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ABSTRACT

Eccentrically braced framing has been gaining acceptance in seismic applications because
this system can provide both high elastic stiffness and large energy dissipation capacity. The
performance of an eccentrically braced frame depends to a great extent on the behavior of short
beam segments called active links. Through bending and shear, active links transfer the axial
forces in the diagonal braces to other braces or to columns. These short beam members pro-
vide the primary energy dissipation mechanism for properly designed eccentrically braced

frames.

The results of previous experimental and analytical research has provided & good deal of
information on the cyclic behavior of active links. This work has demonsirated that short
active links which yield in shear (shear links) can dissipate more energy than longer active links
which yield primarily in bending (bending links). However, some aspects critical 10 the
economical design of an eccentrically braced frame which employs shear links have yet to be
addressed, including the sensitivity of link behavior to the imposed loading history, the link-
column connection detail, and the web stiffener design and details. These three important con-

siderations of shear link behavior are discussed in this report.

The results of twelve full size shear link specimens are presented. Fach of the specimens
wes designed to investigate specific shear link response characteristics. Four specimens were
tested with stiffener details which differed significantly from those of previous experiments and
carly design applications. Another set of four specimens were designed and tested with widzly
varying loading histories. A set of four specimens which employed conventional moment resist-

ing connection details were also tested.

The qualitative and quantitative resuits of these experiments were compared and analyzed
using energy dissipation capacity as a major parameter. Test conclusions and design recommen-

dations generated by the test results are then presented.



i
A practical method for web stiffener design is developed. This method considers both the

axial force and bending rigidity requirements which shear link web stiffeners mus: satisfy. An

example of this stiffener design method is given in an Appendix.

A design procedure for cccentrically braced frames which employ shear links is outlined.
Based on the results of this and previous investigations, and the common practices of seismic
design, this procedure attempls to summarize the major considerations of shear link design.
This procedure includes recommendations on the determination of structural configuration,
member sizes, link-connection details, and web stiffener sizes and details. The suggested con-

nection and stiffener details are illustrated.
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CHAPTER 1 - INTRODUCTION

1.1 Principles of Earthquake Resistant Design

Structures located in seismic regions must be designed to resist inertial forces caused by
earthquake induced support excitations. The nature of earthquake ground motions causes the
support excitations to be unique for every seismic event. Also, during a seismic event the sup-
port motions of different structures vary widely due to local soil conditions. Furthermore, the
specific composition of each structure determines the magnitude, location, and duraiion of the
inertial forces. As a result of all these factors, the possible future inertial forces caused by

carthquake ground motions cannot be determined with accuracy.

Due to the uncertainty involved in determining seismically induced inertial forces, the
structural engineer must Tely on satisfying the basic requirements of earthquake resistant

design. Three limit states comprise the fundamenta! philosophy of scismic design.

First, serviceability requirements dictate that the structure should resist relatively frequent
minor earthquakes without damage. Generally, structural damage is avoided by providing the
structure with enough strength to remain elastic throughout the minor events. Sufficient elastic
stifiness must be provided to prevent excessive deflections and thereby preclude the occurrence

of non-structural damage.

The second requirement of earthquake resistant design considers the structura] response
during the less frequent moderate earthquake. During the moderate event, the structure
should not undergo any structural damage. But, 2 limited amount of non-structural damage is
allowed. To meet these requirements, the structure can undergo minor inelastic activity in crit-
ical regions. The resulting deflections can become large enough to cause some non-structural

damage, since in this intermediate limit state the costs incurred to provide structural stiffness
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sufficient to restrain deflections below the limit of non-structural damage may be much greater

than the expenditure required to repair the resulting damage.

The final requirement of earthquake resistant design is that the structure should not col-
lapse during the most severe earthquake. Both structural and non-structural damage may occur
during this rare event. [nelastic structural behavior is allowed, since for the vast majority of
structures the costs necessary 10 resist major earthquakes elastically becomes prohibitive. |he
underlying motivation for this requirement is to prevent structural collapse and minimize the
possibility for loss of life. To meet this requirement, the structure must be able to dissipate
farge amounts of energy through inelastic deformations. In general, structural systems which
exhibit stable hysteretic loops perform well under the large inelastic cyclic loadings of major

earthquakes.

1.2 Typical Structural Steel Freming Systems

By proper application of these three requirements. the appropriate structural system can
be devised. Because of its excelient strength and ductility properties, structural steel has been
used for many applications. especially those involving high and medium rise buildings. In the
past, structural engineers have utilized two types of structural steel framing for these applica-

tions: moment resisting fames and concentrically braced frames.

Moment resisting frames, depicted in Fig. 1.1, are by far the most widely used structura'
steel framing system. From an architectural standpoint this system is advantageous since there
arc no obstructions between columns. The capacity of this system to dissipate energy during a
major earthquake is provided by inelastic action at beam-column joint locations. Use of the
strong column-weak beam approach causes the formation of plastic hinges in the beams near
the column connection. Tests on moment resisting beam-column subassemblages demon-
strated the stable non-deteriorating hysteretic loops desirable for energy dissipation purposes
[16]). With proper detailing. the moment resisting frame can be expected to provide sufficient

ductility and energy dissipation capacity in the event of a major earthquake. This confidence in
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the desirable inelastic behavior of the moment resisting system has led to reduced code lateral

force requirements for these frames [31).

Moment resisting frames aiso have disadvantages. First, the elastic stiffness required to
limit deflections and thereby prevent non-structural damage during minor earthquakes results in
member sizes larger than thuse necessary for other framing systems. This can result in
increased material costs and story heights. Second, the large beam end moments inherent with
this system often result in substantial shearing deformations in the column panel zones. These
panel deformations can contribute signihcant amounts 10 the story drift, resulting in increased
P-A effects. Often these panel deformations are reduced by the addition of costly web doubler

plates.

The second widely used framing system is the concentrically braced frame, as shown in
Fig. 1.2. In this system, a set of diagonal braces are provided to increase the lateral stiffness of
the frame. The braces are located so that member centerlines intersect at the joints, effectively
forming a vertical truss. The intrinsic stitfness of braced frames often makes them economi-
cally advantageous for the shorter plan dimension. Architecturally, such frames are less desir-

able than moment resisting frames because of the obstructions produced by the braces.

The seismic resistance characteristics of concentrically braces frames differ significantly
from those exhibited by moment resisting frames. The braces cause the system to resist lateral
forces primarily through axial forces in the members. This results in smalier beam bending
moments and therefore smaller member sizes. Consequently, some savings in material costs
may be realized. Also, panel zone shearing deformations are insignificant due to the small
bending moments at the beam ends. The excellent clastic stiffness properties of such systems

makes the concentrically braced system quite efficient for resisting minor seismic events.

In contrast, the inelastic behavior of such systems is suspect, even though the damage
caused by the 1976 Managua earthquake demonstrated that stiff buildings with sufficient ductil-
ity can exhibit desirable performance. Caution should be exercised in adopting such a system

because repeated buckling of the diagonal braces causes a rapid decrease in the brace capacity
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(4]. This causes pinched hysteretic loops for such systems during inelastic load reversals {17].
The severity of the pinching depends on the slenderness ratio of the brace, with lower Kifr
values exhibiting better hysteretic behavior. The slenderness ratio of diagonal braces is typi-
cally quite high, so rapid deterioration of the systems’ energy dissipation capacity can be
expected. Building code provisions recognize this undesirable behavior by requiring a larger
lateral force coefficient than that of moment resisting frames. Also, in highly seismic regions
the Uniform Building Code requires a moment resisting system capable of resisting 25 percent

of the lateral forces for all structures taller than 160 feet [31].

Thus, neither of the traditional structural steel framing systems efficiently meets all of
three of the principal requirements of earthquake resistant design In the past structural
engineers have often employed both systems to meet all three requirements. As an alternative
to providing a combination of the traditional systems, a hybrid system which can satisfy both
the elastic stiffness and energy dissipation criteria has been gaining acceptance. This system is

the eccentrically braced frame.

1.3 The Eccentrically Braced System

In eccentrically braced frames, the axial forces in the diagonal braces are transferred to
columns or to other braces by bending and shear in a portion of the beam called the active link,
as shown in Fig. 1.3. By offsetting the braces in this fashion the maximum force that can be
imparted to the brace depends on the shear capacity of the beam. With this limitation on brace
forces, the braces can be designed to avoid the deleterious effects of cyclic buckling. The active
links provide the primary energy dissipation mechanism for the system. The length of these
links determines the dominant mode of inelastic behavior. Shorter links generally dissipate
energy through inelastic web shear struins, while longer links dissipate energy in a manner simi-
lar 10 moment resisting frames, through inelastic flange normal strains. In addition, the elastic
stiffness of the system approaches that of the concentrically braced frame for low to moderate

eccentricities [11). Properly designed eccentrically braces frames can therefore meet both the
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elastic sliffness and ultimale ductility requirements of earthquake resistant design.

1.3.1 The Development of the Eccentrically Braced System ... a Framing Alternative-
As early as 1930 the eccentric bracing system was proposed as a method to resist wind loads
[27). The interest in this system for seismic applications has developed recently. Early Japanese
research demonstrated that eccentrically braced K frames, such as that depicted in Fig. 1.4a, can
dissipate large amounts of energy without excessive lateral deflection [8]. Other studies in Japan

effectively made use of inverted Y braces such as that shown in Fig. 1.4b {10}.

The initial research of Roeder and Popov [24] demonstrated the excellent stiffness and
dissipative capacities of systems braced similar to that depicted in Fig. 1.5(a). This research
also showed that the excellent cyclic shear yielding properties of short active links require
proper restraint lo control web buckling. Further, this investigation presented the first set of
recommendations for the averall design of an eccentrically braced frame. The encouraging

results of this early research led to further study and the earliest design applications.

Manheim extended the work of Roeder and Popov to the split K eccentrically braced sys-
tem of Fig. 1.5(c) [18]. This work also developed an analysis and design procedure from limit
analysis techniques, and presented a method for analyzing overall frame stability and the effects

of beam lateral torsional buckling.

In addition to developing a program for the preliminary design of eccentrically braced

frames, Kasai [15] studied the response of V-type bracing, such as thai shown in Fig. 1.5(d).

The critical importance of active link behavior to the energy dissipation capacity of the
entire systern motivated further study of link praperties. In this research Hielmstad isolated the
link elernent 1o investigate Jocal response characteristics 112]. This research included a series of
fifteen tests designed to invesligate both links which yield primarily in shear and those which
yield in bending. The major conclusions obtzined from this study included the following: 1.)
Shear links achieve greater ductilities and dissipate more energy than bending links. 2.) Strain
hardening in shear links can increase the ultimate shear capacity well above the vield value.

Bending links do not benefit as significantly from strain hardening. 3.) Web buckling greatly
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deteriorates the energy dissipation capacity of active links. 4.) To delay and restrain web buck-
ling, stiffeners should be provided. Equal spacing of shear link stiffeners was found to be
optimum. The minimum stiffener spacing for shear links should be on the order of 20 to 30
t,. where ¢, is the link web thickness. 5.) The post-buckling behavior of shear links depends on

the stiffener spacing. The post-buckling life decreases with increased web stiffening.

1.4 Scepe and Objectives of this Investigation

A good deal of information has been developed from the four investigations cited previ-
ously. From this research, the elastic, inelastic, and energy dissipation characteristics of both
entire eccentrically braced frames and the critical active links is now better understood. Buz,
some of the considerations critical to the economical design of eccentrically braced frames have
yel to be investigated. Many of the details required for shear link design have not becn studied
explicitly. In an effort 1o investigate the critical response parameters, earlier studies employed
overly conservative design details in many cases. In this investigation a deliberate effort was
made to find more efficient detailing procedures that might provide significant cost economies
without seriously inhibiting shear link behavior. The possible cost economies, the importance
of providing adequate seismic connection details, and the critical significance of shear link

behavior combined to motivate this investigation.
The specific design considerations investigated included the following:
| Whar impacts do varied loading histories have on the performance of the links?

2. What are the most efficient stiffener details considering both ecomomy and structural perfor-

mance?
3. How do the tvpical connection details qffect the performance of shear links?

4. Whar types and magnitudes of loads do the web stiffeners resist? How should the stiffeners be

designed to resist these loads?
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5. What are the performance characteristics of shear links connected to the web of a column?

A series of twelve specimens were designed, tested and analyzed lo investigate the design
considerations listed above. From the results of these tests., recommendations are given for
shear link design. A method for stiffener design is developed such that a complete shear link

design method can be presented.
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Fig. 1. Four Alternative Arrangements of Eccentrically Braced Framing [11].
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CHAPTER 2 - THE EXPERIMENTAL SYSTEM

Research into structural engineering topics generally takes one of two forms. The firs
method, the analytical approach, utilizes a mathemastical formulation of the structural problem.
But, in tome cases structural problems are so complex that the cost of obtaining meaningful
results solely through anaslytical techniques becomes prohibitive. In these instances it becomes

necessary to use experimental techniques.

The goal of any type of structural research is to accurately model the real system. In
experimental research this entsils developing an experimental system that captures as many of
the important festures of the actual system as possible. Past research on eccentrically braced
frames (18,24) concentrated on the global properties of the entire framed system. A recent
investigation [12,13] focused on the local response of the critical component of the system, the
active links. The experimental model used in this investigation was extracted from the two pos-

sible prototype configurations shown in Fig. 2.1.

2.1 The Medeling Assumptions of the System

Designing an experimental system involves making some simplifying assumptions.
Rational justification of these assumptions is essential if the tests are to provide results that
closely correlate with the performance of an sctual structure.

The sssumptions employed in the experimental system developed for this investigation

were as follows [12,13]):

1. The ends of the .ink were fixed apainst warping. A two inch thick steel plate at each end
connected the specimens to the testing apparatus an provided fixity against warping.
This condition is present in the actual system, since the iink is either contiguous to a
region of low shear, or directly connected to a column.
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2. A moment connection was provided at both ends of the link. In ell cases, full penetration or
fillet welds connected the beam flanges to the end plates to provide the required moment
continuity.

3.  VYielding was constrained to the link region. This assumption was necessary in order to test
the link separately from the ;est of the frame. Previous experimental research on frame
subassemblages (18,24] demonsirated that the amount of inelastic behavior in resions

adjacent 10 the links is negligible when compared to that within the links.

4. The links were loaded with a comstant shear force. Since during seismic activity the load
from the eccentric brace is likely to be much greater than the distributed floor load, the

link in the prototype structure has a nearly constant shear force along its length.

5.  The links were subjected to reverse curvature with equal end moments. This condition is not
actually present in the prototype structure until it has undergone several inelastic cycles
[13]). 1t is believed that the inelastic behavior causes redistribution of stresses through
plastification, leading to the assumed condition. A current investigation is studying the
validity of this assumption.

6.  The test links were not loaded with any axial forces. ‘The development of large axial forces
in the active links can significantly reduce their energy dissipation capacity. Therefore, it
is advantageous to locate the active links such that they are not required to axially transfer
‘arge seismic forces to the braces. This can be accomplished through judicious location of
the braces, or through the use of paraliel gathering beams. An investigation presently in
progress is studying the effects of axial forces on link response.

To provide stability and to impose the condition of zero end rotation, small axial forces
were imposed on the system. This created slightly unequal end moments in the links. But, the
axial force was generally small enough that its effect on the performance of the specimens was
negligible.



<13 -

2.2 The Test Set-up

The testing apparatus, depicted in Fig. 2.2, was designed o provide the system with the
modeling assumptions listed above. All the specimens in this series of tests were 36 in. lang,
18 in. deep wide flange sections. As noted earlier, the links were welded to large end plates.
Each end plate was in turn attached to a stiff steel assemblage by sixteen 1 1/4 in. diametes
A490 bolts. The "fixed” end of the testing apparatus was connected to a large concrete reaction
block by means of twelve 2 in. diameter prestressed stoel rods. The “free” end of the specimen
was attached to a rigid system of steel plates. A 350 kip loading ram transmitted the shear
force, while u sidearm with a 125 kip tranaducer provided the axial load required for system sta-
bility and zero free end rotation. The loads were applied to the specimen in the plane of the
web centerline. The eccentricity of the axial sidearm was 55 in. from the center of the speci-
men, while the loading ram was positioned at the center of the test link. Support for the mas-
sive loading arm was provided by two Teflon lined support pedestals. The frictional resistance

of the supporting system was insignificant.

2.3 Instrumentation

All of the test data was monitored by a Neff high speed data acquisition system. The
informstion was recorded on magnetic tape 50 that subsequent data analysis could be performed
with a CDC 6400 computer. The instrumentation used to record the test data included losd
cells, linear potentiometers, linear variable differential transformers (LVDT), and strain gages.

The shear and axial forces imparted to the specimens were measured by transducers,
located as sbown in Fig. 2.2. The accuracy of the data obtained from the 350 kip and the 125
kip tranaducers were £1.0 kip and +0.5 kips respectively.

Linear potentiometers, located as shown in Fig. 2.3, measured many of the important
specimen displacemerts. Four potentiometers measured the lateral displacement of the free end
of the specimen. Axial displacements and free end rotations of the specimens were recorded by
ancther set of four potentiometers. In the first four tests these instruments were also used to
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measure out of plane web displacements. The resolution of the potentiometers was +0.001 in.

Previous tests using this test set-up revealed elastic link stiffnesses on the order of one-
half of that expected from Timoshenko shear beam theory [13). This was in part due to lack of
complete end fixity. In the first four tests, a system of six LVDTs were used to measure the
displacements of the fixed end, as shown in Fig. 2.3. Two LYDTs measured Iateral displiace-
ments while the other four determined the fixed end rotation. The resolution of these instru-

ments was +0.0001 in.

Axial flange strains were measured by means of uniaxisl SR-4 pomt yield strain gages,
located as shown in Fig. 2.4. In the first four specimens, three gages were provided in cach
crner. Single gages located 1.5 in. from each corner wer: employed in the cther tests, Strain
rosettes, composed of three uniaxial gages, recorded the web shear «'rains. In the first four
tesis, each panel contained a centrally located rosette on both sides of the web. Only one panel
shear strain was measured in this manner during subsequent tests. Gages were aiso centrally
located on both sides of the web stiffeners 1o measure their axial skin strains. The gage
adhesive limited the maximum strain measurement to approximately eight per cent. Since tem-

perature effects were neglected, strains were assumed to be accurate o fifty microstrain.
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CHAPTER 3 - DESIGN OF TEST SPECIMENS

Due to the encouraging results of the earlier investigations on eccentrically braced frame
subassemblages, the use of this framing system is being repeatedly adopted in prastice, even
though investigation concerning many of the important considerations of shear link design are
not yet complete. Since the performance of shear links is vital to the satisfactory performance
of the entire system, & series of further tests were designed to determine the effects of loading

history, stiffener details, and connection details on link response.

3.1 Commen Features of the Tests

Before discussing the design of specific specimens, the common features of all the speci-
mﬁouldbenoud.madmoftmmmfoﬁ;wdtheﬂscsmﬁom (1] for
such details as weld size, boit size and number, boit hole size, spacing, edge distance, etc. Each
of the specimens was an 18 in. deep, 36 in. long rolled wide flange section. The basic end plate
connection detail employed all-around filiet welds. Some tests were designed to investigate typ-
ical end connection details used in practice. In all cases, the stiffeners were positioned on only
side of the web. The stiffencrs were connected to the link by full length filet welds. Fig. 3.1
shows a spacimen with typical details.

3.2 Material Preperties

The large inelastic strain demand which can be imposed on shear links during an extreme
scismic event requires a highly ductile material, such as mild carbon steel. Therefore, A6 steel
was chosen for these tests. The relevant properties of the steel are listed in Table 3.1. This data
were obtsined from manufacturer's mill sheets. Coupon tests were not considered nocessary,
since comparisons were made from normalized values of the test results.
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The sectio. ~hosen for the tests included two different sections, W18x40 and W18x60.
The reasons for choosing these sections was twofold. These sections are typical beam sives for
multi-story braced frame construction, and when made 36 in. long to fit into the available
apparatus they exhibit the desired shear link behavior. The basic properties for these sections
are listed in Table 3.2. Since devistion of the actual dimensions from those given in the AISC

Manual [1] were negligitle, the nominal values were used throughout this investigation.

3.3 Stiffenner Detall Tests

The large displacements demanded of shear links in eccentrically braced frames can cause
web buckling problems. Web buckling should be prevented, since it severely reduces the
energy dissipation capacity of a link. The addition of web stiffeners delays the initiation of web
buckling and improves the postbuckling behavior of shear links. In all the previous research
{12,13], the web stiffeners were placed on both sides of the web, and filllet welded to both
flanges as well as the web. While sufficient to meet the stiffener structural requirements, this
Jetail is oot the most economical. A series of four tests were therefore designed to investigate
the effects of less expensive stiffener details on the performance of shear links.

The effect of providing one-sided web stilfening was investigated in Specimen 17. In this
specimen, the 1/2 in. one-sided stiffeners were welded to both flanges as well as to the web, as
shown in Fig. 3.2. In previous tests, the two-sided stiffeners were 3/8 in. thick [12,13].
Because of the excellent performance of this specimen, all of the succeeding tests had webs
stiffened on only one side.

The cost of providing web siffeners can be further reduced by relaxing the requirement
of welding the stiffencrs 1o both beam flanges as well as to the web. Specimen 21 employed a
simplified detail which required the two 1/2 in. thick stiffeners to be connected to the web snd
one flange only, as shown in Fig. 1.1. The stiffeners oa one side terminated a distance k from
the outer edge of the flange, (See AISC [1] Manual). Both stiffeners were welded to the same
flange. It may be more advantageous to alternate the attachment of stiffeners to flanges, but
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this could cause fabrication problems. Moreover, buckling of the top flange is generally res-

trained by the concrete deck.

The webs of two specimens, 26 and 27, were reinforced with stiffeners which were not
attached to either of the link flanges. In Specimen 26, depicted, in Fig. 3.4, the three stiffeners
reduced the effective pane! width to less than 9 in. The four stiffeners employed in Specimen
27 reduced the panel width even further, as shown in Fig. 3.5. In these two tests the stiffeners

were 3/8 in. thick.

3.4 Laading Pregram Tests

All of the tests in previous research [12,13] employed a loading history of cyclic displace-
ments increasing incrementally until failure. The losding history used as the “control” program
for these tests was quite similar to that used previously. First, a few linear cycles were per-
formed to check the instrumentation. Afer the linear cycles, the control program included a
cycle near the expected yield displacement. The next cycle began the incremental portion of the
loading history. Two cycles were performed at displacement levels of 0.5 in., 1.0 1n,, 1.5
in., etc. until failure of the specimen. This loading history is shown in Fig. 3.6.

Since in the inelastic range structural response is dependent on prior load and displace-
ment history, it was considered necessary o investigate the effects of varying the loading his-
tories. Of the twelve tests, a total of four bad loading histories which varied significantly from

the conftro! program.

Spocimens 16 and 13 were W1Bx60 sections with no web siiffening, as shown in Fig 3.7,
In the loading for Specimen 16, the initial cycles were two large displacement pulses in the
same direction. After these large pulses, the typical incromental cyclic program was followed
until failure. This loading history is shown in Fig. 3.8. Nine complete cycles with +1 in. dis-
placements were employed at the beginning of the loading program for Specimen 18, as shown
in Fig 3.9. Theee nine cycles dissipated the same amount of energy as an identical previous
specimen (Specimen 8 [12,13]) which employed the incremental loading history. After these
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cycles, two linear cycles were followed by two cycies at 2.5 in. displacements. The final cycle
had » 4 in. displacement.

All of the remaining specimens were W18x40 sections. The loading history of Specimen
20, with two 1/2 in. thick stiffeners, shown in Fig. 3.2, is shown in Fig. 3.10. To investigate
the detrimental effects of imposing two cycles at each displacement level, this specimen
underwent only one cycle at each level after the first six cycles. In an effort to demonstrate the
displacement capacity of shear links, Specimen 24 was tested under monotonically applied load-
ing. This specimen was displaced 7.2 in. to the limit of the test set-up, and then unloaded and

loaded in the reverse direction to generate s large hysteretic 1oop.

3.5 End Connectisa Detail Tests

The performance of different end connection details under large cyclic loads has been stu-
died previously [21]. These tests indicated that all weided connections generally perform betier
than hybrid connections with welded flanges and bolted webs. The repetitive nature of the hys-
teretic loops demonstrated the excellent energy dissipation capacity of these connections in typi-

cal moment resisting frames.

In some eccentrically braced systems, one end of the shoar link region is a connection to a
wlum.hmm,me&fmmdmmmwm
differ from those of beams in moment resisting frames. The shear links dissipate energy pri-
marily through shear yielding of the web. This mode of energy dissipation varies considerably
from that of beams in moment resisting frames, which mainly dissipate energy through fiexural
yielding of the flanges. Moreover, the web buckling phenomencn typical of shear links is not
generally encountered. These unique aspects of shear link behavior, coupled with the impor-
tance of beam-column connection integrity, led to the investigation of different column-link
details.

Four specimens were designed to investigate typical beam-column connection details. A
connection detail with flanges connected by full penstration field weids, and the web bolted to a
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shop welded shear tab is the predominant detail for steel construction in California due to its
cost economy. Specimens 22 and 28 employed this detail. In specimen 22, depicied in Fig. 3.11,
four 1 in. diameter A325 bolis provided the connection between a 1/2 in. thick shear tab and
the web of the link. Fillet welds on both sides attached the shear tab to the end plate. Two 1/2
in. web stiffeners provided the web restraint. The stiffeners were spaced equally from the bolt
line. Specimen 28 was identical to Specimen 22, except that three stiffeners were welded to the

web only. This specimen is shown in Fig. 3.12.

Another typical construction detail is the all fleld welded connection in which the web is
fillet welded to a shear tab which was shop welded to the column flange. While being slightly
less cost effective than the bolied web connection, this detail provides a stiffer mode of shear
transfer. As shown in Fig. 3.13, Specimen 23 was of this type, with a welded web connection to
2 172 in, shear tab. The stiffener details were identical to those of Specimen 22, with two fully
weided stiffeners spaced from the boit line. Two 3/4 in. dismeter erection bolts were added to

simulate the actual construction detail more accurately.

In the grid floor systems generslly encountered in high rise buikling construction, one also
encounters beam-to-column web connections. Tests at Berkeley and at Lehigh University
[20,6] indicated that the commonly used connections of this type do not perform in a
sufficiently ductile manner. Flange weld failures caused by siress concentrations were also
observed in these investigations. To investigate the behavior of this type of link connection, a
spocimon (Specimen 25) was fabricated and tested. In this specimen, shown in Fig. 3.14, 1/2
in. stiffoner plates were welded 10 8 W14x193 soction in the plane of the link flanges and web.
Full penctration welds connected these plates to the link. Two fully weided stiffeners were
speced oqually from the edge of the column flanges.

Table 1.3 is presented to summarize some of important properties of the specimens. The

stiffener details and end connections identified in this table are referenced from Figs. 3.15 and
3.16.
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. o o, €,
Section | (vgh) | (kmt) | Gn.fin)

18x60 44 67 0.24
18x40 48 64 0.26

Tabie 3.1 Properties of the Steel Used in This Investigation.

2 t
Section 3y | (w3 | () | (m) | (m)

Wisx60 | 17.60 18.24 0.415 7.555 0.695
Wisx40 | 1180 17.90 0.315 6.015 0.525

Table 3.2 Section Properties of the Specimens Used in This Investigation.
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Tewt Specimen | Soction | No. of Louding History Stiffencr | Connection

Feature Number Pancls Dewdl | Deudl

£ W 18x60 1 Large initial Dispi. - 31660}

Loading His- 18 W 1860 1 Nine 1 in. (25 mm) Cycies - 116la)
wry 2 Wit | 3 One Cycle at Each Level | 315G) | 3.16@
M wiskae [ 3 Moactonic 3156 | 3160

17 wiso | 3 _ 315G) | 316

Stiffenes n [wisae| 3 L";f’r'“ ot Each """I ,'z‘ 1150} | 3160
Deuils % | wisdo | 4 | "")‘I"“" in 15 | 316w
n Wiso | 4 | M7 mm)inTements 38 | 31600

) Wit | 3 118G | 3166

Connection B |wisxeo| 3 [T CyclesatEschDispl | o 00 | 4 16

Level, Increasing in. (13
Details 25 W [ 5x40 3 ) 12 i " 315G 3.16(d)
n witsat | 4 | ™® - Incremen 3180 3.16c)
Table 3.3 Summary of Test Specimen Details
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Fig. 3.5 Connection Details of Specimen 27.
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Fig. 3.16 Connection Details Utilized in the Experiments.
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CHAPTER 4 - DISCUSSION OF TEST RESULTS

The specimens fabricated to meet the design requirements discussed in the previous
chapter were tested in the sxperimental apparatus described in Chapter 2. Since the response of
all the links follow a similar pattern, a general discussion of link behavior will be presented.
Special features of cach test will then be commented upon. The force-displacement hysteretic
ioops and a photograph of each failed specimen are inciuded to aid in understanding the results
of the experiments. [t should be noted that the initial excursion to any specified displacement is
defined to be the positive direction for all the force-displacement curves. This chapter is
intended to give a qualitative discussion of the test results. Quantitative analyses of the tests

will be discussed in subsequent chapters.

4.1 General Discussion of Specimmen Behavior

The basic features of shear link response to large overloads arc common to all active
links. A typical displacement curve, shown in Fig. 4.1 (from Specimen 26), will be used as an
aid in describing these basic features. The initial elastic region, is shown by the line betwsen
points A and B of this figure. This region exhibited the expected linear response with a stilfness
near that predicted by Timoshenko beam theory. First yield occurred at a displacement of
approximately 0.20 in. at a shear near the theoretical yield shear of ¥, = o,dr,/V3 (P C).
Because of the cyclic loading program, the specimens did not exhibit the yield plateau and sub-
sequent strain hardening characteristics of tension tests on mild carbon steel. Unloeding fol-
lowed a path essentially parailel to the elastic stiffness, ay shown by the region between points
D and E. During this loading process the specimens dissipated a considerable amount of energy.
Reversed loading continued slastically until the onset of ylelding in the opposite direction. The
Beuschinger effsct was clearly present as the loads approached the new maximum displacement
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(Pt. F). This effect became more pronounced as the tesis progressed. The cyclic nature of the
loading history, coupled with increasing displacements, rroduced significant strain hardening in
the specimens. The specimens commonly reached loading peaks (Pt. Q) 50 percent higher than
the initial yield load. The specimens exhibited sssentially kinematic strain hardening, with elas-
tic rebounds of approximately twice the yield shear before the oaset of the Bauschinger effect.
Before web buckling occurred, successive load peaks 1o the same dispiscement level increased
slightly (Pts. Hand [).

After the web buckled, the behavior of the links changed considerably. Web buckiing of
shear links generally followsd a cyclical symmetrical mode, depicted in Fig. 4.2 [13). To meet
compatibility requirements, this type of buckled configuration caused pinching flange displace-
ments. Stress concentrations indiced by the one-sided stiffener welds caused buckling to take
place toward the stiffenod side of the web. In general, only one panel zone exhibited significant
buckling, although in some cases multiple panel buckling did occur.

Along with large web displacements, web buckling caused substantial axial shortening of
the links. Peak out-of-plane displacements were 3.25 in. for unstiffened webs and 2.5 in. for
webe with two stiffeners. Peak axial shortening values were on the order of 1.0 in.

The onset of web buckling initisted the deterioration of link performance. As shown by
points J and K in Fig. 4.1, successive poaks to the mame dispiacement decreesed sfter buckling.
Also, the load-displacement curves showed s significant drop in strength before regaining caps-
city, as shown by point L. This phenomenon is illustrated more specifically in Figs. 4.3 and 4.4.
Figure 4.4(a) shows the initially buckied configurstion. Reversal of the losd csused an
unaligned buckled shape similer to that of Fig. 4.4(b). At this point the load carrying capacity
reached its minimum point, point b in Fig. 4.3. When the load reversal was compieted, the
buckle had formed in the complementary direction, as shown in Fig. 4.4(c). Once the new
buckied shape had formad, tension field action similar to that of a Pratt truss made possible the
capacity increase shown by point ¢ in Fig. 4.3.
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Continued large displacement cycling finally caused material tearing in the links. This
material tearing was considered the failure point of the specimens. For the unstiffened speci-
mens, tearing took place near the center of the web region due to material fatigue from severe
web curvature reversals. In the stiffened specimens, the tearing took place around the perimeter
of the buckled panel. Cenain specimens, though, failed due to connection failure rather than
web web tearing. This type of failure occurred in a sudden manner, while material tearing took
place gradually.

4.1 Special Features of the Different Tosts

Virtually all the basic features mentioned sbove were exhibited by the different specimens
throughout the testing sequence, but, the degree varied considerably. These variations make it
possibie to compare the effectiveness of shear links with: different details or loading histoties. In
this section, qualitative comparisons will be discussed. Later chapters will explicate the quantits-
tive comparisons. From these comparisons, conclusions and design recommendations can be

determined.

4.2.1 Stilfener Detail Tosts-

4.2.1.] Specimen 17- The effectivenem of one-sided stiffencrs was first investigated in
Specimen 17. Remarkably, the hysteretic loops for this specimen, depicted in Fig. 4.5, are viru-
ally identical to those of an earfier specimen which had two-sided stiffeners, shown in Fig. 4.7
{13]. Even the post buckling bebavior of the two specimens proved 10 be amavingly similar, as
comparison of the two figures indicates. The only real difference between the two curves is that
the yield strength of Specimen 17 was approximately 20 perceat higher than that of the earlier
specimen. The fact that these two specimens behaved almost identically led 1o the conclusion
that sufficient one-sided stiffening is structurally equivalent 1o that of stiffening on both sides of
the web. The failed specimen, in which buckling initiated during the second 2 in. cycle, is
shown in Fig. 4.6.
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4.2.1.2 Specimen 21- Specimen 21, 8 W 18x40 section with two stiffeners, was designed to
investigate the performance of shear links with the one-sided stiffeners welded to only one
flange. The response of this specimen is shown in Fig. 4.8. Prior to buckling, the behavior of
this specimen was almost identical to thst of Specimen 17. Once buckling occurred during the
second 2 in. cycle, the capacity reduction of this specimen was more rapid than that of Speci-
men 17. The :urves also show that there is a smaller increase in load due 1o realignment of the
buckled field for the specimen with stiffeners welded to only one flange. But, Specimen 21 was
able to undergo two full cycies more than Specimen 17, due mainly to the fact that web buck-
ling in two panels placed less severe local strain requirements on this specimen. As shown in
Fig. 4.9, Specimen 21 failed by tearing near s panel corner in which the stiffener was not
welded to the flange.

4.2.1.3 Specimen 26- The favorable performance of Specimen 21 led to the decision 10 try
stiffeners cut away from both flanges. As Fig. 4.10 shows, the WI18x40 section with three
stiffeners used in Specimen 26 performed quite well. The closely spaced stiffencrs delayed
buckling until the second 2.5 in. cycle. Delaying web buckling allowed the web to continue to
strain harden, permitting this specimen to reach a losd of 213 kips, 80 kips above the expected
yield, and 25 kips above the peaks of previous specimens with two stiffeners. This large amount
of strain hardening also caused yielding in the 1/2 in. shear tab. This specimen resisted oniy
one and one-half cycles afler web buckling, indicating thst an increased number of web
stiffeners tends to reduce the postbuckling life of shear links. With the onset of buckling, the
end of one of the stiffeners pullied away from the web fillet weld. This loss of weld integrity lod
to buckling across this atiffener during the failure cycle. The large displacements of this
stiffener may be seen in Fig. 4.11. Welding the stiffener 10 the flange would have eliminated
the possibility of the initial weld pull-out which led to this failure mode.

4.2.1.4 Specimen 27- This W18x40 specimen was identical to Specimen 26, except that
another stiffener was added to reduce the panel sive. Significant buckling never took place dur-
ing this test, as Fig. 4.12 demonstrates by the lack of pinching in the hysteresis loops. The
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sdded stiffener permitted this specimen to strain harden more than Specimen 26. The max-
imum losd resisted was 238 kips, which is aimost twice the yield ahear. A sudden fracture of
one of the full penetration flange weids caused Failure of the specimen at the end of the second
2.5 in. cycle. Inspection of the fractured weid showed that weld defects in the heat affected
mone caused the failure. A photograph of the wekd is shown in Fig. 4.14. One can note that
web and flange strain hardening enabled the end moments to exceed the theoretical plastic
moment capacity of the section. The sudden failure exhibited by this specimen indicated that
too close a stiffener spacing may contribute to this undesirable failure mode. After the weld
failed, the specimen was losded in the opposite direction to a displacement of § in. Even aftar
the losa of one flange connection, the link continued to resist tremendous loads. Figure 4.13
shows the residual displacement. Note the apparent lack of web buckling of this specimen.

4.2.1 Leading Pregram Tests-

4.2.2.1 Specimen 16- The loading program for the unstiffenad W1Bx60 section used in
Specimen 16 was designed to cause wedb buckling during the initial cycle. As Fig. 4.15 shows,
the initial cycle exhibited a yield plateau similar to that characteristic of monotonic tension tests
on ductile steels. The peak load occurred during this initial cycle. The large shoar forces gen-
erated moments which caused some crushing and spalling of the concrete reaction block. The
effect of this crushing on link displacements will be discuseed in the next chapter. Significant
load capecity reduction due to web buckling caused pinching of the hysteretic loops. Despite
this pinching effect, this specimen dissipated a great deal of energy after the initiation of buck-
ling. This appears to oe characteristic of links with thick unstiffened pancis. The failed specimen
is shown in Fig. 4.16.

4.2.2.2 Specimen 18- The unstiffensd W1Bx60 section for this test was subjected to nine
successive one inch cycles, generating the load displacement curve shown in Fig. 4.17. The ini-
tial excursion exhibited & yield plateau similar to that of Specimen 16. In the first ioad reversal
and the four compiete cycles which preceded buckiing, the hystorosis loops were vittually
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identical. The characteristic dip in the postbuckled curve during load reversal did not occur
during the 1 in. cycles due 10 the compaeratively small maximum displacements. At the conclu-
sion of the ninth cycle, a linear cycle to approximately one-half of the yield load was performed
o messure the residual elastic stiffness. The small amount of hysteresis exhibited by this
specimen showed that it retained its elastic stiffness even after severe inclastic deformations. A
similar subsequent cycie to three-quarters of the yield shear demonstrated the increasing
Bauschinger effects at large deformations. Figure 4.18 depicts the material tearing which caused
the specimen failure after a 4 in. positive displacement. This figure also points out the compaia-
tively small amount of flange distress that occurred at large displacements of this unstiffened,
thick web shear link. S cceeding pholographs of stiffened specimens with thinner webs display
large local flange displacements in the region of the buckied panel.

4.2.2.3 Specimen 20- The initial cycle to 1.5 in. did not buckle this stifened W18x40 sec-
tion. As Fig. 4.19 shows, the second cycle caused a slight amount of web buckling, though this
did not significantly deteriorate the link capacity during ister cycles. The web stiffening res-
trained the postbuckied pinching of the hysteresis loops exhibited by the unstiffensd specimens.
Cycling once at each displacement level allowed this specimen to retain good capacity to a dis-
placement of 1.5 in. Buckling occurred in all three panels, though the buckling in the center
panel predominated. Application of only a single cycle at each displacernent level and multiple
panel buckling combined to allow this specimen to dissipate a tremendous smount of energy.
The material tearing in a corner of the center panel is shown in Fig. 4.20.

4.2.2.4 Specimen 4- In Spocimen 24, s monotonic loading history was imposed on a
W18x40 section with two fully welded stiffeners. As depicted in Fig. 4.21, this specimen exhi-
bited & yield piateay. First buckling of the specimen occurred just beyond a displacement of 3.5
in. The maximum losd of 189 kips was oniy slightly above that of the pesks for cyclically
losded specimens with identical detsils. This peak load occurred just after buckling, at a dis-
placement near 3.25 in. The specimen resistance dropped only slightly as the displacement
increased beyond this point. At a displacoment of 6 in. the test was delayed because of &
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constraint in the apparatus, causing a drop in the load due io stress relaxation. On removing
the mechanical interference in the apparatus, the applied displacement was continued t0 7.2 in.,
reaching the limit of the loading ram. At the maximum displacement the specimen still resistod
a load of 172 kips. Upon load reversal, the specimen did not resist as large a force as that in the
positive direction, though the 160 kips peak was still well above the yield shear. This specimen
alsc was subjected an additional 6 in. cycle, which is not shown in Fig. 4.21. During this cycle
no yield plateau was observed, with the load increasing monotonically to 162 kips. The load was
then reversed, achieving a maximum shear of 148 kips, before conclusion of the test. The
failed specimen, as shown in Fig. 4.22, had severe buckling in the two exterior panels and
minor buckling in the center. Also, this Agure shows the extremely severe flange buckling
which allowed the specimen to achieve the large displacements.

4.2.3 Ead Counection Tests-

4.2.3.1 Specimen 2i- The bolted web, weided flange connection utilized in Specimen 22
has become & common coanection detail in Californis. This WiBx40 specimen had two one-
snded stilfeners. The hysteretic response of this type ol connection includes bolt glip at large
cyclic loads. The first slip in this specimen accurred long, after the initial yiolding, during the
second one inch cycle. Thereafler, boit slippage took piace near the initial yield load. As Fig.
4.2) shows, the prebuckled response of this specimen was quile similar to that of previous tests.
Aler the specimen buckled during the second 2 in. cycle the load carrying capecity deteriorated
significantly. Buckling occurred in the panel containing the boitad connaction. The bolt holes
were severely distorted by the slippage of ihe bolls, although the boits themrsclves were not
severely damaged. Figure 4.25 displays the distorted holes. The bolt slippage transferred a large
portion of the shear to the specimen flanges. These flange shear forces initiated tearing st the
wob-flange junction near the flange weld. The final failure of the specimen resulted from a
flange shear failure, as shown in Fig. 4.24. The mode of failure exhibited by this specimen was
identical to those ¢f bolted connections tested previously [21}.
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4.2.3.2 Specimen 23- Another common beam-to-column flange connection is the connec-
tion with a shear tab fillet welded to the beam web. This detail was investigated in Specimen 23,
a W18x40 section with two one-sided stiffeners. The load-displacement cusve for this specimen
is shown in Fig. 4.26. Before the initiation of buckling the response of this specimen was very
close to that of Specimen 22. Bui, the more efficient shear transfe- mechanism allowed Speci-
men 23 to regain more load following buckle realignment than Specimen 22. It is inleresting to
note that this specimen buckled in the center panel, away from the column-link connection. In
the all-welded case the shear was transferred at the fillet weld, effectively reducing the web end
panel width. In 1he bolted web case, the shear is transferred at the bolt line, which results in a
larger effective end panel width than that of the fillet welded web connection. In general. buck-
ling is preferred in interior panels, since end panel buckling may lead to sudden connection

failures. Specimen 23 failed by web tearing in an interior panel, as Fig. 4.27 shows.

4.2.3 3 Specimen 25- Since connection to the column flange is not always possible, Speci-
men 25, a W18x40 section with two one-sided stiffeners, tested the connection of a shear link
to a column web. Initially, this specimen performed quite well, as Fig. 4.28 indicates. The lack
of ability to regain previous loads during postbuckling behavior can be noted. The shear link
property of energy dissipation through inelastic web strains rather than flange yielding appears
to have prevented any problems with the flange connection. The column stiffener plates pro-
vided to transfer the flange forces to to the column showed no signs of distress, while the web
plate was slighily bent about 2 in. from the full penetration web weld. The specimen buckled in
all three panels, as Fig. 4.29 shows. This fact made possible the large displacements which this
specimen resisted. While one test cannot be considered conclusive, the nature of the shear link
energy dissipation mechanism and the results of this test implies that connections to column

webs do not appear to seriously impair shear link behavior.
4.2.3.4 Specimen 28- The bolted web connection of Specimen 28, a W18x40 section,

included three web stiffeners. The added web stiffening delayed the initiation of buckling and

allowed for increased strain hardening. Slippage of the bolts initiated during the one inch
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cycles. The short flat regions near one inch displacements in Fig. 4.30 depicts the bolt slippage.
Bolt slippage continued 1o occur until a small tear initiated at the web-fange junction near the
full penetration flange weld. After the bolt ship occurred on the next cycle, the specimen failed
suddenly. It appears that the bolt slip transferred large shear forces to the flanges, causing the
172 in. thick flange to shear off just outside the heat affected zone of the weld. This specimen
showed no web buckling, and reached cyclic displacements of only 1.5 in. before failure. The
failed specimen is depicted in Fig. 4.31. The small displacement capacity and the abrupt failure
exhibited by the bolted web connection of this sp~cimen demonstrated the possible deficiencies

of this detail for links with large ductility demands.
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Fig. 4.14 Photo of the Failed Flange Weld of Specimen 27.
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Photo of Distorted Bolt Holes of Specimen 22.
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CHAPTER 5 - ANALYSIS OF EXPERIMENTAL RESULTS

Chapter 4 dealt with the results of the twelve tests in a qualitative manner. These results
enabled the develocpment of some basic conciusions regarding the behavior of shear links. The
dsta collected by the instrumeniation provided quantitative information regarding specific
aspecis of the iests. In this chapter, this test data are used to analy’e the four stages of shear
link response: elastic, inelastic pre-buckling, post-buckling, and failure. The next chapter will
concentrate on energy dissipation characteristics as a measure of link performance. Evaluation
of the qualitative observations and the quantitative analyses provides the basis for conclusions

and recommendations for shear link design.

4.1 Elastic Behavier

The elastic response of a beam is usually analyzed using the Bernoulli-Buler-Navier
hypothesis that initially normal and plane sections remain normal and plane after deformation.
As the length of the beam decreases, shearing deformations become significant and the basic
theory becomes less accurate. In Timoshenko beam theory, shearing deformations are
accounted for by assuming that a constant aversge shear sirems acts on an effective shear area,
A. For wide flange sections, the shear srea is generally taken as the ares of the web,
A=A =dt,.

On the above basis, the clastic displacements of shear links due to shear can be taken as:
vmy, (1428) 5.1

In this equation, 8 introduces the contribution of shearing deformations to link displacements.
The term § is approximately:

p-é% 5.2
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For the analytical model of these experiments corresponding to Fig. 5.1, the displacement due

v’

Y= 12E1 (5.3)

Assuming a value of E/G=2.50, the values of 8 for the W18x60 and WI|8x40 sections
used in this investigation are 1.51 and 1.26, respectively. For these B8 values, the theoretical
contributions of shear deformation as a fraction of the total, 28/1+28, are 0.75 and 0.72,

respectively.

Web shear defurmations integrated over the specime length determine the specimen dis-
placement due to shear. Using the simple model depicted in Fig. 5.1, the shear displacement
contribution during the linear cycles of each experiment are listed in Table 5.1. As this table
shows, the shear contribution to the total deflection is on the order of 0.50 when the model
shown in Fig. 5.1 is employed.

The actual end fixity of the specimens was not complete. Throughout the tests, the "fixed"
end at the rigid concrete reaction block side slipped and rotated slightly. A refined model of the
prevailing conditions at the fixed end is shown in Fig. 5.2. This diagram shows thal a lateral
displacement support stiffness, K, and a rotational support stiffness, K. can be introduced to
obtain a more accurate formulation. From the test data shown in Figs. 5.3 and 5.4, the values
of K, and K g are estimated 1o be 4400 k/in. and 8,200,000 k/rad, respectively. Therefore, the

true stiffness of ithe system, K *, can be defined as:

——— e 5.4

In this equation, the member stiffness, K, is given by:

EI
k=125 (5.5)

and the link displacement, v, for the refined link model becomes:
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2 PP Y 4
e ‘{(|+iﬂ) 12EI+K‘+K. (5.6)

From the values determined for these tests, it was calculated that the support displace.
ments contributed approximately 23 per cent of the total displacement in the linear elastic
range. Using the more refined model depicted in Fig. 5.2, the shear displacement contribution
was agrin calculated. These values, listed in the right column of Table 5.1, are quite close lo
the 72 per cent contribution expected from Timoshenko beam theory. Therefore, it seems that
the eiastic stiffness of shear links in eccentrically braced frames can be analyred quite accurately
using Timoshenko beam theory.

5.2 Inelastic Pre Buckling Respoass

During an extreme scismic ¢veni, a properly designed cocentrically braced frame will
cause the shear links to undergo extensive inelastic deformations. The inelastic pre-buckling
stage is important to consider for two reasons. First, moat of the energy dissipation occurs dur-
ing this response phase. The amount of energy dissipated afler webh buckling is usually quite
small for links with sufficient web stiffening. Second, the inelastic behavior of the link prior to
web buckling is important, as this is tacitly assumed in plastic analysis methods. After, the
occurrence of web buckling, the behavior of the link is unreliable and difficult to mode! analyti-
cally.

5.2.1 Inslastic Displacement Coatributipns- The primary yielding mechanism exhibited
by & link forms the basis for the distinction betwoen shear and bending links. Shear links yield
primarily by inelastic shearing stresses in the web. In bending links, normal stresses in the
flanges dominate the inelastic behavior. During inelastic response, therefore, shearing displace-
ments predominate in shear linky, and bending displacements predominate in bending links,

5.2.1.1 Shear Displacement Contribution- The global displacement for the specimens testad
in this investigation can be expressed as:
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v(x)m vy ()40, (x)+vg(x) “.n

In this equation, v, (x) is the displacement due to shesr strains,

v..(x)-.fy(x)dx (5.8
The dispiacement due to flexural strains, v(,) . is

w,,—J:x(x)dt 5.9

The displacement due to support movements in Eqn. 5.7 is v, (x) .

The v, term in Eqn 5.7 was evaluated numerically using the data collected from the web
strain gages. Table 5.2, lists the average contribution of shear to displacement in the inelastic
range prior to buckling. Afier buckling occurred, the gage readings did not accurately determine
shear displacement. Since the webs of Specimens 16 and 18 buckled during the initial cycle, the
results from these tests are not included in the table. This table clearly shows that the shear dis-
placements contributed the major component to the link deflection in the inelastic range.

5.2.1.2 Support Contributions in the Inelastic Range- In the elastic range, the support
stiffness contributed up 10 23 percent of the total specimen displacement. The support
stiffnesses were nearly linearly elastic as Figs. 5.J and 5.4 demonstrate. The support displace-
ment contribution therefore became negligible during the large inslastic displacemnent cycles.
Figure 5.5 is a plot comparing the recorded specimen displacement with the actual displacement
adjusied for support conditions. As this figure shows, except for the linear cycles at the start of
the test, the difference betwoon adjusted and recorded displacements was indiscernibie.

The above result applied to all specimens except Specimen 16. This heavier section
caused spalling of the concrete reaction block during this test. Figure 5.6 shows the effect of
this spalling on the adjusted displacement. Although this effect was recognizable, it did not
significantly affect the response of the specimen. This problem was eradicated, and further
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spalling of the reaction block did not occur in any of the subsoquent tests.

$£2.2 Link Moments and Flange Straims- Although shear deformations dominate the
response of shear links, flexural actions also play an important role. As Fig. 5.1 shows, for the
link model used here, the relationahip between end momeat and shear was M =VL/2. Due
to large amounts of strain hardening, the specimens usually resisted moments above the nomi-
nal plastic moment, M,  Table 5.3 lists the values of M, based on the plastic modulus values,
Z, for the W18x60 and W18x40 sections ( 123 in.> and 78.4 in.’ respectively), and the actual (
o, = 48 k3/) and nominal values { o, = 36 ksi ) of yicld stresses. Table 5.4 lists the values of
meagured maximum end moments resisted by the specimens. As can be seen from this table, in
all cases the links resisted bending moments in excess of the nominal values of A,. For well
stiffened webs, these moments even exceeded the values of M, based on o, =48 &ksi. It
should be noted, however, that the plastic mement must be reduced since the webs fully yield
(13). The corresponding values of M), = o ,bi,(d—1,) for o, = 48 ksi are also given in Table
5.3. Since the end moments given in Table 5.4 are above Af,, some strain hardening must have
occurred in the flanges as well as the webs. Analysis of the flange strain data verified this con-
clusion. The maximum flange strains at each gage location for Specimen 16 (See Fig. 2.4 for
sage locations) are listed in Table 5.5. These values show that large inelastic strains developed
near the ends of the links. (The yield strain was approximately 1700 in./in.) The flange strain
distributions were quite similar to those found in an esrlier investigation [13], showing an
almost linear variation of flinge normal strain from the maximum value at the ends of the
specimens.

$.3 Coatrel of Post Buckied Behavier

The development of web buckling makes large local strains gage readings erratic. Qualita-
tive aspects of post-buckled behavior are nonetheless significant. The characteristics of post-
buckied behavior depend directly on the link design details. Proper detsiling of the link can
therefore ensure the desired post-buckling behavior. In this section three aspects of web
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buckling that can be controlled through proper design will be discussed: 1.) dekaying buckling, 2.)

controlling the location of buckling, and 3.) developing multipie panel buckling.

5.3.1 Delaying Buckling- The first and foremost objective of stiffening the link web is to
delay the onset of buckling, since the energy dissipative capacity of shear links is greatly
reduced by buckling. The spacing of stiffeners is the crucial consideration in delaying buckling.
Earlier research [12) presentod a set of relationshipa between the stiffener spacing and the
energy dissipation capacity before the initistion of buckling. These relationships demonstrate
the significant increase in energy dissipation capacity which can be realized by employing closely
spaced stiffeners. As Specimen 27 demonstrated, though, reducing stiffener spacing below cer-
tain limits tends 1o lead to abrupt failures, causing the specimen to lose its ability to withstand
large deformations. Based on the completed work, the minimum spacing for stiffeners providing

excellent energy dissipation capacity appears to be about 207,

3.3.2 Contrelling the Location of Buckling- The most desirable location for the develop-
ment of a web buckle is an interior panel of the shear link. Buckling in the web panel adjacent
to the column should be avoided since it can lead to premature link-column connection failure.
Protection of the connection panel rone is accomplished by proper location of the stiffeners. In
the web connection detail shown in Fig. 5.7, the shear is trangferved 1o the shear tab along the
fillet weld. For this case the stiffeners can be spaced from the erection boit line, as shown in
this figure. Since the panel width is reduced by the shesr tab, web buckling is likely to occur in
an interior panel.

Slippage may occur along the bolt line of boited web shear link-to-column connections
due to large shear forces. To protect the panel zone adjacent to the column in this case, it is
advisable to space the stiffeners from the column face rather than the bolt line, as Fig. 5.8
shows. The same approsch can be adopted for the link-column connection with full penetration
web welds.

5.3.3 Develeping Muitipie Panel Buckling- In general, the buckling phenomenon
depends on plate topology (panel sive, initiai imperfections, etc.), material properties, and the
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boundary conditions. Typically, buckling occurs in only one parel of shear links. Once one
panel begins to buckle, the displacement capacity demanded of the other panels ia reduced. But,
significant buckling occurred in multiple panels of equal size in four of the twelve specimens
detailed in this investigation. Therefore, to induce multiple panel buckling the stiffeners should

be equally spaced center-to-center.

5.4 Fallure Mades of Shear Links

Typically, the final failure of the specimens was caused by material tearing due to severe
reversals of web plate curvature. In unstiffened webs this occurred near the center of the buck-
led region, while in stiffened webs, this tearing took place sround the perimeter of the buckled
panel zone. These types of failure did not produce catastrophic results. Significant buckling pre-
ceded the final malterial tesring, and the tearing took place gradually; large loads could still be
resisted throughout the tearing process.

Reduced stiffener spacing delays buckling and permits large increases in losd resistance
due to strain hardening. The increased shear force required larger moment resistance of the test
specimens. Specimen 27 demonstrated that without excellent weld integrity, a sudden weld
failure can take place in an excessively stiffened specimen. To avoid this type of failure, the

stiffener spacing should not be less than 201,
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, % A e % A e
Spocimen | (gt results) | (incl. end rots.)
17 49 72
21 45 &8
22 52 75
23 51 gl
25 50 73
26 52 18
27 48 n
28 49 72
Table 5.1 Experimental Contribution of Shear Displacement During Linear Cycles.

Specmen | WA .
17 89
yi 82
»n 85
) 95
25 83
26 92
27 97
28 93

Table §.2 Experimental Contribution of Shear Displacement During Inelastic Cycles.



M, M, M,
Section (k-in. ) (k-in.) { k-in )
(@, = 36ks) | (), =48ks)) | (o, = 48ks))
W18x40 2820 3760 2630
Wisx60 4430 5900 4420

Table 5.3 Piastic Moment Capacities of the Sections Used in This Investigation.
Specimen Free End Fixed End

Mps, My, Mo, My,

(k-in) (k-in} (k-in) (x-in)
16 4820 4520 5S040 4960
17 3030 31320 3520 3290
18 4270 4390 4600 4750
20 3220 3220 3460 3550
21 3300 3240 60 3550
20 3520 2570 3400 3430
23 3270 3300 3430 3440
24 3450 3460 3820 3190
25 3060 3390 3300 3410
26 3530 3550 3900 4020
27 3940 3960 30 4140
28 3620 3530 3280 3520

Table 5.4 Maximum End Moments Resisted by the Specimens.
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Specimen 16

Maximum Strain
Gage No. | /i)

—

(=2 -0 B - WV R T R
—
—
8

13

Table 5.5 Maximum Strains for Each Flange Gage of Specimen 16.
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CHAPTER 6 - EVALUATION OF LINK PERFORMANCE

From a structural standpoint, shear links can be designed to absorb & tremendous amount
of energy and exhibit a ductile failure. But, since many links are required for typical applica-
tions, the cost of such a link becomes important. It is essential, therefore, to reach a balance
between the structural response characteristics and cost. Only through such a process can
rational design recommendations be made.

6.1 Energy Disslpation as s Measure of Structural Performance

The concept of eccentrically braced frames for seismic applications strongly depends on
the ability of the active links to dissipate large amounts of energy during inelastic response.
Energy dissipstion capacity therefore becomes the primary basis for quantitative link com-
perison.

The load vs. displacement curves presented in Chapter 4 depicted the response charac-
teristics of the tested specimens. The functionally important energy dissipated by the active link
is the area enclosed by the hysteretic loops of these curves. Formally, the energy dissipated,
Ep, can be expressed as:

E =[P@®)as ©.1

In this equation, 8 is the relative specimen end displacement, and P(8) is the shear force in the
specimen.

To maks meaningful conclusions regarding energy dissipation, it was necessary to make
comparisons which accounced “or different material proparties and momber sizes. This was done
by normalizing the energy dissipated by the link with the energy which would have been dissi-
pated by an ideal elasto-perfoctly plastic link with the seme yield load and displacement as the
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actual specimen. For the specimens with different loading programs, the normalived energy, A,
is plotted against cumulative ductility, Y u, in Fig. 6.1. For the eight specimens which were
subjected to the same loading sequence, the normalized energy is plotted against ductility, x4, in
Figs. 6.2 and 6.3. These normalized energy dissipstion values are defined as:

A= energy dissipated by test specimen 6.1)
energy dissipased by equivalemt elasio—plastic sysiem
. 6.2)
¥y
Iu = summation of p's for all cycles 6.3

Table 6.1 is also presented to provide comparison of these eight similar specimens. The
energy dissipation measures in this table are: E,,, the total energy dissipated before the failure
cycle, Ex, the total energy dissipated before the first buckling cycle, £,,~E3z, the total energy
dissipated afler buckling, and A, the maximum value of sormalized energy dissipation
obtained by cach specimen. This table also includes the maximum displacement ductility, i .y
and the cumulative ductility, Tu.

Examination of these tables and fAgures leds to the following conclusions:

1. For the ype of bading used in these experiments, properly designed shear links can dissipate
large amounts of energy regardiess of the loading history.

2.  Large initial displacements which ~ause wed buckling tend to cause more rapid decreases in
energy dizvipative capacily than incremensally increasing loadings or low level inelastic repeaied
Qcling. The ductility supply is not greatly affected by early web buckiing.

3. Sheor links can resiss monowonic displacemenss, up 10 20 percemt of their length without
sgnificant loms of capaciy. Since the Pacoima Dam Record of the 1971 San Fernando
Earthquake showed that long pulses can occur during & major earthquake, the shear links
may be required to withstand large monotonic displacements. The results of Specimen 24
indicate that the links can meet such a large ductility demand.
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4. From a structural siandpoint, properly designed one-sided stiffeners are equivaient 1o two-sided
stiffeners. Both the pre-buckled and post-buckled responses were virtually identicai for the one-
sided and two-sided specimens with atherwise identical detalis. In either case, the stiffeners must
be provided with syfficient axial strength and bending rigidity to Jully develop the link energy dis-

sipation capaciyy. A method for sizing shear link web stiffeners is given in Chapter 7.

S.  Stiffeners not welded to both beam flanges do no: change a link's energy dissipation before
duckling. although the postbuckled capacity is reduced. The overall ductility capacity is not
greatly affected by using such a deteil. The post-buckied energy dissipation capacity is further
reduced (f the stiffeners are not connected (o ¢ither flange.

6.  All-welded link~column connections exhibit excelient performance. FProperly designed and fabri-
cated all-welded end connections develop the Mull capacity of shear links.

1. Bolted web, weided flange connections may be satigfactory in terms of energy dissipation capa-
city for some applications. The pre-buckled and moderaie displacement response of the boled
web connection is comparable to that of the all-welded connection. However, fully stiffened webs
may be required to develop large shear forces which, can cause bolt slip. This bolt slip transfers
a portion of the applied shear w0 the flanges. which i.ay cause sudden, premature failure of the
link-column connection.

8.  Excessively ciose siffener spacing can leod 0 adrupt failures before the initiation of web buck-
ling. Large amounts of inelastic displacement causes strain hardening which can overstress
weids and lead to sudden wekd faliures.

9.  Based on one experiment. it appears that the connection of a link to the column web does not
significanty alter the performance of the link. Due to the reduced stiffwess of this configuration,
the energ: dissipation capacity is only slightly reduced during the loading history. The dissipative
capacily reduces more rapidly during post-buckled response. However, the wial dissipated energy
and the ductiliy are not significantly lower than connections of links to column flanges.

It must be emphasived that all of the links tested were attached to cssentially rigid ele-
ments at both ends. Caution must therefore be exercised in extrapolating the conclusions listed
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above 10 situations where column panel 7ones exhibit flexibility or inelastic action.

6.2 Design Recommendations

Based on the conclusions listed in the previous section, and appropriate considerstion of

cost factors, the following design recommendations for shear links in eccentrically braced

frames can be presented:

L.

One-sided stiffeners can be employed 10 delay wed buckling in shear links of moderate depth,
such as those used in these experiments. Since the structural performance of one-sided and
two-sided stiffeners were found to be almost identical, cost considerations suggest the use
of one-sided stilffeners, although as shown in Chapter 7, one-sided stiffeners require more
material than the two-sided ones.

The minimum stiffener spacing in shear links should be 20t,. Spacing stiffeners less than 201,

can precipitate sudden connection failtires.

Web sijfeners may be welded i only ane flange of the link. For the specimens tested, one-
sided stiffeners welded to only one flange performed quite adequately, although they are
slightly less effective than the fully welded detsil. To provide stability against flange buck-
ling, the stiffeners should be welded to the bottom flange. The top flange is somewhat res-
trained from buckling by the floor system, though this resistance may be diminished by
cracking of a concrete slab during large displacement cycles.

An all-welded link-colemn connection should be used for links with large ductility demands.
The all-welded connection appears Lo be more reliable, since the boited web connection
has a greater propensity for sudden failures during large displacement cycles. All-welded
link-column connections are therefore preferabie for links which are likely to experience
large inelastic deformations.

For links with low or moderate ductility demands, bolsed web, welded flange connections may be
empioyed. Bolted web connections appear to exhibit satisfactory pesformance unless large
inelastic deformations are imposed.
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Shear links may be connected to the column web. This connection should be desailed according
10 the recommendations for ypical moment resisting frames. The large shear to moment ratio
present in the links does not cause the large moments which can result in flange weld
failures. The problem studied by the investigators at Lehigh University [6] may therefore
be more critical for typical moment-resisting connections than it is for shear links. All-
welded link-column web connections are recommended for links with large ductility
demand.
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Specimen Number Em f;_ Emr"E; A ax A max :ﬂ
&-mn) | (k-in) {k-in)
17 6870 | 910 3960 0993 | 461 528
21 8590 | 4010 45380 0.991 58.5 751
2 7040 | 4150 2890 0977 | 510 | 57
23 7070 | 4100 2465 0.991 46.1 525
25 7890 | 2980 4920 0934 | 585 | 69
26 10800 | 7300 3500 1.115 66.0 700
27 7520 | 7520 0 1.140 | 46.1 525
28 2550 | 2550 0 910 | 319 | 237

Table 6.1 Energy Dissipation of the Test Specimens.
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CHAPTER 7 - WEB STIFFENERS IN SHEAR LINKS

The benefits derived from stiffening the webs of shear links have been demonstrated by
experimental results o. twenty-eight specimens. Delayed buckling and incressed energy dissipe-
tion capacity directly result from web stiffening. The extent to which these benefits are realizad
depends on the integrity of the stiffeners.

In all previous research and early applications of the eccentrically braced system, stiffener
design has been accomplished without benefit of a rational method. Even though these previ-
ously designed stiffeners have performed quite sdequately, a more rational practical stiffener

design method is necessary to ensure proper performance of future applications.

7.1 Experimeatal Results

In the tests presented in this report the stiffeners were sized using the results of previous
investigations as a guide. In an effort t0 analyse their requirements in shear links, stillener
strains were monitored during the tests. From these results axial strains were piotted and com-
pared. A representative plot is presented in Fig. 7.1.

Comparison of the stiffener strain plots for the difforont tests resulted in the following
conclusions:

1. The stiffeners were virtwally unstressed peior to shear yielding.

2. Before buckiing, the average axial sirain in the stiffencrs was independens of the panci size and
stiffener desail. The average axial compressive sirexs was well below yield during this sioge of
loading.

3. Once buckiing rccurred the stiffeners often yie'ded due 1o the combination of axial and bending
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4. The most highly stressed stiffeners were those adjacent 10 the duckled panel.

Also, it should be notad that the largest gtiffener strains occurred in Specimen 20, which
exhibited excellent post-buckling behavior. It seems then that some yielding of the stiffeners

does not seriously detract from the post-buckling behavior of the links.

7.2 The Design of Shear Link Stiffeners

The delay and control of web buckling and the resuiting increased shear link energy dissi-
pation capecity can be schieved by the addition of web stiffeners. The design of these stiffeners
can be separated into throe stages: spacing, sizing, and detailing.

7.2.1 Spacing of Web Stifleners- The relationship betwoen energy dissipation capacity and
web stiffener spacing was studied by Hjelmstad and Popov [12). Based on fifieen test speci-
mens, they proposed the following empirical relationships:

Ex

a _on_

-—'" 0-9 ln-—s. 1.1)
a E°
. - l141n L, (1.2

The smallest panel dimension, @, and the web thickness, 7., are the topological parameters in
these equations. The encrgy dissipation parameters are Ey, the total energy dissipated prior to
buckling, E,, the elastic energy sored by the link at yield, and E°, the energy absorbed during
the largest prebuckling cycle of an experiment.

Eq. 1.2 is intended to estimate the required stiffener spacing for monotonic loading his-
tories. The results of the monotonic test (Specimen 24) presented in this report provide some
corroboration for this relationship. Since the test specimens used to generate Bq. 7.2 were
loaded cyclically with incrementally increasing displacements, the monotonic buckling energy,
E°, was probably overcstimated. It is Jikely, therefore, that Eq. 7.2 is conservative, and is sub-
Joct to future revision.
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Without the results of a series of inelastic dynamic analyses, the shear link energy dissipe-
tion requirements must be approximated by estimating the ductility demand. With the ductility,
#, defined in Eq. 6.2, and x,, defined as the ductility demanded in the i— th cycle of a loading
history, the following relationships result for an elasto-perfectly plastic material undergoing
predominately shear deformations (12):

E.
E‘ -2, (u, -1 (1.3)

%-2,;-1 7.4)

The a/t, ratic chosen should be the smalier of the values given by Eqs. 7.1 and 7.2. If
the resulting a/¢, ratio is less than 20, the energy dissipation demands on the shear links may
be unattainabie [12), thereby requiring revision of the beam soction. Stiffener spacing based on
these squations should delay web buckling and therefore allow the links to meet their energy
dissipation requirements.

7.2.2 Sizing Shear Link Web Stiflsners- Once the stiffener spacing has been determined,
they must be sizod to meet two structural requirements. First, the stiffeners must have
sufficient axial strength to develop the link web tension fleld action. Second, the stiffeners must
be rigid enough to prevent buckling of the whole link web as a single panel.

The AISC Specifications (1] provide design equations for web stiffeners in plate girders.
While shear link web stiffeners must satisfy requirements resulting from similar considerations
of statics, these equations cannot be used here since they are besed on elastic solutions. The
inelastic nature of shear link web buckling makes an exact solution for the sizing of the
stiffensrs extremely compiex and impractical for design applications. An spproximate method
must therefore be devised for the sizing of shear link web stiffeners.

7.2.2.1 Axial Forces in Web Stiffeners- The AISC design equations for the required axial
strongth of plate girders are based on the work of Basler [3]. Tiose oquations were derived
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from tension field theory, as depicted in Fig. 7.2. Tension fleld action is analogous to a Pratt
Truss in whick principal tensile stresses act as the diagonal member, the beam flanges act as the
upper and lower chords, and the stiffeners act as the vertical struts. As illustrated in Fig. 7.3,
the stiffeners develop compressive siresses. The AISC equations based on this theory apply for
the elastic case, where the ratio of the girder depth to the web thickness is large (eg.
d/t, = 150 ). Since the rolled sections used in eccentrically braced frame applications have low
d/t, ratios which can lead to inelastic web buckling, the tension field theory must be modified
for shear link stiffener design.

The approach followed here is similar to the formulation presented by Adams, Krent?,
and Kulak [2]. For the system depicted in Fig. 7.2, V,, the shear due to tension field action, is:

Vimo ot (hcos®—asin®)sin® (15

where o, is the diagonal tension stress, & and 2 are the height and width of the web panel,
respectively, and © is the angie between the disgonal tension and horizontal. Since the tension
field will orient itself in the most efficient manner, the maximum ¥, can be found by
differentiating Eq. 7.5 with respect to @, and setting the derivative equal to 7ero. This pro-
cedure yields the following squation:

%
4
1 2h

NG| —— 1.6)
|+<-‘;;>=

2

Considering vertical equilibrium of the free body depicted in Fig. 7.3, the maximum axial force
in cach stiffener becomes:

F,~a,t,a300® a.mn

Because of the extensive straln hardening exhibited by well siiffened experimental shear
links, o, ~an be reasonably assumed to be approximately equal to ,,, the ultimate tensile stress
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of the steel. Using this conservative assumption in combination with Egs. 7.6 and 7.7 results in
the following expression for the axial force in shear link web stiffeners:

(7.8)

Experimental shear links indicated that local stiffener buckling generally does not occur,
and that stiffener yielding does not reduce their energy dissipation capacity {See Section 7.1).
Therefore, yielding of the stiffeners will be allowed and local stability considerations will be
ignored in the determination of the required stiffener area. Assuming a web participation equal
to half the flange width, as shown in Fig. 7.3, the area required of a pair of two-sided stiffeners,

A, becomes:

£ .
ASI - U— - bfT
¥

(1.9)

For one-sided stiffeners, Fig. 7.4 approximates the siresses necessary to maintain static equili-
brium assuming a fully yvielded condition [3]. In this case, the required area of one-sided
stiffeners, A ,',, is approximately:

. F, t,
-4l _p B 1.
Ay=2 4[ -, b 2 (7.10)

In Eqs. 7.9 and 7.10, F; is the stiffener axial force given by Eq. 7.8, o, is the yield stress
of the stiffener material, 5, is the flange width, and ¢, is the web thickness. Even though over

twice as much stiffener area may be required, one-sided web stiffening may be more economical

than the two-sided detail because of reduced welding costs.

Web stiffeners are usually detailed so that they do not protrude outside the longitudinal
edge of the beam flanges. For stiffeners which just reach the edge of the flanges, the required

thickness of two-sided stiffeners, ¢, is:
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For stiffeners provided on only one side of the web, the required thickness, ¢,, becomes:

A

Bt (7.12)

ty=2

In either case, the stiffener thickness should not be less than 1, the thickness of the web.

7.2,2.2 Rigidity Requirements of Shear Link Webd Stffeners- For a siraply supporied piste of
width "2* and height *b*, with one transverse stiffener, Timoshenko [30] stated the rigidity

requirement of web stiffeners this way:

lf the rigidity of the siiffener is not syfficient, the inciined waves of the buckled plate run across
the stiffener, and buckiing of the plate is accompanied by bending of the rib. By subsequent
increase of the rigidity of the rib we may finally arrive at a condition in which each half of the
plate will buckle as a recrangular plate with simply supported edges of dimensions af2 and b and
the rib will remain straight.

The web stiffeners must therefore form nodal lines for the web plate. If the stiffeners are
not rigid enough to form these nodat lines, the effective panei size increases, causing significant
reduction of the link energy dissipation capacity. The stiffeners must therefore be rigid enough
30 that the whole link web does not buckle as a single panel. In the late phases of the experi-
men!, Specimen 26 exhibited a tendency for this type of response, as may be discerned from
the photograpa in Fig. 4.11.

The required stiffener rigidity in the elastic buckling case has been studied extensively
since the 1930s. Through an energy method, Timoshenko first developed a theory for the case
of one or two stiffeners [30]. Wang [32) extended Timoshenkd’s theory, giving diagrams for
three and four stiffeners, and infinitely long plates. In 1949, Stein and Pralich concluded that
the results obtained by Timoshenko and Wang were unconservative {28). For the infinitely
long, simply supported piste problem, they developed a solution by minimiving the systems’
potential energy using the Lagrangian multiplier method. Based on this approach, they
presented charts for the required stiffness as s function of the critical stress for different panel
aspect ratios. In the early 19608, Rockey and Cook extended the theory of Stein and Fralich



for the case of clamped longitudinal edges [23].

All of the elastic solutions for the required rigidity of web stiffeners (23, 28, 30, 32] relate
the critical shear buckling stress to the non-dimensionsi parameter, ¥, as a function of the plate

aspect ratio, 8. This stiffener rigidity parameter is defined as:

(1.13)

‘:I
=

In this equation, £ is the elastic modulus, / is the stiffener moment of inertia, a is the smallest
panel dimension, and D is the plate stiffness factor. This factor is defined as:

1]

b=tra-o

(1.14)

The » torm in this equation ia Poisson’s ratio.

Bleich [S] used the results of Stein and Fralich to determine the minimum stiffener rigi-
dity required to obtain the largest critical shear stress as a function of the panel aspect ratio, B.
With fi defined as the ratio of the larger to smaller panel dimension, the required rigidity, ¥ u.
was postulated 1o be:

Freg = 28220 (1.15)

This relationship results from a solution which assumes that the longitudinal edges of the plate
are simply supported and therefore free to rotate. Rockey and Cook [23] developed an analo-
gous solution for the case in which the longitudinal edges are assumed to be fixed against rota-
tion. Using a procedure similar to that employed by Bleich, the following relationship can be
proposed for this case:

Frg = 1687~ 8 (1.16)

The derivation of this relationship is given in Appendix A.1. Note that Eqs. 7.15 and 7.16 apply

for 1< B <5.
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These relationships sll pertain 10 the problem of elastic shear buckling. The complex
nature of inelastic plate buckling problems makes theoretical solutions for the required bending
rigidity of shear link stiffeners impractical for design purposes. An approximate method will
therefore be presented which modifies the elastic solution to account for inelastic effects.

Massonnet and Maquoi [19] attempted to account for the inclastic effects by conserva-
tively recommending that the stiffener rigidity required to keep the stiffeners siraight in the
postbuckied range be obtsined by multiplying the required rigidity for the elastic case by a fac-
tor of 4 10 5. This recommendation has received some justification from both analytical {7] and
experimental [22] research on plate girders loaded to collapse. While this research did not con-
tider the cyclic loadings which shear tinks are designed 1o resist, it is believed that this recom-
mendation is sufficiently conservative for design applications.

Since shear links are relatively short and laterally braced at both ends, the flanges of the
usual rolled sections would appear 'o provide significant restraint along the longitudinal edges of
the web. Eq. 7.16 rather than Eq. 7.15 is therefore adopted for the design of shear link web
stiffeners. Moreover, since in seismic design some damage to the linka can be tolerated at
extreme overioads, the lower Massonnet and Maquoi multiplier of 4 is taken. The resulting

required rigidity of shear link web stifeners therefore becomes:

ey = G482 — 32 (1.1

Combination of Eqs. 7.13, 7.14, and 7.17 produces the following squation for the required
stiffener moment of inertia:

Y W 4. N
Treg ﬂ'l!(l-v’) (2.18)
Following the usual practice (1], 1, can be taken about an axis in the plane of the wed
for both one-sided and two-sided stiffencrs. This practice implicitly assumes soma participation
by the beam web in the rigidity of one-sided stiffeners.
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If the stiffeners are again assumed 1o just reach the longitudinal edge of the flanges, the

required thickness of two-sided stiffeners, ¢, becomes:

3
! a (1.19)

I
=) gty €
iy I L g

The required thickness for one-sided stiffeners, 1, is:

I )
NP Pl R Tl S R 1.20
=24 b} 2b;7-wu_v2) { )

As remarked earlier, it is not recommended to use a stiffener thickness less than the

beam web thickness.

An exampi2 of the shear link stiffener design method presented above is given in Appen-
dix A.2.

7.2.3 Detailing Shear Link Web Stiffensrs- The final step in shear link web stiffener
design is the specification of proper details. In past research and design applications, the web
stiffeners have been fitted to allow fillet welding to both flanges as weil aa to the web, as shown
in Fig. 7.5(z). The experimental results indicated, however, that only a small reduction of
energy dissipation capacity occurs for links with stiffeners which are not fully welded. It there-
fore appears possible 1o relax the requirements of Atted stiffeners. If this simpler detail is util-
ired, the stiffeners should terminate a distance *k* (as defined in the AISC Manual [1] ) below
the top beam flange, as shown in Fig. 7.5(b). In such cases it appears reasonabic t0 weld the
stiffener to the bottom flange, and depend on the concrete floor to adequately restrain the top
flange from buckling. This assumption may not be justified in some applications, since the pos-
sible cracking of the floor siab during a major seismic event may reduce this restraint. Under
such circumstances, fitted stiffeners (Fig. 7.5(s)) may become advisable.

Fitted stiffeners may again be svoided when two-sided stiffeners are employed. In this
case equal restraint for the top and botiom beam flangss can be provided by welding the
stiffeners on opposite sides of the web to diffsrent flanges, as shown in Fig. 7.5(c).



In all cases, the stiffener fillet weids should be continuous, full length welds on both sides
of the stifeners, meeting AISC Specifications for minimum and maximum sive.
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(a) (b) (c)

Fig. 7.5 Three Pnssible Details for Connection of Stiffeners to Shear Links.
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CHAPTER 8 - A DESIGN PROCEDURE FOR SHEAR LINKS
IN ECCENTRICALLY BRACED FRAMES

The experimental work reporied here and in earlier investigations hss demonstrated that
properly designed shear links can dissipate a great deal of energy and undergo large displace-
ment ductilities. The results of this research on eccentrically braced sizei frames together with
common design practice leads to a procedure for the design of shear links. The basic procedure
includes the following steps: 1.} Determination of structural configurstion, 2.) Determination of

member sizes, 3.) Design of link connections, and 4.) Design and detailing 0. web stiffeners.

8.1 Determination of Structural Configrration

Once the eccentrically braced framing system has been selected. the engineer must first
choose an appropriate structural configuration. The flexibility of brace location inherent to this
system allows the designer to choose from a number of arrangements to meet both architectural
and structural requirements. This flexibility can result in fewer obstructions to the functional
requirements of a building than would occur with concentric bracing. Fig. 8.1 [11] shows the

location of possible architectural openings for four altiernative framing schemes.

It is advantageous to locate the active links such that they are not required to axially
transfer the ‘aige lateral forces to the braces. Judicious location of the links, as shown in Fig.
8.2, or the use of paralie] gathering beams, can minimize this problem. The effect of axial
forces on shear link behavior has not yet been fully investigeted, and is the subject of current

research.
After the brace configuration has been selected, the appropriate eccentricities must be

chosen. This is a critical step in the efficient design of an eccentrically braced frame since the

amount of eccentricity provided determines both the elastic stiffness of the frame and the
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ductility demand on the active links. It is at this point in the design process that the engineer

can satisfy both the drift and ductility requircments of seismic design.

Drift control requirements are satisfied by providing the structure with sufficient elastic
stiffness. As the length of the active links increase, the elastic stiffness of the frame of the
frame decreases, in the limiting case reaching the stiffness of a mom~nt resisting frame. An
earlier investigation [11] demonstraied that for a simple structural configuration, as in Fig. 8.3,
there is little increase in elastic stiffness when the ratio of ¢/L>0.5. As the e/L ratio
approaches zero, the frame stiffness increases toward that of a concentrically braced frame.
This work also showed that neglecting the cffects of shear deformations in the links leads 10 an
overestimate of the clastic frame stiffness for /L < 0.5. Conventional ¢lastic analysis pro-
cedures which include the effects of shear deformation in the links are sufficiently accurate for

design applications.

Structural ductility requirements of seismic design dictate that the structural configuration
limit member ductility demands below the available supply. Earlier research using rigid-plastic
analysis methods {11] demonstrated that the active link ductility demands in eccentrically
braced framing systems are reduced as the eccentricity of the braces is increased. The collapse
mechanism for a simple eccentrically braced frame shown in Fig. 8.3(b), illustrates this point.
The collapse mechanism of this system leads to an approximate geometrical relationship

between the structure and active link deformations:

0L =ye (8.1)

The structure deformation measure, @, can be interpreted as an ultimate story drift index. The
anguiar deformation requirement of the active link, y. measures the average shear strain for

shear links, while for bending links y is the plastic hinge rotations.

Since the eccentricity, ¢, is usually much smaller than L in eccentrically braced frames,
the links must undergo large displacements to meet the story drift. These localized regions are

therefore required to dissipaie iarge amounts of energy during inelastic response, making their
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performance critical to the prooer functioning of an eccentrically braced frame during a major
seismic event. It is apparent that in a moment resisting frame, where e=L, the ductility

demands on the beams are much smaller.

Minimum 9 values of 0.015 to 0.020 have been recommended by ATC 03-06 (29} for
highly seismic regions. Smaller ¢ values are required in regions of lower seismicity. Since
seismic loadings can produce complete load reversals, recommended y values should be deter-
mined from cyclic experiments. The results of previous experiments and those described in
this report indicate that properly designed shear links can attain y values of up 1o +0.10 for
cyclic loading and 0.20 for monotonic loading. Once the values of L, @, and y, have been
specified, the minimum eccentricity, e, can be estimated using Eq. 8.1. Relationships similar to

that of Eq. 8.1 can be derived for other eccentrically braced configurations.

Determination of the maximum eccentricity necessary to meet elastic stiffness (drift)
requirements, and the minimum eccentricity needed to limit active link inelastic demand form
bounds for the length of the shear links. A suitable eccentricity within these bounds must then

be selected.

8.2 Determination of Member Sizes

Because of the importance of providing the desired energy dissipation mechanism during
extreme overloads, preliminary member sizing should be performed using plastic analysis tech-
niques. The system of lateral forces employed in this initial sizing can be determined by apply-
ing a load factor to the equivalent static lateral forces specified in a building code [29,31].
Several procedures have been suggested for determining the member forces and moments for

the desired collapse mechanism (15,18,24].

Roeder [25,26] used the moment balancing technique [9,14] to determine preliminary
member forces. This procedure is based on the concept that if 2 structure is designed for any
mement diagram which satisfies statics, the assumed loadings will be a lower bound for the

strength of the structure. If the design also exhibits the desired collapse mechanism, the upper



bound solution will also be satisfied.

Roeder's approach makes an assumption of the proportion of the story lateral shear
resisted by the brace and then solves for the forces and moments in the beams, such that the
plastic hinges form in the desired locations. The remaining story shear is then distributed to the
columns and the column moments are determined. The resulting unbalanced column end
moments are then adjusted by moment balancing methods until all the nodes of the frame are

in equilibrium, satisfying statics and thereby achieving a lower bound solution.

Manheim's method [18] is an upper bound approach to satisfy the desired collapse
mechanism. This method equates the internal and external work based on an assumed distribu-
tion of shear link strength. Once the required strength of the links has been determined, the

remaining member forces can be determined from statics.

Kasai [15) noted that both of these preliminary member sizing methods may encounter
difficulties in obtaining acceptable column design moments. Roeder and Popov [26) observed
that the columns may be in single curvature over multiple stories, resulting in large column
sizes. Also, unless the initial assumplions are quite accurate, these two approaches may require

a number of iterations to obtain an acceptable solution.

A third preliminary design method was developed to provide more acceptable column
design moments without requiring any assumptions concerning the distribution of story sheats
or beam strength. Kasai [15] obtained a statically and kinematically admissible solution based
on the desired collapse mechanism. In this method the location of column inflection points are
assumed to ensure that the columns are in double curvature under any fixed loading condition.
The resulting force and moment distribution forms both an upper and lower bound solution to

the plastic design problem, and inelastic activity is confined to the appropriate locations.

Once a satisfactory set of design forces and moments in all the frame members has been
determined, the preliminary sizes can be chosen using the recommendations of Part 2 of the
AISC Specification [1]. In choosing appropriat: beam sections it should be noted that energy

dissipation data from previous tests indicated that shear hinge behavior is preferred over
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moment hinge action [12,13}. A shear-moment interaction disgram for a wide flange beam
(2,12,18), as shown in Fig 8.4, can be combined with consideration of static equilibrium to
ensure shear rather than moment link behavior. The M,. ¥, and M, terms for this figure are

given by the following equations [12,13]:

M;- O’y(d_ff)(bf—'w)ff (8.2)
V;- Ty(d-f])f, (8.3)
M, =0,z (8.4)

In these equations, the section properties, d, 1, t,, by, and Z are the beam depth, {lange
thickness, web thickness, flange width, and plastic secticn modulus, respectively, such as given
in the AISC Manual [1]. The terms &, and r, are the yield stresses in pure tension and pure

shear, respectively. Using the von Mises yield criterion, 7, = o ,/+/3.

Satisfying statics of the assumed link mode! (See Section 2.1) results in the foliowing rela-

tionship:

o= == (8.5

The existence of a rapid change in slope in the shear-moment interaction diagram at {M,,
V,.') is characteristic of wide flange sections. The balance point locates where the entire web
yields in shear while the flanges yicld simultaneously in unizxial tension or compression. Using
this point of the shear-moment interaction diagram, the balanced length for & section, b°, can

be defined as:

REPL/ Y, i 3.6)
V’ 'w

Active links should therefore act as shear links if e<b . The test results to date indicate that

shear link action continues to predominate for lengths up to approximately e=1.154"
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Combining this experimental observation with Eq. 8.6 results in the following simptlified expres-

sion for the maximum length of a shear link:

To attain the desired shear link inelastic response characteristics the beam sizes chosen should

therefore have a b,,, greater than e, the eccentricity provided.

It should be noted that Eq. 8.7 was developed from experimental data which simulated
links with reverse curvature and equal end moments, such as shown in Fig. 2.1(c). For the
finks itlustrated in Figs. 8.1 (b), (c), and {d), in the elastic range of behavior larger link
moments tend to develop at the column ends than at the brace ends. Whether these moments
equalize under severe cyclic loading has not yet been fully established. This topic is the subject
of a current experimental investigation. If an elastic analysis indicates that M, will be reached at
the column face before the initiation of shear yielding, either the eccentricity should be

reduced, or an aiternative section should be selected.

The preliminary design of columns and beams in eccentrically braced frames should fol-
low the basic provisions of Part 2 of the AISC Specifications [1], with the folliowing
modification. Since significant strain hardening of shear links has been observed in experime 3,
an additional safety factor should be used in the design of braces to preclude the occurrence of
brace buckling. The previously recommended safety factor of 1.5 appears to be reasonable [24].

A comparable factor should also be considered in the design of the columns.

Since current building codes [31] are based on elastic analysis technigues, the plastically
designed frame should be checked at working force levels. Satisfaction of both elastic drift and
member size requirements should be ensured. If the elastic design requiiements result in
increased member sizes, the plastic design procedure given above should be rechecked to

ensure that the desired inclastic behavior will occur.



8.3 Design of Link Connections

8.3.1 L ak-Column Connections- The structural configuration of eccentrically braced
frames frequently are such that the active links are located in the portion of the beam adjacent
to the supporting column. In this instance the integrity of ithe beam-column connection
becomes critical for developing the dissipation capacity of the active links. The designer must
therefore understand the nature of the inelastic response of the frame 10 adequately detail the
link connections. Without sufliciently ductile connection details the active links may not be able
to withstand the large displacement requirements which they could be subjected to during

extreme seismic events.

Eq. 8.1 demonstrated that the ductility demand on active links can become quite iarge as
their length decreases. Since these shorter links yield in shear, the link-column connection must
be able 1o develop the full yield shear capacity of the links. The increased shear capacity of well
stiffened links, up to 73 per cent above the initial yield level, must be recognized in the con-

nection design.

The test results described earlier showed that all-welded link-column connections can pro-
vide the required shear capacity and ductility. As Specimen 28 showed, in bolted web, welded
flange connections the large shear forces can cause bolt slippage which can lead to premature
brittle flange failures. To avoid such failures, all-welded shear link connections, which can
achieve large energy dissipation and ductility, should be employed. A detail such as that shown
in Fig. 8.5 was found to sustain a large number of load reversals in the inelastic range. A satis-
factory alternative detail which provides for a more direct transfer of shear forces is shown in
Fig. 8.6. If an analysis shows that the ductility and energy dissipation demands on an active
link are moderate, the bolted web, welded flange connection shown in Fig. 8.7 can be expacted

to perform adequately.

Since shear links must resist large end moments (See Section 5.2.2). the link flanges must
be connected to the columns with full penetration welds in all cases. In fabricating any one of

these connections in order to minimize residual stresses, the flange weids must be made before
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final attachment of the beam webs.

Similar details can be used for the connection of active links to column webs. But, previ-
ous research showed such connections to be less ductile than those to column fanges [20].
Lehigh University investigators [6} recommend extending the connecting plates beyond the
column flanges to decrease the possibility of weld failure, as shown in Fig. 8.8 for links with
large ductility demands. For links with moderate ductility demands a detail with a bolied web

similar to that shown in Fig. 8.7 should be satisfactory.

8.3.2 Link-Brace Connections- The link-brace connections must be designed to develop
the full yield capacity of the shear links, including the anticipated strain hardening of the

material.

The link-brace connections shown in Figs. 8.5 through 8.8 illustrate a typical detail for
braces composed of a pair of angles. A similar detail can be adopted for tubular braces. The
gusset plate detail consists of two plates welded into a T section in order to stiffen the connec-
tion and to provide better alignment of the weld centroid. Ancdher detail, in which the braces
are welded directly to the link flanges, has also been used in design applications.

Since active links are susceptible to lateral torsional buckling, the link ends at the eccen-
tric braces must be laterally supported. A link-brace connection which is T-shaped in plan, as
shown in Figs. 8.5 through 8.8 tends to reduce thz load induced to the lateral bracing beam

[18].

8.4 Design of Shear Link Stiffeners

The design of shear link stiffeners should follow the recommendations given in Section

7.2 of this report.
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(a) (b)

Fig. 8.3 A Simple Eccentrically Braced Frame and lts Collapse Mechanism [11].
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Fig. 8.4 Typical Moment-Shear Interaction Diagram for Wide Flange Sections.
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CHAPTER 9 - SUMMARY AND CONCLUSIONS

9.1 Summary

Eccentrically braced framing can exhibit both excellen: elastic stiffiness and large energy
dissipation capacity. These characteristics make eccentrically braced frames a viable alternative
to the more conventional structural steel framing systems in seismic regions. Previous studies
[18, 24] demonsirated the overall behavior of frames with different bracing systems. A recent

study {13) enalyzed the local behavior of the crucial active link clements.

The results of these previous investigations provided a good deal of information on the
cyclic behavior of active links. However, some aspects concerning the practical design of an
eccentrically braced framing system had not been addressed, including the seasitivity of link
behavior to the imposed loading history, the link-coiumn connection detsil, and the web
stiffener details. The purpose of this invesligation was to examine these aspects of the design
problem.

To investigate these aspects, a series of twelve full-size specimens were designed and
tested. These tests again demonstrated the excellent energy dissipative capacity of shear links.
Analysis of the test results provided the informalion necessary 1o make design recommenda-
tions considering both economic and performance characteristics. A method for stiffener sizing

was developed and a procedure for shear link design was presented.

9.2 Cenclusiens

The major conciusions of this investigation are;
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Timoshenko Shear Beam Theory closely approximates the linear elastic behavior of shear links.
Shear displacement effects should be considered in elastic analyses of eccentrically braced frames

employing shear links.

For the type of loading used in these experiments, properly designed and detailed shear links can

dissipate large amounts of energy regardiess of the lpading history.

Monotonic relative end displacements of up to 20 per cent of the link length can be resisted
without significant loss of capacity. This conclusion demonstrates that shear links can meet the
large ductility demand which may result from long pulse seismic disturbances similar to that

recorded during the 1971 San Fernando Earthquake.

Properly designed one-sided web siiffening sufficiently delays and restrains web buckling. The
use of one-sided web stiffeners can provide significant cosi economies duc to reduced weiding

requirements.

Web stiffeners need not be connected to both link flanges. the stifeners can be lerminated a dis-
tance k {see AISC Manual [1]) from the wp of the upper flange. The coucrete floor supported
by the beam may be counted upon o provide the necessary restraint against flange buckling.
However, this restraint is not entirely relable, since it may be reduced by cracking of the siab
during a seismic event. The stiffeners should be welded tc the lower flange 10 provide buckling

restraini.

Siffeners should be designed for axial forces and bending stiffness. The use of tension field
theory provides a method for the axial force design. Bending stiffness requirements can be
estimated by modifying previously available elastic buckling solutions 1o account for the inelastic
nature of shear link web buckling.

From energy dissipation and failure mode consideralions, the minimum spacing for stiffeners in
shear links should be 201,. Equal spacing of stiffeners should be used with a modified panel
zone size Jor panels adjacent to the beam-column connection. Fur a web which is fillet welded 10
a shear tab, spacing of the stiffeners shouid begin from the erection bolt line. For bolsed and full

peneiration welded conmections, the stiffeners should be spaced from the fuce of the column.
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All welded conmections develop the full capacity of shear links. This dewail is recommended for

links with large ductility demands ta provide assurance against abrupt connection fatures.

Unaer cyclic loading, well stiffened webs develop a great deal of strain hardening which
increases the shear capacity of the link significantly. For welded flange, bolted web connections,
bolt slippage transfers a large portion of this increased shear to the flanges, ltending to cause of
premature flange failures. This ype of fa ure mode makes this connection undesirable for links
with large ductility demands. The bolied web detail should perform adequately for shear links
with moderate ductility demands.

Based on vne experiment, it appears that shear links connected 10 the column web can dissipate
a large amount of energy. The shear link web vielding reduces flange forces in the member,

diminishing the possibility of weld failures.
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APPENDIX A.1 DERIVATION OF THE REQUIRED
STIFFENER RIGIDITY RELATIONSHIP

Bleich [S] used the rtesults obtained by Stein and Fralich {28] to postulate a relationship
between the required stiffener rigidity, ¥, and B, the panel aspect ratio {See Eq. 7.15). The
solution presented by Stein and Fralich assumed that the longitudinal edges of the web plate are
simply supported. Since shear links are relatively short and laterally braced at both ends, the
flanges of the rolled sections used in eccentrically braced frames appesr to provide significant
restraint along the longitudinal edges. A relationship similar to that given by Bleich should
therefore be developed for the required stiffener rigidity when the longitudinal edges of the web

plate are fixed against rotation, corresponding to the above case.

Rockey and Cook [23) obtsined an analytical solution for the critical ela- ‘¢ buckling stress
factor, K, as a function of the stiffener rigidity, yr, when the longitudinal edges are fixed
against rotation. The results of this solution were presented in a series of graphs for different
aspect fatios, some of which are shown in Figs. A.1 through A.4. The Cy/ B term shown in
these figures is the ratic of the torsional to bending rigidity of the stiffeners [23]. The max-
imum value of 0.769 is for a thin walled circular tube stiffener. For the single plate stiffeners

used in eccentrically braced frame applications the /B ratio is near zero.

In the derivation of Eq. 7.5, Bleich used the results of Stein and Fralich (28] to determine
the minimum value of ¥, which would develop the maximum critical buckling stress, for
different panel aspect ratios. He then developed a relationship between these vatues of yr and

the corresponding aspect ratios.
A similar approach is followed in the derivation of Eq. 7.16. For six panel aspect ratios,
including those given in Figs. A.l through A.4, the table presented with Fig. A.S lists the

minimum value of yr which allows the web to develop its maximum elastic critical shear stress
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for a Cy/By ratio of zero. This figure plots these values of y r against 8°. From this graph, the

following equation relating the stiffener bending rigidity to the panel aspect ratio is obtained:
Yoeg = 1682 — 8 (A.D)

This equation, aiso plotted in Fig. A.S, is given as Eq. 7.16 in the derivation of the required
shear link stiffener rigidity. Note that Eq. A.] applies for elastic shear buckling of the web plate
when 1< 8 <5. The recommendations of Massonnet and Maquoi [19] can be used to account

for the inelastic nature of shear link web buckling.



-113-

s—————
4 N
\\— 0769 C,/By
12 N\~ 0.20
x 0.10 LONGITUDINAL EDGES CLAMPED
0.05 [ | e {
0.0l 2t E
10 o
i | 1 ] 1 . |
0 q 8 12 6 20 24
YT
Fig. A.1 Critical Buckling Stress Factor vs. Stiffener Rigidity for 8 = 1.0 [23].
8o}
m -
x
40 LONGITUDINAL EDGE CL AMPED
0.20 1
0.19 3 ]
0.0%
0.0I e b d s
20 0
] | | [ ]
20 60 100 40 180 220 260

%

Fig. A.2 Critical Buckling Stress Factor vs. Stiffener Rigidity for 8 = 3.0 [23].



-114-

24

x 0.769 Cy/By LONGITUDINAL EOGES CLAMPED
is 0.20
0.t0 ‘ )
0.08
g.Ol ‘l-i b— 2730
8 | J | | 1
Q b 15 25 35 45 55 6
7y
Fig. A.3 Critical Buckling Stress Factor vs. Stiffener Rigidity for 8 = 1.5 [23].
40+
30
X
0.769 C,/8y LONGITUDINAL EDGE CLAMPED
Q.20 r
20 .10 )[ 1;
0.05
0.0l (]
0 : lk a/2
10 1 ] ] ]
0 20 60 100 140 180 220 260
"
Fig. A.4 Critical Buckling Stress Factor vs. Stiffener Rigidity for 8 = 2.0 [23].



-115-

400

300

200

100+~

0 1 A 1 1 L’B—Z

Fig. A.S Plot of Minimum Required Stiffener Rigidity ¥, Which Develops the Max-
imum Elastic Critical Stress { K ) for Different Values of Pane! Aspect Ratio (
A.



-116 -

APPENDIX A.2 AN EXAMPLE OF SHEAR LINK WEB
STIFFENER DESIGN

This example is given to illustrate the procedure for shear link web stiffener design
presented in Section 7.2.

Given: A W18x50 section of A6 steel shear link. Assume that the stiffener spacing has

been determined from an inelastic dynamic analysis, or an estimated ductility demand, as
alt, =125,

The following section properties of a W 18x50 section are required for shear link stiffener
design [1):

1, = 0335 in.
d =1799 in
by = 7.495 in.
{ = 0.570 in.
h=d=2,=1685 in
The required stiffener spacing is therefore:
g = 251, = 25 {0.355) = 8.875 in.

The following material properties have been assumed:
@, = 36 ksi
o, = 60 ksi
v =030

Design for Axial Ferces (See Section 7.2.2.1)

Using the values assumed above, by Eq. 7.6, the maximum panel shear, ¥, , is developed
when:

v.
5in® = 1 _ _ (8.875)/(2)(16.85)
2 i+ ((8.875)/(16.85))?

sin@® = 0.517

For an ultimate tensile siress, o, of 60 ksi, by Eq. 7.7, the lorce in the stiffener, F,, is:
F, = 60(0.355)(8.875)(0.517)?
F, = 50.5 kips

The arca required for two-sided stiffeners, 4, becomes:
A - 50.5 _ (7.495)(0.355)
" 36 2
ardl the thickness, 7., is therefore:

= 0.0724 in.?
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. = 00724
7~ 7495 - 0355

The thickness required of two-sided stiffeners for axial forces will therefore be controlled by the
thickness of the link web.

For one-sided stiffzners, the required area, A4, is:
4, = 24(50.5)/36) ~ (1.495)(0.355)/2] = 0.174 in.?
and the thickness of one-sided stiffeners, r,, becomes:

{0.174)
7.495 — 0.355

The thickness required of one-sided stiffeners for axial forces is also controlied by the thickness
of the web.

=001 in. <1,

=2 = 0.049 in, <1,

Design of Shear Link Stiffeners for Bending Rigidity (See Section 7.2.2.2)
The panel aspect ratio, 8, is:

B = h/a = (16.85)/(8.875) = 1.90

By Eq. 7.17, the required stiffener rigidity, ¥ . is:
Freg = 64(1.90)7 — 32 = 199

The stiffener moment of inertia, /.., is given by Eq. 7.18, es:

[ = (8.875)(0.355)°(199)
™ 12(1 — 0.3%

The thickness of two-sided stiffeners, 1,,, is therefore:
ty = (12)(7.22)/(7.495)° = 0.206 in. <{,,

Since the thickness of two-sided stiifeners required for bending rigidity is also less than ¢, the
stiffeners sizing is controlled by the web thickness. Two-sided stiffeners should therefore be
3/8 in. thick.

For one-sided stiffeners, the required thickness, 1. is:
1y = (24)(7.22)/(1.495)* = 0.412 in.

The size of one-sided stiffeners is therefore controlled by the bending rigidity design, and
1/2 in. thick stiffeners should be chosen.

=722 in*
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