

long links appears to be a reasonable simplification and is consistent with the approach used for

short links. Consequently, for design purposes, the shear force required to produce initial signifi

cant yielding of a link can be taken as Vp for e :s 2Mp lVp and as 2Mp Ie for e ~ 2Mp lVp • These

yield strengths are the basis for sizing the links in an EBF. Neglecting M-V interaction at initial

yield simplifies the design process and results in more economical designs for EBFs with long

links.

9. Whereas it is reasonable to neglect M-V interaction at initial yield, the data from these experi

ments suggest that M-V interaction may have a significant influence on the ultimate shear force

and end moments developed in intermediate length links. Because of this influence, the over

strength factor of 1.5 typically used to estimate the ultimate strength of short links may be too

large for links in the intermediate length range. For very long links, on the other hand, an over

strength factor of 1.5 again appears to provide a reasonable estimate of link ultimate strength.

Based on a simplified analysis, combined with the available experimental data, a preliminary esti

mate of the ultimate strength of long links was developed, and is represented by Eqs. 6.12 - 6.13.

Link ultimate strength controls the capacity design forces for the braces, columns, and beam seg

ments outside of the links. The revised ultimate strength estimates provided by Eqs. 6.12 - 6.13

should result in more economical designs for EBFs with intermediate length links, when compared

to the approach of using a constant overstrength factor for any length link.

10. Based on extrapolation of the experimental data from the present tests as well as examination

of other pertinent experimental data, a preliminary estimate was developed for the design plastic

rotation capacity of long links not attached to columns. This preliminary estimate is represented

by Eq. 6.14.

11. Observations from this experimental program provided some initial indications of where stif

feners should be placed in long links in order to delay and mitigate the effects of local buckling in
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long links. Based on these obselVations, combined with previous experimental results for links,

preliminary stiffener spacing criteria were developed for long links. These criteria are discussed in

Section 6.3, and are summarized in Figs. 6.3b and c.

12. Large out-of-plane forces were measured at the link end lateral support in this experimental

program. Many specimens developed link end lateral forces on the order of 4 to 5 times greater

than typical code specified lateral support strength requirements, and in some cases, in excess of 10

times greater. These large out-of-plane forces developed at the ends of both short and long links.

Based on the limited experimental data from this testing program, a minimum link end lateral sup

port strength equal to 6 percent of the beam flange yield strength is recommended. Both the top

and bottom flanges at the link ends must be laterally supported. The experimental data also con

firm the importance of providing stiff resistance to out-of-plane displacement at the link ends.

As a closing note, it should be emphasized that many of the above obselVations and design

recommendations are based on the authors' judgement and interpretation of very limited data. It

is fully recognized that many of these recommendations will change in time as further research on

seismic-resistant EBFs becomes available.
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Table 2.1 - Prototype Frame Dimensions

Prototype Prototype Prototype Prototype
Spec. No. Link Length Span Length Brace-Beam

Lie(inches) (feet) An.p;le (de.p;)

1,2 42 15 48.2 4.3
3,4 50 14 51.2 3.4
5,6 66 25 33.2 4.5
7 44 26 28.4 7.1
8 54 27 29.0 6.0
9 30 16 43.5 6.4
10 32 16 44.1 6.0

11,11R1,11R2 41 27 28.0 7.9
12 90 23 39.3 3.1

Note: All prototype story heights are 12. ft.

Table 2.2 - Test Specimens - Dimensions and Sections

Specimen Beam Link Length Brace Brace-Beam Test
Number Section (inches) Section AnQ:le (de.p;.) Setup

1,2 W12x16 28 W8x21 48.2 A
3,4 W12x22 33 TS 7x4x5/16 51.2 A
5,6 W12x16 44 W10x26 33.2 B
7 W12x16 29 TS 4x5x1/4 28.4 B
8 W12x22 36 TS 6x4xl/4 29.0 B

9 W12x22 20 TS 6x6x1/4 43.5 A
10 W12x16 21 TS 6x6xl/4 44.1 A
11 W12x22 27.5 TS 5x5x5/16 28.0 B

11R1,11R2 W12x22 26.75 TS 5x5x5/16 28.0 B
12 W12x22 60 W8x21 39.3 B

Notes: All columns are WlOx77
All W sections are A36 steel (nominal Fy = 36 ksi)
All Tube sections are A500 Or B steel (nominal Fy = 46ksi)
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Table 2.3 - Nominal Section Dimensions - W Sections

d hf tw tf !.L dSection -
(in.) (in.) (in.) (in.) 2tf tw

W12x16 11.99 3.99 .220 .265 7.5 54.5
W12x22 12.31 4.03 .260 .425 4.7 47.3
W8x21 8.28 5.27 .250 .400 6.6 33.1
W10x26 10.33 5.77 .260 .440 6.6 39.7

Table 2.4 - Nominal Section Properties - W Sections

Section
A Z Py Vp Mp Mp/Vp

(in 2) (in 3) (kips) (kips) (in -k) (in)

W12x16 4.71 20.1 170 52 724 13.9
W12x22 6.48 29.3 233 63 1055 16.6
W8x21 6.16 20.4 222 - 734 -
W10x26 7.61 31.3 274 - 1127 -

Notes: Py =A Fy

Vp = .55d tw Fy

Mp =ZFy

Py , Vp ,Mp based on nominal Fy = 36 ksi .

Table 2.5 - Nominal Section Properties - Tube Sections

Section
A Z Py Mp

(in 2) (in 3) (kips) (in -k)

7x4x5/16 6.23 13.8 287 635

4x5x1l4 4.09 5.90 188 271

6x4x1l4 4.59 9.06 211 417

6x6x1l4 5.59 11.9 257 547
5x5x5/16 5.61 9.70 258 446

Notes: Py = A Fy

Mp =ZFy

Py ,Mp based on nominal Fy = 46 ksi .
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Table 2.6 - Measured Section Dimensions
W Sections

Specimen
Section

d hf tw tf
Number (in.) (in.) (in.) (in.)

1 W12x16 11.89 3.99 .217 .255

1 W8x21 8.24 5.24 .254 .377

2 W12x16 11.89 4.00 .217 .268
2 W8x21 8.33 5.28 .263 .382

3 W12x22 12.31 3.98 .266 .420

4 W12x22 12.31 3.98 .265 .418
5 W12x16 11.89 3.99 .217 .268

5 WlOx26 10.41 5.72 .279 .377

6 W12x16 12.00 4.02 .212 .264

6 WlOx26 10.40 5.72 .276 .372

7 W12x16 11.89 3.99 .218 .268

8 W12x22 12.28 4.13 .284 .382

9 W12x22 12.28 4.12 .282 .380

10 W12x16 11.88 4.00 .220 .268

1l,llR1,llR2 W12x22 12.28 4.11 .283 .381

12 I W12x22 I 12.28 4.11 .284 .382
12 W8x21 8.31 5.22 .285 .397

Table 2.7 - Measured Section Dimensions
Tube Sections

Specimen
Section

height width wall thickness
Number (in.) (in.) (in.)

3 7x4x5/16 7.01 4.01 .354

4 7x4x5/16 7.01 4.00 .349

7 4x5x1/4 4.00 5.16 .226

8 6x4xl/4 6.01 4.02 .232

9 6x6x1/4 5.98 6.01 .235
10 6x6xl/4 5.99 5.99 .235

1l,llR1,llR2 5x5x5/16 4.99 4.99 .295
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Table 2.8 - Tensile Coupon Utta - W Sections

Specimen
Section Location

F F
%Elon.Number (k~i) (~) Esh EuIt Notes

1 W12x16 flange 46 61 .035 .21 28.4 (1)

1 W12x16 web 53 65 .033 .16 22.5 (1)

1 W8x21 flarw;e 48 70 .023 .21 24.5
1 W8x21 web 50 70 .029 .18 25.6 (1)

2 W12x16 flarw;e 45 59 .037 .22 28.4
2 W12x16 web 52 64 .032 .10 23.1
2 W8x21 flarw;e 39 59 .024 .22 28.1
2 W8x21 web 48 62 .028 .20 26.0
3 Wl2x22 flange 46 66 .026 - 24.2 (2)
3 W12x22 web 57 70 .030 .18 21.4
4 W12x22 flange 47 65 .026 .18 23.5 (1)
4 W12x22 web 56 70 .035 .19 20.6
5 W12x16 flarw;e 45 60 .029 .21 27.1 (2)
5 W12x16 web 52 64 .033 .19 22.6
5 WI0x26 flarw;e 50 71 .022 .22 27.0
5 W10x26 web 53 73 .028 .21 25.6 (1)

6 W12x16 flarw;e 52 69 .022 .20 23.6 (1)
6 Wl2x16 web 60 73 .025 .14 21.4
6 W10x26 flange 51 73 .025 .21 24.5
6 W10x26 web 53 73 .026 .20 23.5
7 W12x16 flange 44 59 .026 .22 25.0
7 W12x16 web 51 63 .034 .19 22.6
8 W12x22 flange 42 65 .018 .21 26.4 (2)

8 W12x22 web 46 67 .025 .21 27.2

9 W12x22 flarw;e 42 66 .014 .21 25.2
9 W12x22 web 47 68 .026 .21 27.2
10 W12x16 flange 44 60 .030 .22 25.9 (1)

10 W12x16 web 51 63 .027 .19 22.8
11/Rl/R2 W12x22 flange 44 67 .018 .23 23.0 (2)

11/Rl/R2 W12x22 web 48 67 .027 .23 27.8
12 W12x22 flange 43 66 .016 .21 26.4 (2)

12 W12x22 web 47 66 .029 .21 26.8

12 W8x21 flarw;e 47 71 .016 .20 24.3
12 W8x21 web 49 73 .022 .21 24.9

Notes: (1) Necking and fracture occurred outside extensometer
(2) Extensometer removed during necking
Coupon preparation and testing per AS1M E8
Fy blsed on lower yield point
F ult is maximum stress
Esh is the strain at the onset of strain hardening
EuII is the strain at FuIl

Esh and Eult based 00 an initial 2 inch gage length
% elongation based on an initial 8 inch gage length
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Table 2.9 - Tensile Coupon Data - Tube Sections

Specimen Section Fy F
Number Location (ksi) (bt) Eult %E1on. Notes

3 7x4x5/16 flange 57 61 .18 24.6
3 7x4x5/16 web 52 60 .19 27.5
4 7x4x5/16 flange 56 61 .16 25.0
4 7x4x5/16 web 53 61 .18 27.2
7 4x5x1l4 ~e 55 64 - 23.1 (1)
7 4x5xl/4 web 54 62 .15 26.5
8 6x4x1l4 flaIU!;c 63 73 .081 26.4
8 6x4xl/4 web 64 72 .065 15.6
9 6x6xl/4 flaIU!;e 57 62 .051 16.4
9 6x6x1l4 web 56 61 .074 19.8
10 6x6xl/4 flaIU!;c 55 63 .17 24.3
10 6x6xl/4 web 56 62 .16 25.8

ll1R1IR2 5x5x5/16 flaIU!;c 59 64 .14 22.0
ll1Rl1R2 5x5x5/16 web 59 63 .15 24.2

Notes: (1) Extensometer removed during necking
Coupon preparation and testing per ASIM E8
Coupons showed no well defined yield point or yield plateau;
Fy estimated from stress-strain plot
Fult is maximum stress
Eult is the strain at Fult

Eu[t based on an initial 2 inch gage length
% elongation based on an initial 8 inch gage length



179

Table 2.10 - Estimated Actual Section Properties
W Sections

Specimen
Section

A Z Py Vp , Mp Mp/Vp
Number (in 2) (in 3) (kivs) (kivs) (in -k) (in)

1 W12x16 4.58 19.30 228 75 937 12.5

1 W8x21 5.93 19.38 288 - 937 -
2 W12x16 4.68 19.89 228 74 944 12.8
2 W8x21 6.10 20.07 256 - 816 -
3 W12x22 6.47 29.05 331 103 1432 13.9

4 W12x22 6.44 28.91 330 100 1437 14.4
5 W12x16 4.68 19.86 228 74 943 12.7

5 WlOx26 7.08 28.50 362 - 1444 -
6 W12x16 4.63 19.88 260 84 1089 13.0

6 WI0x26 7.00 28.15 362 - 1449 -
7 W12x16 4.69 19.90 224 73 925 12.7

8 W12x22 6.50 28.62 286 88 1240 14.1

9 W12x22 6.46 28.41 287 89 1240 13.9
10 W12x16 4.72 19.96 225 73 928 12.7

11 W12x22 6.47 28.45 298 92 1289 14.0

12 W12x22 6.49 28.58 305 90 1266 14.1
12 W8x21 6.37 20.72 303 - 982 -

Notes: Properties are lmed on measured dimensions and tensile
coupoo. yield strengths for flange and web
Py = Ajlange Fy j1ange + A Web Fy web

Vp = .55d tw FYweb

Mp = Zjlange Fy jfange + Zweb Fy web
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Table 2.11 - Estimated Actual Section Properties
Tube Sections

Specimen
Section

A Z Py Mp
Number (in 2) (in 3) (kips) (in -k)

3 7x4x5/16 6.97 15.35 380 837
4 7x4x5/16 6.89 15.18 375 827
7 4x5x1/4 3.81 5.57 207 304
8 6x4x1/4 4.30 8.54 273 542
9 6x6x1/4 5.27 11.26 298 636
10 6x6xl/4 5.27 11.25 292 624

11/R1/R2 5x5x5/16 5.32 9.22 314 544

Notes: Properties are based on measured dimensions and average ten
sile coupon yield strengths for flange and web
Py = A Fyaverage

M p = Z Fyaverage

Table 2.12 - Non-dimensionalized Link Lengths

Specimen e e/(Mp /Vp ) e/(Mp /Vp )

Number (inches) (nominal M" / V" ) (estimated actual M" / V" )

1 28 2.0 2.25

2 28 2.0 2.20

3 33 2.0 2.40

4 33 2.0 2.30

5 44 3.15 3.45

6 44 3.15 3.40

7 29 2.1 2.30

8 36 2.15 2.55

9 20 1.2 1.45

10 21 1.5 1.65

11 27.5 1.65 2.00

11R1,11R2 26.75 1.6 1.90

12 60 3.6 4.25
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Table 2.13 - ~ng of Lateral Supports

Spec. L b1 L b1
L b2 L b2

L b3 L b3
Lb4 L b4

No. (in.) -
(in.)

-
(in.)

-
(in.)

-
ry ry ry ry

1 28 36 74 96
2 28 36 74 96
3 33 39 81 96
4 33 39 81 96
5 44 57 74 96 46 60
6 44 57 74 96 46 60
7 29 38 74 96 61 79
8 36 43 81 96 47 55
9 20 24 81 96 16 19
10 21 Zl 58 75 38 49
11 Zl.5 32 39 46 97 115

11Rl 26.75 31 39 46 97 115
11R2 26.75 31 39 46 40 47 57 67

12 60 71 81 96 23 27

Notes:

Lb1 =distance frOOl column face to link end lateral support (=e)

Lb2 =distance frOOllink end lateral support to first beam lateral support

Lb3 =distance frOOl first beam lateral support to second beam lateral support

Lb4 =distance frOOl second beam lateral suwert to third beam lateral support
Lb •
- based en nommal ry
ry

Wl2x16: ry = .773 inches
W 12x22: ry = .847 inches
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Table 3.1 - Link Rotation and Load Histories (cont)

CYCLE Spec. No.8

Y Yp V'ink
(cad) (cad) (kips)

IE .003 0 20

IW -.003 0 -20

2E .003 0 20

2W -.007 0 -39

3E .006 0 40

3W -JX)? 0 -42

4E .011 .001 60

4W -.011 -.001 -58

5E .010 0 59

5W -.013 -.002 -64

6E .014 .002 67

6W -.013 -.002 -65

7E .017 .005 71

7W -.016 -.004 -70

8E .016 .004 74

8W -.019 -.007 -72

9E .021 .008 73

9W -.018 -.006 -75

WE .024 .011 75

lOW -.022 -.009 -75

lIE .024 .010 79

llW -.024 -.012 -77

12E .028 .014 79

12W -.025 -.011 -79

13E .032 .018 81

13W -.029 -.015 -81

14E .032 .017 83

14W -.035 -.021 -82

ISE .036 .022 84

15W -.035 -.021 -84

16E .041 .028 75

16W -.043 -.029 -85

17E .028 .016 67

17W -.053 -.039 -86

18E .008 0 44
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Table 3.2 - Failure Modes for Test Specimens

Spec. Primary Additional
No. Failure Modes Failure Modes

1 I fracture. of link flange at link-column flange buckling in brace connection
connectlrn plIlel;

flange buckling in link adjacent to
column

2 web buckling in central }IDlel of link

3 fracture of link flange at link-column
connection

4 fracture of link flange at link-column
connectirn at ends of reinforcing ribs

5 fracture of link flange at link-column flange buckling in brace connection
connectirn plIlel;

flange buckling in link adjacent to
column

6 fracture of link flange at link-column flange buckling in brace connection
connectirn at ends of reinforcing ribs plIlel;

flange buckling in link adjacent to ribs

7 fracture of link flange at link-column
connectioo at ends of reinforcing ribs;
lateral torsional wckling; of beam

8 lateral torsional wckling of beam formation of cracks in link flange at
(primarily lateral buckling) ends of reinforcing ribs

9 fracture in flange connection plate at lateral torsional buckling of beam
link- column web connection

10 fracture of link flange at link-column lateral torsional buckling of beam
web connection

11 fracture of link flange at link-column
connectirn

llRl lateral torsional buckling of beam
(primarily lateral buckline:)

llR2 lateral torsional buckling of beam;
failure of link end lateral suwort

12 lateral torsional buckling of link; lateral torsional buckling of beam
failure of link end lateral suwort
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Table 3.3 - Plastic Rotation Capacities of Test Specimens

'Yp (rad.)
Spec.
No. stable fracture at

hysteretic V link < VYield(SPT) link-to-column
loops connection

1 .08 .10 .12

2 .025 .025 -
3 .073 .073 .073
4 .068 .068 .068
5 .028 .028 .028
6 .033 .055 .067

7 .017 0 .037

8 .043 .063 -
9 .08 .08 .08
10 .062 .062 .062
11 .03 0 .03

llRl .023 .023 -
llR2 .085 .085 -

12 .053 .083 -
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Table 3.4 - Estimated Plastic Frame Drift
For Prototype Structures

Specimen Op (percent)

1 .9
2 .3
3 1.1
4 1.0
5 .3
6 .7
7 .1
8 .4
9 .6
10 .5
11 .2

11R1 .15
11R2 .5

12 .8

Notes: Op = 'Yp /(L/e)
'Yp = lh.y;, for stable hysteretic loops (Table 3.3)
LIe = span to link length ratio of prototype (Table 2.1)
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Table 4.2 - Ultimate link End MOOlents

s~. Moment at Cdumn Moment at End of Moment at Brace
No. Reinforced Region J Max. Link Moment L

(in-k) (in-k) (in-k) Mp

f1 r21 r31 r41
1 -1100 +1135 -1060 +1150 1.21
2 -1065 +1105 -870 +940 1.17
3 -1875 +1945 -1555 +1710 1.35
4 -1910 +1910 -1580 +1595 -1545 +1680 1.11
5 -1000 +1160 -1070 +1155 1.23
6 -1340 +1470 -1165 +1290 -1170 +1260 1.18
7 -1190 +1300 -1020 +1140 -500 +660 1.23
8 -1950 +2070 -1690 +1830 -1160 +1300 1.48
9 -1285 +1400 -890 +1110 1.13
10 -935 +960 -800 +875 1.03
11 -1560 +1615 -800 +800 1.25

11Rl -1950 +1950 -1560 +1570 -635 +645 1.22
11RZ -2385 +2400 -1930 +2000 -500 +685 1.55

12 -1965 +1870 -1590 +1730 1.55

Notes:
The sign ronvention for link end mOOlents is shawn in Fig. 3.2

For specimens that failed by fracture at the link-to-column connection, the
moments listed above are the maximum values prior to the occurrence of frac
ture.

For [2], moment is computed at 3 inches from column face for specimens 4,
6, 7 and 8 and at 4 inches from column face for specimens 11RI and 11RZ.

For [4], IMax. link Moment I is taken as the maximum ablolute value of [1]
for specimens 1, 2, 3, 5, 9, 10, 11 and 12, and is taken as the maximum abso
lute value of [2] for specimens 4, 6, 7, 8, llRI and llRZ.
Mp is taken from Table 2.10
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Table 4.3 - Ultimate Beam and Brace Axial Forces

Spec. Pbeam Pbrace Pbeam Pbrace

No. (kips) (kips) Pybeam Pybrace

1 -84 +91 -123 +120 -.37 +.40 -.43 +.42
2 -70 +74 -109 +105 -.31 +.32 -.43 + .41
3 -102 +112 -169 +156 -.31 +.34 -.44 +.41
4 -101 +107 -162 +156 -.31 +.32 -.43 + .42
5 -91 +99 -113 +105 -.40 +.43 -.31 +.29
6 -109 +112 -130 +127 -.42 +.42 -.36 +.35
7 -120 +120 -139 +138 -.54 +.54 -.67 +.67
8 -165 +179 -205 +191 -.58 +.63 -.75 +.70
9 -133 +142 -193 +183 -.46 + .49 -.65 +.61
10 -98 +100 -136 +134 -.44 + .44 -.47 +.46
11 -171 +177 -200 +194 -.57 +.59 -.64 +.62

11R1 -192 +197 -224 +217 -.64 +.66 -.71 +.69
11R2 -208 +233 -262 +236 -.70 +.78 -.83 +.75

12 -93 +104 -124 +114 -.30 +.34 -.40 +.38

Notes:
Py beam and Py brace from Tables 2.10 and 2.11

+ = tension
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Table 4.5 - Maximum Out-of-Plane Forces
at Link End Lateral Support

Spec. Max IPll Max IP2 1 Pyflange ~
No. (kips) (kips) (kips) Pyflange

fl1 f21 f31 f41
1 4.8 3.7 47 .10
2 2.1 2.6 48 .054
3 0.9 1.4 77 .018
4 1.1 2.1 78 .027
5 1.4 1.3 48 .029
6 2.0 4.4 55 .080
7 3.0 2.4 47 .064
8 1.2 1.4 66 .021
9 4.2 6.2 66 .094
10 3.8 3.4 47 .081
11 .4 .5 69 .007

11Rl 1.6 4.0 69 .058
11R2 > 9.0 >9.5 69 > .14

12 14.8 5.6 68 .22

Notes:

Pl and P2 are the measured link end lateral forces as shown
in Fig. 4.40

Pyflange = bftfFyfl.ange (bf and tf from Table 2.6 and Fyflange
from Table 2.8)

Max. IPI for [4] = maximum of [1] and [2]

Values of Pl and P2 reported for specimen 11R2 are the
maximum values prior to failure of the link end load cells
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Table 4.6 - Shear Strain Rosettes on Link
of Specimen 1

Strain Distance from Shear Force
Rosette Column Face at First Yield

(inches) (kiDS)

1 4.26 49
2 9.32 62
3 14.58 66
4 19.93 63
5 25.32 62

I
t-tt--t f- Ht--H-l.+-t+-- ... -

I

Notes:

(1) All rosettes located along link centerline

(2) Theoretical shear force at first yield based on strength of materials shear
stress distribution and von Mises yield criterion:

.577XFyweb

JL
Ib

=
.577x53 ksi

9.65 in 3

98 in 4X .217 in

67 kips
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Table 4.7 - Shear Strain Rosettes on Link
of Specimen 3

Strain Distance from Shear Force
Rosette Column Face at First Yield

(inches) (kips)

1 5.27 72

2 12.43 90
3 20.71 90
4 28.94 75

I
+

I

Notes:

(1) All rosettes located along link centerline

(2) Theoretical shear force at first yield based on strength of materials shear
stress distribution and von Mises yield criterion:

.577XFyweb

~
Ib

=
.577x57 ksi

14.53 in 3

153in4 X .266 in

= 92kips
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Table 4.8 - Shear Strain Rosettes on Link
of Specimen 5

Strain Distance from
Rosette Column Face

Cinches)
1 3.98
2 14.06
3 22.06
4 30.13
5 41.32

-#-tf-I-H- --Kt- --ffi- --EG----
5 4 3 2

Note:

All rosettes located along link centerline

I
+

I
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Table 4.9 - Shear Strain Rosettes on Link
of Specimen 9

Strain Distance from Shear Force
Rosette Column Face at First Yield

(inches) (kios)

1 4.80 80
2 11.02 78
3 17.54 78

123

I

I=:::::::;ii======::;;:::==n==::;:;:===d====~I
IIII•

.. - -- - - - --fI--HH--If--+lt..+..-II--+l~ +---+1-----til

IIIII
I==~======~==:::!:==:::!:===:t:l::::::::~I

II
1/

Notes:

(1) All rosettes located along link centerline

(2) Theoretical shear force at first yield based on strength of materials shear
stress distribution and von Mises yield criterion:

.577XFyweb

lL
Ib

=
.577x47 ksi

14.21in 3

149 in4 X .282 in

= 80kips
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Table 5.1 - Specimen 1 - Comparison of Shear Strains Computed from Photogrammetric
Data with Shear Strains Measured by Strain Gage Rosettes

Reference State: Unloaded Specimen at Start of Test
Final State: Peak Deformation at End of Cycle 11W

Strain Distance from Shear Strain from Shear Strain from Difference
Rosette Column Face (in.) Rosette Photogrammetry

fll r21 r31 [41 [41-[31

R1 4.26 .067 .067 0
R2 9.32 .018 .020 .002
R3 14.58 .018 .019 .001
R4 19.93 .024 .022 -.001
R5 25.32 .044 .043 -.001

Reference State: Unloaded Specimen at Start of Cycle 7E
Final State: Peak Deformation at End of Cycle 7E

Strain Distance from Shear Strain from Shear Strain from Difference
Rosette Column Face (in.) Rosette Photogrammetry

f1l [21 [31 [41 [4H31

R1 4.26 .032 .031 -.001
R2 9.32 .0074 .0096 .002
R3 14.58 .0035 .0077 .004
R4 19.93 .0068 .0050 -.002
R5 25.32 .035 .029 -.006
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Table 5.1 - Specimen 1 - Comparison of Shear Strains Computed from Photogrammetric
Data with Shear Strains Measured by Strain Gage Rosettes (cont)

Reference State: Unloaded Specimen at Start of Cycle 13E
Final State: Peak Deformation at End of Cycle 13E

I Strain Distance from Shear Strain from Shear Strain from Difference
IRosette Column Face (in.) Rosette Photogrammetry

nl rZl r31 r41 r4l-r31
R1 4.26 * .13 -
R2 9.32 .048 .046 -.002
R3 14.58 .039 .041 .002
R4 19.93 .043 .042 -.001
R5 25.32 .075 .076 .001

* Gage Inoperative
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Table 5.2 - Specimen 4 - Comparison of Shear Strains Computed from Photogrammetric
Data with Shear Strains Measured by Strain Gage Rosettes

Reference State: Unloaded Specimen at Start of Cycle 8E
Final State: Peak Deformation at End of Cycle 8E

Strain Distance from Shear Strain from Shear Strain from Difference
Rosette Column Face (in.) Rosette Photogrammetry

fll rZl f31 f41 r4H31

Rl 3.62 .030 .023 -.007

R2 11.06 .028 .029 .001

R3 22.97 .028 .031 .003

R4 31.06 .030 .031 .001

Reference State: Unloaded Specimen at Start of Cycle lIE
Final State: Peak Deformation at End of Cycle 11E

Strain Distance from Shear Strain from Shear Strain from Difference
Rosette Column Face (in.) Rosette Photogrammetry

T1l TZl f31 f41 f4H31

Rl 3.62 .043 .040 -.003

R2 11.06 .047 .047 0
R3 22.97 .045 .044 -.001

R4 31.06 .058 .058 0
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Table 5.3a - Specimen 1 - Link Rotation Components
Load Cycle 7E (from last point of zero load)

[Intermediate Length link - actual e ::::: 2.25Mp /Vp ]

Link Rotation Measured by Displacement Transducers:

i = .022 rad

i p = .013 rad

Link Rotation (elastic+plastic) by Integration of Averaged Photo
grammetric Data:

Support rotation + link bending: .013 rad
(computed from web gridpoints)

Link shear: .009 rad

Total: .022 rad

Estimated Link Rotation Components:

Rotation Rotationerad) ISource
elastic+ plastic elastic plastic

Link Shear .0087 .0022 .0065 ( 50%)

Link Bendin£ .0052 .0014 .0038 ( 29%)
Support Rotations .0084 .0056 .0027 ( 21%)

Total .022 .009 .013 (100%)
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Table 5.3b - Specimen 1 - Link Rotation Components
Load Cycle BE (from last point of zero load)

[ Intermediate Length link - actual e ~ 2.25 Mp / Vp ]

Link Rotation Measured by Displacement Transducers:

:y = .087 rad

:Yp = .077 rad

Link Rotation (elastic+plastic) by Integration of Averaged Photo
grammetric Data:

Support rotation + link bending: .047 rad
(computed from web gridpoints)

Link shear: .042 rad

Total: .089 rad

Estimated Link Rotation Components:

Rotation Rotation(rad)
Source

elastic+ plastic elastic plastic

Link Shear .042 .003 .039 ( 52%)

Link Bendin,g .025 .002 .023 ( 31%)
Support Rotations .020 .007 .013 ( 17%)

Total .087 .012 .075 (100%)
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Table 5.4a - Specimen 4 - Link Rotation Components
Load Cycle 8E (from last point of zero load)

[ Intermediate Length Link - actual e ~ 2.3Mp / Vp ]

Link Rotation Measured by Displacement Transducers:

:y = .041 rad

:Yp = .027 rad

Link Rotation (elastic+plastic) by Integration of Averaged Photo-I
grammetric Data:

Support rotation + link bending: .018 rad
(computed from web gridpoints)

Link shear: .022 rad

Total: .040 rad

Estimated Link Rotation Components:

Rotation Rotation(rad)
Source

elastic+ plastic elastic plastic
Link Shear .022 .003 .019 ( 70%)

Link Bendin~ .008 .002 .006 ( 22%)
Support Rotations .011 .009 .002 ( 8%)

Total .041 .014 .027 (100%)
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Table 5.4b - Specimen 4 - Link Rotation Components
Load Cycle llE (from last point of zero load)

[Intennediate Length link - actual e ~ 2.3Mp /Vp ]

Link Rotation Measured by Displacement Transducers:

:y = .067 rad

':::;p = .052 rad

Link Rotation (elastic+ plastic) by Integration of Averaged Photo
grammetric Data:

Support rotation + link bending: .029 rad
(computed from web gridpoints)

Link shear: .036 rad

Total: .065 rad

Estimated Link Rotation Components:

Rotation Rotation(rad)
Source

elastic+ plastic elastic plastic

Link Shear .036 .003 .033 (63%)

I
Link Bending .018 .002 .oi5 (29%)

Support Rotations .013 .009 .004 ( 8%)

Total .067 .014 .052 (100%)
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Table 5.5 - Specimen 6 - Link Rotation Components
Load Cycle 10E (from last point of zero load)

[Very Long link - actual e ~ 3.4Mp /Vp 1

Link Rotation Measured by Displacement Transducers:

:v = .043 rad

:Vp = .029 rad

Link Rotation (elastic+plastic) by Integration of Averaged Photo
grammetric Data:

Support rotation + link bending:
Link shear:

Total:

.038 rad

.006 rad

.044 rad

Estimated Link Rotation Components:

Rotation Rotation(rad)
Source

elastic+ plastic elastic plastic
Link Shear .006 .002 .004 ( 14%)

Link Bending .025 .003 .022 (76%)
Support Rotations .013 .010 .003 ( 10%)

Total .044 .015 .029000%)
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Table 5.6 - Specimen 9 - Link Rotation Components
Load Cycle 9E (from last point of zero load)

[ Short Link - actual e ~ 1.45Mp IVp ]

Link Rotation Measured by Displacement Transducers:

:y = .078 rad

:Yp =: .061 rad

Link Rotation (elastic+ plastic) by Integration of Averaged Photo
grammetric Data:

Support rotation + link bending:
Link shear:

Total:

.022 rad

.057 rad

.079 rad

Estimated Link Rotation Components:

Rotation Rotation(rad)
Source

elastic+ plastic elastic plastic
Link Shear .057 .003 .054 ( 87%)

Link Bending .009 .001 .008 (13%)
Support Rotations .013 .013 o( 0%)

Total .079 .017 .062 (100%)
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Table 5.7 - Specimen 12 - Link Rotation Components
Load Cycle 7W (from last point of zero load)

[Very Long link - actual e ::::: 4.25Mp /Vp ]

Link Rotation Measured by Displacement Transducers:

i = -.059 rad

'Yp = -.044 rad

Link Rotation (elastic+ plastic) by Integration of Averaged Photo
grammetric Data:

Support rotation + link bending:
Link shear:

Total:

-.054 rad
-.006 Tad

-.060 rad

Estimated Link Rotation Components:

Rotation Rotation(rad)
Source

elastic+ plastic elastic olastic

Link Shear -.006 -.002 -.004 ( 9%)

Link Bendin,g -.037 -.004 -.033 (75%)

Suooort Rotations -.017 -.010 -.007 ( 16%)

Total -.060 -.016 -.044 (100%)



209

-(,)--....

~

ffi-B
- t.c--....

~

~

00
~



210

10,........------------, to .--------..:...------,

(b)

OL-_.J-_~_--'-_ ___'_ __.J

0.0 0.2 04 0.6 0.8 1.0

ell

'" 16I/)

~
t:
ti 12

I
c
II:
~

1&1 8
>
fi
..J
~ 4

~r-f1T
V 11
r--L--j

(a)

°0'=.0-'"'"':0':!-..2=---=0.'-=-4-'"'"':0~.6---:"0.~8 - ......'.0

ell

Fig. 1.2 Variation of Elastic Lateral Stiffness with elL
for Two Simple EBFs [9]

16

14

12

10

:c......c. 8:IE
~......

:s
Q.

6

4

2

0

0.0 0.2 0.4 0.6 0.8 1.0

ell

Fig. 1.3 Variation of Frame Plastic Strength with elL [14]



211

(c)

(d)

(e)

r
I
I
I
I
I
I

e~
p

,
I
I
r
I
I
I

8~p

~----------------,

v =1..8
I pep

v -l:-8
I P 2e p

Fig. 1.4 Energy Dissipation Mechanisms



10

yl
B

5

~_
~

_Y
'~

8
r

I
I

I
I

I
B

?
l

L
.1

I•

M v p

Fi
g.

1.
6

T
a

T
,~

c
J

..
-

..
--

T
yp

ic
al

F
or

ce
D

is
tr

ib
ut

io
ns

in
B

ea
m

s
an

d
L

in
ks

of
E

B
F

s
U

nd
er

L
at

er
al

L
oa

d

N - N

Fi
g.

1.
5

0
'

I
I

I
I

I

o
0

.2
0

.4
0

.6
0

.8
1.

0
el

L

V
ar

ia
ti

on
of

L
in

k
Pl

as
tic

R
ot

at
io

n
D

em
an

d
w

ith
el

L
1_

e
·1

M{
11

IDM
a

V
V

V
e

=
M

a
+

M
b

Fi
g.

1.
7

St
at

ic
E

qu
il

ib
ri

um
of

L
in

k



213

1500

~...
g 1000
C
Gl
Eo
~

f/lp =.0001
Curvature ~ (in-1)

(a) Assumed Moment Curvature Relationship

~ 201n. .[

pI
1V~ 1000

~ 1375

t--f-l.y=5.4In.

Yp =.02 rad

.0075

(b) 20 inch Cantilever

.0041

"',o---t-- Ly=10in.

yp=.02 red

(c) 60 inch Cantilever

Fig. 1.8 Example illustrating Effect of Moment Gradient
on Flexural Rotation Capacity



\ \. \
~

!'.
.. " "

Li
nk

U
lti

m
at

e
S

he
ar

=
1

.5
V

p

W
21

x5
0

B
ea

m
an

d
Li

nk

1.
00

0.
75

E tV G
I

0.
50

m .5 o.
.l
~

0.
25 0.

0
o

15
30

45
60

75
90

IV .....
.
~

Fi
g.

1.
9

B
ra

ce
-

B
ea

m
A

ng
le

,
a

(d
eg

.)

B
ea

m
A

xi
al

F
or

ce
E

xa
m

pl
e



215

,-- r-
I I
I I

I
I I
I I
I I
I I

II ,
I I
I I
I ,
I I
I I

I J
II I

I I
I I
I

(a) (b)

Fig. 1.10 EBF Mechanisms with Hinges in Beams and Braces

WI8x40

TUBE

Fig. 1.11 Detail of Tsukuba Brace Connection



216

Fig. 2.1 Location of Subassemblage in Frame
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Schematic of Test Setup
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:.1-+-- + ----11-+--

Fl 3/8 x 1"7/8 (N.S. ONLY)
(TYP.l

Fig. 2.6 Link Details - Specimen 1

t 3{8 x 1-7{8
(N.S. ONLY)

.1
I
I
I

--------U--I-I~--

I
I.1
I

28-1/8"-----__1

SPEC. 2 DETAILS NOMINALLY
IDENTICAL TO SPEC 1. EXCEPT
FOR INDICATED STIFFENER
DETAILS

8- 1/2"

-1
r

10-3/8"

5-1/4"1--":"'_+--

r

Fig. 2.7 Link Details - Specimen 2



A
-A

1
1

/1
6

"
tf>

H
O

LE
S

(F
O

R
L

A
T

E
R

A
L

S
U

P
P

O
R

T
)

N N

..... ..... )
( o ;:

3
3

"
.
,

4
@

6
"1

j4
"

--
-n

--
+

+
+

-r
r-

1
/2

"
(jJ

A
30

7
E

R
E

C
T

IO
N

B
O

L
T

S

T
S

7
x

4
x

5/
16

r;:
I

....
n

u
M

-.
--

1
1

.
~

H
I

U
~

I·
II

I
-t

I
I

r-1
I r

2I
t~

iU
J:

JI
;:::

::::
::::

::::
::;:

::::
:::;

::::
::::

.

,
7

"
--

j
r-

.
18

I
I

t;:;
:;:;

:i:;
::::

=:h
till

il

2'L
LE

jr-

Fi
g.

2.
8

L
in

k
D

et
ai

ls
-

S
pe

ci
m

en
3



BRACE WEB

SIDE DETAIL

Fig. 2.8

222

STIFF.

TOE DETAIL

NOTE:
BRACE TO BEAM WELD
SHALL BE IN CONFORMANCE
WITH FIG. 10.13.3B OF
AW5D1.1-86. (PARTIAL
PENETRATION PREQUALIFIED
BOX CONNECTION)

I-t
Detail A

Link Details - Specimen 3 (cont.)
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33"

SPEC. 4 DETAILS NOMINALLY
IDENTICAL TO SPEC 3, EXCEPT
FOR INDICATED STIFFENER
DETAILS AND LINK-COLUMN
CONNECTION DETAIL

!t3/8 x 718
(N.S. ONLY)

4"+-12"-+-

/

W12 x.22

-i-------if===~l¥_-tt____;:..----__ijr----___tr-I-i1I-t--+-~-I-

Fig. 2.9 Link Details - Specimen 4
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T & B FLGS. r-...............-.-....
(WELD FLGS.
BEFORE WEB)

W12 x 16 7/h.16~......-t:"'---.l
W12 x 22 1/2

W12 x 16
or

W12 x 22

(LINK STIFFENERS NOT SHOWN)

3/4"

+-+-~f+-9"_ + ----4--+-.-

1/2" D'l.. FOR W12 x 16
5/8" It FOR W12 x 22

1/2" A307
ERECTION BOLTS

Fig. 2.19 Link-Column Connection Details
Specimens 1, 2, 3 and 5
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W12 x 16

•

2 RIBS 1/4" It
I

COPE CORNER OF
RIB AS REO'D.

T & B FLGS. r-~",

(WELD FLGS. BEFORE
WEB AND BEFORE RIBS)-

SHEAR TAB AND
WEB WELD DETAIL
SAME AS SPEC. 5

2 RIBS 1/4" It
(SAME DIMENSIONS
AS TOP RIBS)

FOR RIB WELDING DETAILS
SEE SPEC. 4 (SECTS. A-A AND B-B)

+----+----t_+_

Fig. 2.21 Link-Column Connection Details - Specimen 6

FOR RIB WELDING DETAILS
SEE SPEC. 4 (SECTS. A-A AND B-B)

W12 x 22
(LINK STIFF.
NOT SHOWN)

2 RIBS 1/4"(SAME
DIMENSIONS
AS TOP RIBS)

T & B FLGS.
(WELD FLGS. BEFORE
WEB AND BEFORE RIBS)

2 RIBS 1/4"

I
COPE CORNER OF
RIB AS REO'D (TYP.)

I
GRIND BEAM
COPE SMOOTH (T & B)

+-+-.-

+ ---+-t-

1/2" 4> A307
ERECTION BOLTS

Fig. 2.22 Link-Column Connection Details - Specimens 7 and 8
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-,
A

5/16" Ii

5/a" It

6-1/8"

6-1/4"

J

1

1/2" rf> A307
ERECTION BOLTS'

I

I 1 4"
I I

:-.- -lL
L _ __..J

r
A

1-5/a"

GRIND BEAM
COPE SMOOTH
(T & B)

W12 x 22
(LINK STIFF. NOT SHOWN)

T & B FLGS.
(WELD FLGS.
BEFORE WEB)

I
I
I I

RETURN
ENDS 1/2"

I I

NO WELD HERE

.t:!Q. WELD HERE

A-A

Fig. 2.23 Link-Column Connection Details - Specimen 9
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5/16" It
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(fJ

~
o

.... lD
Oz
~Q

-e-ti
• w
~ffi

GRIND BEAM
COPE SMOOTH
(T & B)

It1/4 x 3 x 10 (F.S.)~

I+#--r--r-",
5/8"-1

1
I,

-~W:-:':1-=-2-x'7:16::------- I
I
I
I
I
I

:+#--+-...L-
1.._

1/4

T & B FLGS.
(WELD FLGS.
BEFORE WEB)

r
A

RETURN
ENDS 1{2"

~WELD HERE

~WELDHERE

A-A

Fig. 2.24 Link-Column Connection Details - Specimen 10
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T & B FLGS. ')--.......L...,.....L-__.

(WELD FLGS.
BEFORE WEB)

W12 x 22

t 1/4 x 1-5/8 x 10 (F.S.)

J......+~~-I-----+----+-+-

GRIND BEAM COPE
1/2" c/> A307 SMOOTH (T & B)
ERECTION BOLTS

Fig. 2.25 Link-Column Connection Details - Specimen 11
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1
8-1/2

9-1/2 -- +

J

W12 x 22

RETURN
ENDS 1-1/2"

5/16

A

L

r
3"

_____L

A-A (USE SAME DETAIL T & B)

Add'i Notes:
Material for triangular cover plates was taken
from the web of Spec. 4.
All repairs were done with the specimen in place
in the test setup.

Repaired Spec. 11 is designated Spec. 11 R1 and
11R2

Link to Column Connection Repair and Welding
Sequence:

I - Flame cut link end to separate from
column

2 - Grind smooth web and flanges of link.
Grind chamfer into link flanges for full
pen. weld preparation.

3 - Flame cut copes into link web to
accommodate back-up strips for
flange full pen. welds. Grind copes
smooth.

4 - Full pen. weld link flanges to column
flange.

5 - Fillet weld triangular cover plates to
link flange.

6 - Full pen. weld cover plates to column
flange.

7 - Full pen. weld shear tab to column
flange.

8 - Fillet weld shear tab to link web.

Fig. 2.26 Link-Column Connection Details - Specimens llRl and llR2
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3/4' A325
BOLT (TYP)

71/2" 71/2"

71/2"

SLIDING PLATE ASSEMBLY
( ALL MOVING SURFACES COATED

WITH TEFLON)

TEST FLOOR

W8 x 40 (BOLTED TO FLOOR)

WT 5x38.5x48

5/8" A325 BOLTS THRU
ROD END BEARING (TYP)

7 KIP LOAD CELL (TYP)

SECTION A - A

+

J L 3 x 2 x 3/8 II

II
WT 5x38.5x48

~3/4"<I>A325

n

SLIDING PLATE ASSEMBLY
( SOLTS NOT SHOWN)

TEST FLOOR

W8 x40 (BOLTED TO FLOOR)

SECTION B - B

Fig. 2.30 Lateral Support System (cont.)
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100
Spec. 1

50-f/)
c.
~ /-~ /

co /

<I> 0.cen
~

l:
::i

-50

-100

-0.10 -0.05 0.0

'Y (rad)·

0.05 0.10

0.100.050.0

'Yp (rad)

-0.05

-100

-0.10

100
Spec. 1

50-f/)
c.
~

--,- I
~

co
I

<I> 0.cen
~

l:
::i

-50

Fig. 3.4 Link Shear vs. Rotation Angle - Specimen 1
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(a) Link Region - After Testing

(b) Central Panel of Link - After Testing

Fig. 3.7 Specimen 2
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(a) Link Region - After Testing

(b) West Flange of Link - After Testing

Fig. 3.9 Specimen 3
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(c) East Flange of Link and Brace Connection Panel 
After Testing

(d) Link-Column Connection - After Testing

Fig. 3.9 Specimen 3 (cent.)
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(a) Link Region - After Testing

(b) Brace Connection Panel - After Testing

Fig. 3.13 Specimen 5
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(a) Link Region - After Testing

(b) Brace Connection Panel - After Testing

Fig. 3.15 Specimen 6
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(a) View Looking Towards East Flange of Beam 
CyclelOE

(b) Overall View - After Testing

Fig. 3.18 Specimen 7
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(a) Link Region - After Testing

(b) View Looking Towards East Flange - After Testing

Fig. 3.20 Specimen 8
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(c) East Flange of Link Near Column- After Testing
(Note cracks in flange at ends of ribs)

Fig. 3.20 Specimen 8 (cont.)
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(a) -Southeast Link Flange - Cycle lOE
(Note initiation of crack)

(b) Link Region - After Testing

Fig. 3.22 Specimen 9
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(a) Crack in Southeast Link Flange - Cycle 10E

(b) Link Region - After Testing

Fig. 3.24 Specimen 10
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Fig. 3.25 Link Shear vs. Rotation Angle - Specimen 11
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(a) Link Region - After Testing

(b) View Looking Towards East Flange - After Testing

Fig. 3.26 Specimen 11
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(c) Crack in Southeast Link Flange - After Testing

Fig. 3.26 Specimen 11 (cont.)
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(a) Modified Link-Column Connection 
Before Testing

(b) Southeast link Flange - After Testing

Fig. 3.28 Specimen llRl
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(c) Southwest link Flange - After Testing

(d) View Looking Towards East Flange of Beam 
After Testing

Fig. 3.28 Specimen URI (cont.)
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(a) Buckle in Brace Connection Gusset Plate 
Cycle 8W

(b) Link Region - After Testing

Fig. 3.30 Specimen llR2
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(c) Southeast link Flange - After Testing

(d) Brace Connection - After Testing (Note separation
of Brace and Gusset Plate)

Fig. 3.30 Specimen llR2 (cont.)
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(e) View Looking Towards East Flange of Beam 
After Testing

Fig. 3.30 Specimen llR2 (cant.)
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(a) Link Region - After Testing

(b) View Looking Towards West Flange of Link 
After Testing

Fig. 3.32 Specimen 12
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Spec. 1 • Strain Rosette Location 1 (To cycle 12E)
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Fig. 4.42 Specimen 1 - Shear Strain Measurements from Rosette
Location Nos. 1 and 3
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Spec. 9 • Brace Connection Gage 2
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Fig. 5.1 View of Overall Test Setup with Photogrammetry
Camera in Place

Fig. 5.2 Photogrammetric Grid on Specimen 9 in the Initial
Undeformed Position
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Fig. 5.5 Panel Designations for Test Specimens (cant)
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Fig. 5.20 Specimen 6 - Photograph of Column End of Link
at Start of Cycle 10E
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Fig. 5.21 Specimen 6 - Distribution of Average Shear Strain Along Length of Link
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Reference State: Unloaded Specimen at Start of Cycle 10E
Final State: Peak Deformation at End of Cycle 10E
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Spacing "a" should not exceed the following [from Ref. 20]:

d
for 'Yp= ± .09 rada= 29tw -"5

d
for 'Yp = ± .06 rada=38tw - "5

d
for 'Yp = ± .03 rad or lessa=56tw - "5

interpolate to determine "a" for intermediate values of 'Yp

(a) Short Links (e < 1.6Mp IVp )

Fig. 6.3 Suggested Link Stiffener Spacing Criteria
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*a = a
M

for e = 1.6 V p
p

Mp
for e=3

Vp

*interpolate to determine a for
M M

16 - P <e<3-P. V - - V
p p

b = lesser of

Fig. 6.3

{

1112 be
c = lesser of 112 L

L = Length of Brace Connection Panel

(b) Intennediate Links (1.6Mp /Vp <.e <. 3Mp /Vp )

Suggested Link Stiffener Spacing Criteria (cont)
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Fig. 6.4 Results of Stiffener Spacing Example
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